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Preface

Most traits in nature and of importance to agriculture are quantitatively inherited.
These traits are difficult to study due to the complex nature of their inheritance.
However, recent developments of genomic technologies provide a revolutionary means
for unraveling the secrets of genetic variation in quantitative traits. Genomic tech-
nologies allow the molecular characterization of polymorphic markers throughout the
entire genome that are then used to identify and map the genes or quantitative trait
loci (QTLs) underlying a quantitative trait based on linkage analysis.

Statistical analysis is a crucial tool for analyzing genome data, which are now
becoming increasingly available for a variety of species, and for giving precise expla-
nations regarding genetic variation in quantitative traits occurring among species,
populations, families, and individuals. In 1989, Lander and Botstein published a hall-
mark methodological paper for interval mapping that enables geneticists to detect
and estimate individual QTL that control the phenotype of a trait. Today, interval
mapping is an important statistical tool for studying the genetics of quantitative traits
at the molecular level, and has led to the discovery of thousands of QTLs responsible
for a variety of traits in plants, animals, and humans. In a recent study published
in Science, Li, Zhou, and Sang (2006, 311, 1936-1939) were able to characterize the
molecular basis of the reduction of grain shattering — a fundamental selection process
for rice domestication — at the detected QTL by interval mapping. Among many
other examples of the success of interval mapping are the positional cloning of QTLs
respounsible for fruit size and shape in tomato (Frary et al. 2000, Science 289, 85-88)
and for branch, florescence, and grain architecture in maize (Doebley et al. 1997,
Nature 386, 485-488; Gallavotti et al. 2004, Nature 432, 630-635; Wang et al. 2005,
Nature 436, 714-719).

To make it suitable for various practical applications, interval mapping has been
extensively modified and extended during the past 15 years. A host of useful statis-
tical methods for QTL mapping have been produced through the collective efforts of
statistical geneticists. However, these methods generally have various objectives and
utilities and are sporadically distributed in a massive amount of literature. A single
volume synthesizing statistical developments for genetic mapping may be helpful for
many researchers, especially those with a keen interest in building a bridge between
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genetics and statistics, to acquaint themselves with this expanding area as quickly as
possible.

This book intends to provide geneticists with the tools needed to understand and
model the genetic variation for quantitative traits based on genomic data collected
in mapping research and equip statisticians with the uniqueness and ideas in relation
to the exploration of genetic secrets using their computational skills. This book also
intends to attract researchers toward multidisciplinary research and to introduce them
to new paradigms in genomic science. In this book, the statistical and computational
theories applied to genetic mapping are developed hand in hand and a number of
examples displaying the implications of statistical genomics are introduced.

This book contains 14 chapters, broadly divided into three parts. Part 1, including
Chapters 1 and 2, provides introductory genetics and statistics at the level appropriate
for understanding general genetic concepts and statistical models for genetic mapping.
Part 2, composed of Chapters 3—7, attempts to provide a thorough and comprehensive
coverage of linkage analysis with molecular markers. Models and methods for link-
age analysis and map construction are systematically introduced for different designs,
such as the backcross/Fz (Chapter 3), outbred crosses (Chapter 4), recombinant in-
bred lines (Chapter 5) and structured pedigrees (Chapter 7), and for special marker
types including distorted and misclassified markers (Chapter 6) and dominant mark-
ers (Chapters 4 and 7). Part 3, composed of Chapters 8-14, covers statistical models
and algorithms of QTL mapping. The topics include simple marker-phenotype associ-
ation analyses (Chapter 8), the statistical structure of interval mapping (Chapter 9),
regression- (Chapter 10) and maximum likelihood-based analysis of interval mapping
(Chapter 11), threshold and confidence interval determination (Chapter 12), compos-
ite interval mapping using multiple markers as cofactors (Chapter 13), and interval
mapping for outbred mapping populations (Chapter 14). In the Appendices, we pro-
vide general statistical theories directly related to the genetic mapping approaches
introduced and R programs for some of the examples used in the book. A webpage
(http://www.buffalo.edu/~cxma/book/) was constructed for this book, which in-
cludes a complete list of programs and algorithms written in MatLab or R for all
the examples.

Writing a book in such a rapidly developing and changing field is a pain but, more
precisely speaking, full of excitement. In the summer of 1997, Wu delivered a series
of lectures on statistical methods for QTL mapping to graduate students and faculty
at Nanjing Forestry University, China. In the spring semester of 2002, Wu taught a
statistical genetics course at the master’s level at the University of Florida and then
was joined for coteaching by Casella in the spring of 2003 and Ma in the spring of
2005. This course is now taught by Wu at the University of Florida and by Ma at
the State University of New York at Buffalo on the regular basis. We all gave many
lectures or short courses related to statistical genetics at other places and times. At
each place and time, we were heavily impressed by the enthusiasm of students and
other audiences to learn this fascinating area. All these encouraged us to write a
book that can cover basic methods for statistical genetics research. The concepts,
models and algorithms related to genetic mapping have been published in a variety of
statistics and genetics journals by a large number of authors, but part of the material
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contained in this book comes from our collaborative research program in the past five
years. In particular, we apologize for those authors whose work was not mentioned in
this book because of limited space.

During the writing of this book, many of our colleagues and friends both at the
University of Florida and outside provided valuable help from different perspective.
Wu is warmly grateful to his postdoctoral advisor, Dr. Zhao-Bang Zeng at North
Carolina State University, for tremendous guidance and for leading him to the field of
statistical genetics. Dr. Bruce Walsh at the University of Arizona provided insightful
reviews of the book manuscript in different stages. Several anonymous reviewers
gave constructive comments that significantly improve the presentation of the book.
Students or postdocs who attended our lectures and classes or are working with us
on statistical genetics in different places have provided many insightful suggestions to
improve our presentation of the book. The following students or postdocs in our group,
former or current, deserve special thanks: Yuehua Cui, Wei Hou, Hongying Li, Min
Lin, Tian Liu, Fei Long, Xiang-Yang Lou, Qing Lu, Damaris Santana, Zhaojie Wang,
Zuoheng Wang, Jiasheng Wu, Song Wu, Jie Yang, John Yap, Li Zhang, Wei Zhao, and
Yun Zhu. The data used for examples in the book were kindly supplied by Dr. James
Cheverud at Washington University (mouse), Dr. Junyi Gai at Nanjing Agricul-
tural University (soybean), Rory Todhunter at Cornell University (dog), Drs. Stan
Waullschleger and Tongming Yin at Oak Ridge National Laboratory (poplar), and
Dr. Jun Zhu at Zhejiang University (rice).

We are grateful to the Department of Statistics and the Institute of Food and
Agricultural Sciences at the University of Florida for writing this book and performing
our research program. Finally, we are greatly indebted to our respective families for
their continuous support of our research activities over the years. This work is partially
supported by NSF grant 0540745.

Gainesville, FL. Rongling Wu
Buffalo, NY Chang-Xing Ma
December 2006 George Casella
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1

Basic Genetics

1.1 Introduction

There have been enormous advances in the science of genetics. A huge amount of
information regarding the precise molecular mechanisms of genetic transmission from
parent to offspring is becoming increasingly available. In this chapter, we briefly review
basic terminology and principles of genetics from Mendelian, population, quantita-
tive and molecular perspectives at a level appropriate for understanding the research
methods to be described in this book. Much of the description for classic Mendelian
genetics is adapted from Bailey’s (1961) book. To learn more about modern genetics,
please look into the more general genetics textbooks that are listed at the end of this
chapter.

1.2 Genes and Chromosomes

Genes are discrete units in which biological characteristics are inherited from parents
to offspring. Genes are normally transmitted unchanged from generation to genera-
tion, and they usually occur in pairs. If a given pair consists of similar genes, the
individual is said to be homozygous for the gene in question, while if the genes are
dissimilar, the individual is said to be heterozygous. For example, if we have two al-
ternative genes, say A and a, there are two kinds of homozygotes, namely AA and
aa, and one kind of heterozygote, namely Aa. These alternative genes are called alle-
les. With a single pair of alleles, there are three different kinds of possible organisms
represented by the three genotypes AA, Aa, and aa.

Genes are generally very numerous, and situated within the cell nucleus, where
they lie in linear order along microscopic bodies called chromosomes. The chromo-
somes occur in similar, or homologous, pairs, where the number of pairs is constant
for each species. For example, Drosophila has 4 pairs of chromosomes, pine has 12,
the house mouse has 20, humans have 23, etc. The totality of these pairs constitutes
the genome of a particular organism. One of the chromosome pairs in the genome
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are the sex chromosomes (typically denoted by X and Y) that determine genetic sex.
The other pairs are autosomes which guide the expression of most other traits.
Each gene pair has a certain place or locus on a particular chromosome. Since
the chromosomes occur in pairs, the loci and the genes occupying them also occur
in pairs. Therefore, it is the loci that have the fixed linear order, although a given
locus may be occupied by any gene from the series of alleles (more than two alleles or
multialleles) determining a particular trait. The most important purpose of a genome
mapping project is to locate the genes affecting trait expressions on chromosomes.

1.3 Meiosis

When ordinary body cells divide and multiply, the cell nucleus undergoes a process of
division called mitosis, which results in the two daughter cells, each having a full set
of paired chromosomes exactly like the parent cell. But in the production of reproduc-
tive cells or gametes (ova and spermatozoa), we have a different mechanism, called
meiosis. This ensures that only one chromosome from each homologous pair passes
into each gamete. It follows that gametes also possess only one gene from each gene
pair. The number of chromosomes in a gamete is referred to as the haploid number, in
contrast to the full complement possessed by a fertilized egg, or zygote, which is
diploid.

A diagram is drawn to illustrate the biological process of meiosis (Fig. 1.1). The
chromosomes are already duplicated by the time they become visible at the start of
the first meiotic division. Each pair of duplicates is joined at the centromere, a small
particle at which two arms of the chromosome are connected. The duplicated pairs
remain joined throughout the first anaphase. The paternal homolog (a duplicated pair)
moves to one pole; the maternal homolog (another duplicated pair) moves to the other.
The immediate products of the first meiotic division are two cells, each containing
a diploid chromosome set. However, each homologous pair of chromosomes in one
of these cells is a pair of maternally originated chromosomes or a pair of paternally
originated chromosomes. The assortment between the two cells is random, with each
resulting cell normally containing some chromosome pairs of maternal origin and
others of paternal origin. In the second meiotic division, the number of chromosomes
is halved and each of the two products of the first division produces identical daughter
cells with half the usual number of chromosomes.

The significance of reduction division in meiosis is that it can maintain a diploid
(double) chromosome set after fertilization, the fusion of a male gamete (sperm) with
a female gamete (egg). A second essential characteristic of meiosis is that there is an
interchange of genetic material between the two chromosomes of a homologous pair.
Thus, the haploid gamete chromosome set contains a mixture of chromosomes, some
derived from the father and some from the mother.
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Gamete precursor cell at beginning of
meiosis; the DNA has already been dupli-

cated.

First meiotic division: the homolog pair.

First meiotic division: paired duplicated
chromosomes align at equator of spindle;
duplicated chromosome strands stay to-
gether; members of each separate toward

poles.

Formation of two daughter cells: each con-
tains two of the previously duplicated chro-

mosomes (one of each pair).

Second meiotic division: DNA is not du-
plicated, but previously duplicated cen-
tromeres and chromosomes now separate.
Each cell forms two identical daughter
cells, with DNA and chromosomes reduced

by one-half.

Fig. 1.1. Schematic diagram of meiosis in a hypothetical male who has one pair of identical
autosomes (white) and one dissimilar XY pair (shaded). Adapted from Cavalli-Sforza and
Bodmer (1971).

1.4 Mendel’s Laws

1.4.1 Mendel’s First Law

Genes are present in pairs in all cells of an adult organism, except for gametes. The
gametes have only one gene from any given pair. Thus if an adult has genotype AA,
all the gametes produced are of type A. But if the genotype is Aa, two types of
gametes are possible, A and a, and these are normally produced in equal numbers.
When fertilization occurs, a sperm carrying one gene from the male parent is united
with an ovum carrying one gene from the female parent, thus making up a complete
pair. The fertilized egg, or zygote, then develops to produce an organism in each body
cell, of which one gene is derived from one parent and one from the other. The new
individual produces its own reproductive cells, and so the process can continue.
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The considerations above constitute Mendel’s first law, the Law of Segregation.
This states that characteristics are controlled by pairs of genes that segregate or sepa-
rate during the formation of the reproductive cells, thus passing into different gametes.
The pairs are restored when fertilization occurs, and this leads to the production of
different types of offspring in certain definite proportions. In effect, segregation shuf-
fles the genes and redeals them to the next generation. Characters themselves may
also be said to show segregation, but the precise manner in which this happens
depends on the nature of the genes involved and their dominant and recessive
relationships.

Suppose we cross two individuals, represented by AA and aa. All gametes from
the first will be A and all from the second will be a. Thus, all zygotes Fy will be of
the heterozygous type Aa. We now cross two individuals from the F; to form a new
F5 generation. Each F; heterozygous Aa produces two kinds of gametes, A and a, in
equal numbers. At fertilization, there are four ways in which a zygote can be formed:
one A gene from each parent; one a from each parent; A from the male and a from
the female; or A from the female and a from the male. We therefore expect the three
types of offspring AA, Aa, and aa in the ratios of 1:2:1 in the Fy generation. But, if
A is dominant, the first two classes will be phenotypically indistinguishable, giving
the characters A and « in a 3:1 ratio.

If one of the heterozygous F; offspring is mated back to the homozygous parent,
a backcross population is generated. The genotype of an individual in the backcross
depends only on the heterozygous F; in which two kinds of gametes, A and a, are
formed in equal numbers. Thus, the segregation ratio of the genotypes in the backcross
follows a 1:1 ratio.

1.4.2 Mendel’s Second Law

Mendel’s second law says that when two or more pairs of genes segregate simultane-
ously, they do so independently. This is the Law of Independent Assortment. In some
cases, this law is adequate, but it is subject to certain very important exceptions.
These arise because of the phenomenon of linkage, a main topic of this book.
Suppose we have two pairs of genes represented by A, with two alleles A and a,
and B with two alleles B and b. If we cross two individuals, one homozygous for both
A and B and the other homozygous for both a and b (i.e., the mating AABB x aabb),
it is obvious that all offspring will be AaBb. This is because the first parent must
produce gametes that are all AB, and the second parent must produce gametes which
are all ab. We now consider the intercross AaBb x AaBb. If the segregation is to be
independent then each of these individuals will produce four kinds of gametes, namely
AB, Ab, aB and ab, in equal numbers. Combining the four alternative types of gametes
from one parent with the four alternatives from the other leads to 16 combinations,
which are not, however, all different. The various possibilities are most easily presented
as shown in the diagram of Fig. 1.2. It will be seen from the diagram that there
are in fact nine distinct genotypes, AABB (1), AABb (2), AAbb (1), AaBB (2),
AaBb (4), Aabb (2), aaBB (1), aaBb (2), and aabb (1), where the number given in
parentheses is the forming number of each genotype. But if each gene pair exhibits
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a dominant /recessive relationship, there will be only four separate phenotypic classes,
AB, Ab, aB, and ab occurring in the ratio 9:3:3:1.

Gametes
AB Ab aB ab

AB

Ab
Gametes
aB

Aabb | aaBb
(aB) | (ab)

Fig. 1.2. Gene segregation of an intercross, AaBb x AaBb, involving two gene pairs. When
each pair exhibits dominance, the resultant phenotypes are given in brackets. The degree of
dominance is roughly described by different darknesses of the cells.

ab

1.5 Linkage and Mapping

Mendel’s second law applies to genes whose loci lie on different chromosomes. Genes
whose loci lie on the same chromosome will tend to remain together. Loci on the same
chromosome are said to be syntenic, and those on different chromosomes are said to
be nonsyntenic. The extent to which syntenic loci remain together depends on their
closeness. We are thus led to consider the phenomenon of linkage.

In order to see what essentially is involved in linkage, let us consider the formation
of gametes by a heterozygote AaBb. If the loci for the gene pairs A,a and B, b lie on
the same kind of chromosome, we can specify more exactly the composition of the
homologous pair of chromosomes. Thus, one chromosome may contain A and B, the
other a and b; i.e.,

A a
(1.1) BI Ib,

where the two vertical lines stand for the two homologous chromosomes. Or, alter-
natively, A and b may lie on one chromosome, while the other contains a and B;
ie.,
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A a
) s

Definition 1.1. [Some Basic Terms] For alleles A and B, the arrangement displayed
in diagram (1.1) is termed coupling and is written AB/ab; the arrangement in diagram
(1.2) is called repulsion and is indicated by Ab/aB. The relative arrangement of
nonalleles (i.e., Avs. B, Avs. b, avs. B, or a vs. b) at different loci along a chromosome
is called the linkage phase.

At an early stage of meiosis, the two chromosomes 1 and 2 lie side by side with
corresponding loci aligned. If the parental genotype is AB/ab, we can represent the
alignment as in Fig. 1.3A. Each of the paired chromosomes is then duplicated to
form two sister strands (chromatids) connected to each other at a region called the
centromere. The homologous chromosomes form pairs, so that each resulting complex
consists of four chromatids known as a tetrad (Fig. 1.3B). At this stage, the non-
sister chromatids adhere to each other in a semi-random fashion at regions called
chiasmata. Each chiasma represents a point where crossing over between two non-
sister chromatids can occur (Fig. 1.3C). Chiasmata do not occur entirely at random,
as they are more likely farther away from the centromere, and it is unusual to find
two chiasmata in very close proximity to each other.

A (pairing up) B (tetrad) C (crossing over) D (haplotype)
centro— H
mere

— — —

A a A A a a A A a a Ay Ay af a

B b B B b b B b|B b By by By b
chromo— chro— ;
some 1 2 matid1 2 12 chiasma NR R R NR

Fig. 1.3. Diagram for crossing—over between linked loci A and B.

Each gamete receives one chromatid from a tetrad to make up the haploid com-
plement (Fig. 1.3D). Since it is possible that more than one crossover occurs on the
chromosomes, some chromosomes in the haploid complement consist of a number of
segments from the two parental chromosomes. The number of segments is determined
by the number of crossovers that occurred in the formation of the chromatid that
became the chromosome. If no crossovers occur, then the chromosome will be a repli-
cate of an entire parental chromosome. If one crossover occurs between two loci A
and B, then the chromosome will consist of two segments, one from each parental
chromosome. In the former case, the resultant gametes must be AB or ab, just like
the parental chromosomes. In the latter case, where there is one point of exchange,
we have the new combinations Ab and aB, called recombinant types. In general, if
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there are an even number of points of exchange between the two loci, the final result
will be indistinguishable from AB or ab. But if there are an odd number of points of
exchange, the result will be like Ab or aB.

The existence of linkage means that there will be more gametes like AB and
ab, and fewer like Ab and aB. Let us suppose that the proportion of recombinant
gametes is r, which we call the recombination fraction, and that the proportion of
parental type is 1 — r. The recombination fraction can be estimated on the basis of
the expected number of recombinants in a segregating progeny (see Chapter 3). In
general, we should not expect to find recombination fractions greater than one-half,
though in certain unusual circumstances there may be a tendency for chromosomes
inherited from one parent or from particular stocks to associate nonrandomly.

From the definition of the recombination fraction, it follows that the special case
r = 1/2 is equivalent to independent segregation or no linkage. Actually, if two loci on
one chromosome are a long way apart, odd and even numbers of points of exchange
will be about equally frequent (i.e., 50 percent each), so this case will not be imme-
diately distinguishable from the case where the loci are on different chromosomes.
Alternatively, if two loci are close together, the frequency of points of exchange will
be low, and the corresponding recombination fraction will be small. To some extent,
we can use the latter as a measure of the distance between any two loci.

A better scale of measurement is that afforded by the density of points of exchange.

Definition 1.2. [Map Distance] The map distance between any two loci is the aver-
age number of points of exchange occurring in the segment.

The map distance is a quantity that is automatically additive. There is a very
simple relationship between the recombination fraction and the map distance for a
pair of loci in the simplest case of no interference. Such a relationship is called a
map function and will be discussed in Section 3.10. When the recombination frac-
tions between pairs of loci on a single chromosome have been determined from an
appropriate linkage experiment, it is a simple matter to transform them into map dis-
tances and hence construct a chromosome map. Since there is no reason to suppose
that chromosomes are homogeneous along their lengths with regard to the frequency
of crossing—over, we cannot assume that there is necessarily a very close correspon-
dence between genetic map distance and the actual physical distance between the
corresponding genes.

When many genes are considered, an issue arises about their linear arrangement
within each chromosome. The loci of any organism fall into linkage groups, where
any locus in one group is unlinked to any locus in a different group. Within any
group, however, the loci can be arranged in a linear order. For sufficiently close loci,
the recombination fraction between any pair may, in an elementary analysis, be used
as a direct measure of the distance between the loci. To retain additivity at greater
separations, we must work in terms of the average number of crossovers rather than
the recombination fraction (which only measures the frequency of an odd number of
crossovers). We thus need to know how the recombination fractions observed between
many pairs of loci lying on a single chromosome can be fitted into a unifying picture
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based on the notion of a chromosome map. This will critically rely upon the develop-
ment of theoretical models and statistical algorithms for constructing genetic linkage
maps, which is one of the major themes of this book.

1.6 Interference

In the simplest case, we assume that the points of exchange occur at random, so that
the pattern of crossing—over in any segment of a chromosome is independent of the
pattern in any other segment. In practice, however, nonrandomness is common and
was named interference by H. J. Muller (1916). When, as usual, this is positive, the
occurrence of a point of exchange tends to inhibit the formation of other such points
in its neighborhood. Various models are available for describing the phenomenon of
interference, and some of these entail the occurrence of recombination fractions greater
than one-half in sufficiently long chromosomes.

As mentioned earlier, each chromosome splits longitudinally into a pair of identi-
cal daughter—chromosomes (chromatids) during the relevant part of a meiotic divi-
sion. The two chromatids are initially held together by the centromere (Fig. 1.3B).
Crossing—over always occurs between chromatids from different chromosomes of a
homologous pair, as shown in Fig. 1.3C. Thus, the phenomenon of crossing—over
actually involves all four chromatids, or strands, of any pair of homologous chromo-
somes. A pair of homologous chromosomes united by crossing—over is often called
bivalent.

We may envision the occurrence of several points of exchange or chiasma, each of
which now entails the X-like arrangement of chromatids shown in Fig. 1.3C. We can
distinguish between two kinds of interference.

Definition 1.3. [Kinds of Interference] One type of interference is chiasma inter-
ference, in which the occurrence of one chiasma influences the chance of another
occurring in its neighborhood, and another is chromatid interference, which is a non-
random relationship between the pair of strands involved in one chiasma and the pair
involved in the next chiasma.

Chiasma interference is common, and some distributions have been observed in
which the variance of interference was as low as a quarter of its mean. Chromatid
interference, on the other hand, is much more difficult to detect, and evidence for
its existence is more scant. It has been proven that chiasma interference alone is
incapable of causing recombination fractions of more than 50 percent (Mather 1938).

1.7 Quantitative Genetics

1.7.1 Population Properties of Genes

Mendelian segregation leads to simple and predictable segregation ratios in the off-
spring of specific mating types but only applies to a progeny population derived from
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two parents of known genotype. However, different mating types can occur simulta-
neously to generate the offspring in a natural or experimental population in which
the ratios of the different genotypes are weighted averages of the segregation ratios
of all the possible mating types, the weights being the relative frequencies of the
different mating types. The population properties of genes can be described by the
allele frequencies, genotype frequencies, and Hardy-Weinberg law.

Consider a gene with two alleles, A and a, with respective frequencies p; and pq,
in a population. Let P», Py, and P, be the population frequencies of three genotypes,
AA, Aa and aa, respectively. When the mating type frequencies arise from random
mating, the ratios of the different genotypes follow a mathematical model established
independently by the English mathematician Hardy (1908) and the German physician
Weinberg (1908). This well-known model, today called the Hardy-Weinberg Law,
states that, if individuals in the population mated with each other at random, these
frequencies would satisfy the relationship

(13) P12 :4.P21307

and each of these frequencies is kept unchanged from generation to generation. The
population that follows equation (1.3) is said to be at Hardy-Weinberg equilibrium,
in which the genotype frequencies can be expressed as P» = p?, P; = 2p1po, and
Py = p3, respectively. Approaches exist to test whether or not a population is at
Hardy-Weinberg equilibrium (Falconer and Mackay 1996; Lynch and Walsh 1998).

1.7.2 A General Quantitative Genetic Model

A gene that is segregating in a population may affect the phenotype of a trait. For a
complex or quantitatively inherited trait, the genes that determine it may be numer-
ous and their relationships with the environment may be complicated. The study of
the genetic basis of a quantitative trait is the theme of quantitative genetics.
Consider a quantitative trait with phenotypic value P, which is determined by the
genetic (G) and environmental factors (E) and their interaction (G x E), expressed as

(1.4) P=G+E+GxE.

Assuming that all terms in equation (1.4) are independent of one another, we partition
the phenotypic variance of the trait into the corresponding genetic, environmental,
and genotype X environment interaction variance components:

(1.5) Ve =Va+ Vg + Vaxe.

In statistics, the variance is generally symbolized by V or o2. The genetic variance, Vg
or O'é, is due to the effects of all genes that determine the trait. Consider a gene with
genotypes AA, Aa, and aa whose genotypic values and frequencies in a population at
Hardy-Weinberg equilibrium are expressed as follows:
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Genotype Genotypic Value Frequency
AA fo = p+a Py =p?
Aa pr=p+d Py =2pipo
aa Ho = [ —a Po = pj

The three different genotypes are symbolized by j (j = 2 for AA, 1 for Aa, and 0
for aa). Genotypic values are composed of the overall mean of the trait (u), the
additive effect (a) of the gene due to the substitution of alleles from A to a, or
the dominance effect (d) due to the interaction effect of different alleles A and a at
the gene. If there is no dominance, d = 0; if allele A is dominant over a, d is positive;
and if allele a is dominant over A, d is negative. Dominance is complete if d is equal
to +a or —a, and there is overdominance if d is greater than +a or less than —a. The
degree of dominance is described by the ratio d/a.

The population mean of the three genotypes with different frequencies is calcu-
lated as

2
= Pju; = (p1 —po)a+2p1pod,
j=0
and we have the genetic variance for this gene,

2
_\2

o = ) Pilwi—n)
j=0

= 2pipola + (p1 — po)d)? + 4pipsd®

= 2p1poa’® + 4pipd®

d

<ot ol
where a = a + (p1 — po)d is the average effect due to the substitution of alleles from
A to a (Falconer and Mackay 1996). The first term of the genetic variance, 0%, is
the additive genetic variance component, and the second term, %, is the dominance
genetic variance component. These two expressions can be readily extended to in-
clude the effects of all underlying genes for a trait. If gene interactions are ignored,
the variances contributed by all the genes are expressed as 02 = > ag, o4 => 02,
and 0%, = > o3

1.7.3 Genetic Models for the Backcross and F; Design

The partitioning of the genetic variance can be made for different genetic settings.
Consider two parental populations, P; and Ps, fixed with favorable alleles A1, ..., 4,,
and unfavorable alleles aj, ..., a,,, respectively, for all m loci. The two parents are
crossed to generate an Fy. The F; is backcrossed to one of the parents to form a
backcross or self-crossed to form an Fs.
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Let ap and dj, be the additive and dominance effects of gene k, respectively, and
rk; be the recombination fraction between any two genes k and [. Consider a pair of
genes, Aj and A;, whose genotypic values (upper) and frequencies (lower) in the Fa
population are expressed as

AlA, Ay aa
AR Ay W+ ag + a w4 ap +d w4 ap — a
%(1 — T‘kl)2 %Tkl(]- — Tkl) %T‘%l
(1.6)
Apap w+di + a w4 dy +do w4 di —a
%Tkl(l — i) %[7”;%5 + (1 —711)?] %Tkl(l —rp)?
aray, u—ag+a W= ag +d p—ag —a
ihﬁl %Tkl(l —TR) i(l —rp)?

where the genotypic values are composed of the additive and dominance effects at the
two genes because gene interactions are ignored, and the derivation of the genotype
frequencies in the Fy, expressed in terms of the recombination fraction between two
genes, needs knowledge of linkage analysis, described in Section 3.5. From display 1.6,
we can derive the genetic variance of the trait as

k=1 k=1
1 m m m m
(17) +§ Z Z (1 - 2Tkl akal Z Z 1-— 2Tkl dkdl.
k=11=1,k#l k: 1,k#1

The first term on the right side of equation (1.7) for the Fy is the additive variance
within loci, the second is the dominance variance within loci, the third is the additive
covariance between different loci, and the fourth is the dominance covariance between
different loci.

For the backcross, in which the dominance effect cannot be defined due to in-
adequate degrees of freedom, we can derive a similar but simpler genetic variance,
expressed as

1 1
(1.8) ok = yi Zai +2 Z(l — 2rp)aka;.
k=1 k#l

From equation (1.8), the genetic variance in a backcross consists of the additive genetic
variance and additive covariance between different loci.
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1.7.4 Epistatic Model

Genes may affect quantitative traits in an interactive way. The effect due to gene
interaction was coined as epistasis by W. Bateson (1902). From a physiological per-
spective, epistasis describes the dependence of gene effects at one locus upon those
at the other locus. Fisher (1918) first partitioned the genetic variance into additive,
dominance, and epistatic components using the least squares principle. Cockerham
(1954) further partitioned the two-gene epistatic variance into the additive x ad-
ditive, additive x dominance, dominance x additive, and dominance X dominance
interaction components. There are many approaches for specifying epistasis, but we
will model epistasis using Mather and Jinks’ (1982) approach.

Consider two genes, one denoted by A, with three genotypes, AA, Aa, and aa,
and the second denoted by B, with three genotypes, BB, Bb, and bb. These two
genes form nine two-locus genotypes, whose genotypic values, denoted by f;, ;,, can
be partitioned into different components

Hjrje = jz overall mean
+ (j1 — Dai + (j2 — 1)as  additive effects
+ 71(2 — j1)d1 + j2(2 — j2)d2 dominance effects
+ (j1 — 1)(J2 — Diga additive x additive effect
(1.9) + (j1 — 1)j2(2 — jo)iaq  additive x dominance effect
+71(2 = j1)(J2 — 1)ida dominance x additive effect

+71(2 = 1)j2(2 — j2)iga dominance x dominance effect,

where

2 for AA or BB
j1,j2 =< 1  for Aa or Bb

0 for aa or bb

The second line of equation (1.9) is the additive effects of single genes, the third line
is the dominance effects of single genes, and the fourth, fifth, sixth, and seventh lines
are the epistatic effects between the two genes, additive x additive (i,,), additive X
dominance (iqq), dominance x additive (i4q), and dominance x dominance (igq),
respectively.

For the two genes that are cosegregating with the recombination fraction of r in
an Fy population, the genotypic values and frequencies are expressed in Table 1.1.
Note that the genotype frequencies are calculated in terms of r. Based on Table 1.1,
the genetic variance of a trait can be derived.

1.7.5 Heritability and Its Estimation

According to equation (1.5), the total phenotypic variance of a quantitative trait is
decomposed into its genetic, environment and genotype X environment interaction
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Table 1.1. Genotypic values (upper) and frequencies (lower) of the nine genotypes at two
genes, A and B.

BB Bb bb
AA B+ ar+ a2 + iaa A a1 +dz 4 dag B+ a1 — a2 —iaa
(1 —r)? 3r(l—r) i
Aa w4 di+ a2 + ida p4di+da +iaa pA4di—as —iga
ir(l—r) 1+ (1—1r)% ir(l—r)
aa = a1+ a2 — iaq t—ai+dz —iad w—ai— a2+ taea
ir? r(l-r) 1(1—r)?

variance components. The ratio of the genetic variance over the phenotypic variance
is defined as broad-sense heritability, i.e.,

2 _ Ve
Ve + Ve + Vaxe'

(1.10)

As shown above, the genetic effect or variance can be partitioned into additive (A)
and nonadditive (NA) effects or variances. Thus, we have

P=G+E+GxE
=A+NA+E+AXE+NAXE,

and

Vp = VG + VE + VG><E
=Va+Waa + Ve + Vaxe + VNaxe,

if all the effects terms are independent of each other.

The nonadditive effect or variance is the summation of dominance and epistatic
effect or variance. Because the additive effect can be inherited from the parents to off-
spring whereas the nonadditive effect cannot, we use the ratio of the additive variance
over the total phenotypic variance, define as the narrow-sense heritability, i.e.,

Va

1.11 h? = ,
(L.11) Va+ Vrna+ VE + Vaxe + VNaxe

to quantify the degree with which the phenotypic value of a quantitative trait is
unchanged from one generation to next. The two heritability parameters (1.10) and
(1.11) are traditionally used to describe the degree of overall genetic control for a trait,
including the contributions of all the underlying genes (Lynch and Walsh 1998). These
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two parameters are now commonly used to describe the contributions of individual
genes if these genes can be detected by an approach like genetic mapping, described
in Chapters 8-14.

In practice, genetic variances can be estimated on the basis of a quantitative
genetic theory founded by Cockerham (1954, 1963). According to this theory, a set of
parents is crossed to generate multiple crosses in a mating design. The progeny from
the mating design is then grown in a particular experimental design, from which the
phenotypic data collected are analyzed by statistical approaches, such as analysis of
variance, to obtain various experimental variances. Based on the resemblance between
relatives, the estimated experimental variances are used to estimate the additive and
dominance genetic variances and, therefore, the broad- and narrow-sense heritabilities.

Comparable to Cockerham’s models, Mather and Jinks (1982) proposed a differ-
ent approach based on generation differences to estimate genetic effect or variance
components. Consider study material composed of three generations, inbred parents
P, and Ps, the non-segregating F; and the segregating Fo, which are grown under
the same condition. The phenotypic variance of a trait for the two pure parent lines
(Vp, and Vp,) and Fy progeny (Vp, ) is purely due to environmental factors, whereas
the phenotypic variance of the same trait in the Fy (Vg,) includes a sum of genetic,
environmental and genotype x environmental variance. Thus, the genetic variance of
the trait can be estimated by

(1.12) Ve =Vp, = Vp,,
or
1
(1.13) Vg =Vp, — 1 (Vp, + Vp, + 2VF1) .

The estimates of individual genetic variance components can be obtained by the
inclusion of more generations (Mather and Jinks 1982).

1.7.6 Genetic Architecture

Most quantitative traits are determined by a web of many interacting loci and by an
array of environmental factors (Falconer and Mackay 1996). The traditional polygenic
theory of quantitative traits (Mather 1943) envisaged a fairly large number of loci,
each with relatively small and equal effects, acting in a largely additive way. Over the
years it has indeed been observed that a quantitative trait may display complicated
genetic architecture (Mackay 1996, 2001), expressed as

(1) It may be controlled by a fairly large number of loci; for example, of the order of
50, according to the work of Shrimpton and Robertson (1988a,b);

(2) Genes act in ways which may be additive, dominance, epistatic with other genes,
and interactive with environmental factors;

(3) The magnitude of the effect produced by each locus can vary considerably;

(4) The same genes may affect different phenotypic traits through pleiotropic effects;
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(5) The genes affecting the trait may be distributed over the genome at random or in
a certain pattern.

With a deep use of genetic mapping to analyze quantitative traits, increasing
evidence has been observed for the third point, which suggests that typically a small
number of loci account for a very large fraction of the variation in the trait. For this
reason, the traditional polygenic model may be replaced by a new oligogenic model
in which a small number of major genes each with a large effect, combined with many
minor genes each with a small effect, determine the genetic variation of a quantitative
trait (see Mackay 1996 for an excellent review).

1.7.7 The Estimation of Gene Number

The actual number of genes that control a quantitative trait is one of the most impor-
tant elements for the genetic architecture of the trait. Gene number can be estimated
by a biometrical approach, although it depends on some critical assumptions (Lande
1981; Lynch and Walsh 1998). The number of genes estimated by this approach ba-
sically reflects the effective number of genes that contribute a major part of genetic
variation of a trait. The most widely used approach for estimating gene number is
based on the phenotypic means and variances of two parental lines and their hybrids,
i.e., F1, Fo and backcrosses. The biometrical approach for the enumeration of effective
genes was first proposed by Castle (1921).

Suppose there are two contrasting parental lines, one (P;) being homozygous for
all increasing alleles and the second (P2) being homozygous for all decreasing alleles.
These two lines are crossed to generate the F; and Fy. There are a total of unlinked
m, effective genes each with the same effect (a) that is purely additive. The mean
phenotype of the P; and P5 line can be written, respectively, as

Me
pp, =+ Y a=p+mea,
=1

Me
pp, ==Y a= [ —mea,
i=1
whose difference is

(1.14) A= pup, — pp, = 2mea,

with the overall mean p being canceled. Based on equation (1.7), the genetic variance
of the F5 is rewritten as

1Qs o1 2
(1.15) Vg = 3 ;a = 5Mea’,

under the assumptions as mentioned above. Combining equations (1.14) and (1.15),
we obtain the Castle-Wright estimator of gene number as
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A2

1.16 e = ,
(1.16) e = ey

where Vg is estimated by equation (1.12) or (1.13). The sampling variance of 7. can
be approximated by

R R 4(Vp + Vp ) Var(Vc;)
1.1 V. ) = m? ! 2 ,
(1.17) ar(me) = m; A2 + V2
where
2V3 2Vi
Var(Vg) = 2 !

ng, + 2 ng, + 2

with np, and np, being the sample sizes, if equation (1.12) is used.

After the Castle-Wright estimator, several studies were pursued to improve the
estimation of gene number. Lande (1981) generalized the Castle-Wright estimator for
use with outcrossing populations. Zeng et al. (1990) and Zeng (1992) relaxed some of
the critical assumptions, including unlinkage and equal additive effect, used for the
Castle-Wright estimator. Epistatic effects between different genes were considered
in Wu (1996) who extended gene enumeration to estimate a more complete picture
of genetic architecture. In particular, Wu’s model allows for the estimation of more
genetic parameters by including multiple generations, Py, P, F1, Fo and backcrosses,
in the same experiment. Generally speaking, use of biometrical approaches for the
estimation of gene number has been limited in practice, despite their significance in
helping to understand general quantitative genetic theory. A more precise approach
for gene enumeration is based on genetic mapping with molecular markers in which
the association between markers and phenotypic variation is analyzed and tested by
statistical models (Lander and Botstein 1989).

1.8 Molecular Genetics

Molecular genetics applied to linkage analysis is concerned with genetic marker tech-
nologies. Molecular genetic markers are readily assayed phenotypes that have a di-
rect 1:1 correspondence with DNA sequence variation at a specific location in the
genome. In principle, the assay for a genetic marker is not affected by environmental
factors. Genetic markers are DNA sequence polymorphisms that show Mendelian in-
heritance. For genome mapping, the ideal genetic marker is codominant, multiallelic,
and hypervariable (i.e., segregates in almost every family). However, some dominant
markers are also very useful and powerful in particular situations.

Molecular markers have many different types. Restriction fragment length poly-
morphisms (RFLPs) were the first genetic markers that were widely used for genomic
mapping and population studies. RFLP markers are obtained by using restriction
endonucleases to precisely cleave a genomic DNA fragment containing a particular
gene sequence. If two organisms differ in the distance between sites of cleavage of a
particular restriction endonuclease, they will produce different lengths of the frag-
ments when the DNA is digested with a restriction enzyme. The fragments can then
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be separated by gel electrophoresis. The diagram in Fig. 1.4 illustrates the segrega-
tion of an RFLP marker among eight different organisms. Individuals 1 and 5 are the
homozygote AA for the larger RFLP alleles, individuals 4 and 7 are the homozygotes
for the smaller RFLP allele, and the others are heterozygous. The mode of inheritance
of RFLP markers is codominant, allowing for all three genotypes at a single locus to
be scored.

Allele 1 2 3 4 5 6 7 8

a

Fig. 1.4. Diagram for the segregating pattern of an RFLP marker detected by gel elec-
trophoresis.

The detection of RFLPs requires the hybridization of a labeled DNA probe to
denatured single-strand DNA fragments. The probe can be cloned DNA with known
or unknown sequences. Most RFLP variation is due to insertion/deletion differences
that are located between restriction enzyme recognition sites, and a small portion
of the variation can be due to sequence variation within restriction sites. RFLPs
require large amounts of genomic DNA and are laborious to carry out compared with
polymerase chain reaction methods.

The polymerase chain reaction (PCR) provides a useful way to obtain genetic
markers based on amplification of specific DNA fragments from small quantities of
genomic DNA templates. PCR-amplified markers can be based on anonymous ge-
nomic DNA fragments that vary in size (codominant inheritance), can be amplified
from some individuals but not others (dominant), or can be cleaved differentially by
restriction enzymes. The PCR can also readily provide many genetic markers based on
amplification from genomic DNA templates using a single short primer (randomly am-
plified polymorphic DNA, or RAPD). These markers are anonymous DNA sequences
flanked by the primer sequence in opposite orientation. The mode of inheritance for
RAPDs is usually dominant; the sequence either amplifies or not, and one copy can-
not be distinguished readily from two copies. Another PCR~based anonymous marker
system is amplified fragment length polymorphisms (AFLPs). AFLPs are produced
by cleaving genomic DNA using a pair of restriction endonucleases and then ligating
adapters to the ends of the DNA fragments. A subset of the fragment is selectively
amplified from these ligated fragments. These DNA fragments can be resolved on
DNA sequencing gels and have a higher multiplex ratio than RAPDs, often 2040
markers per gel lane. Figure 1.5 is a diagram for the segregation of two dominant
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(RAPD or AFLP) markers, A and B, for eight individuals. At marker A, individuals
1, 2, 3, 5, 6, and 8 show a band, suggesting that they are either the homozygote for
the dominant allele or the heterozygote. For this marker, individuals 4 and 7 with no
band should be homozygous for the recessive allele. A similar inference can be made
about the segregating patterns of markers B and C.

Marker 1 2 3 4 5 6 7 8

C — e— — —

Fig. 1.5. Diagram for the segregating pattern of three dominant markers detected by gel
electrophoresis.

Microsatellite markers, also called simple sequence repeats (SSRs), are based on
the PCR—amplification of a genomic region containing a simple sequence (mono-,
di- or trinucleotide) that is repeated. The repeat number of microsatellites can be
highly variable, so that most individuals are heterozygous and the proportion of
individuals that have the same marker genotype is small. Microsatellites may have
many alleles (up to 70 or 80) at a single SSR locus and are inherited as codominant
markers. In Fig. 1.6, eight hypothesized individuals are segregating for a triallelic
microsatellite marker. Individual 1 is homozygous for the largest allele, individual 2
is heterozygous for the largest and second largest alleles, and others can be observed
accordingly.

In practice, two ways are commonly used to identify microsatellite loci suitable
for use as genetic markers. For some species, such as the human, mouse, Arabidopsis,
and rice, in which a large number of DNA sequences are already available, microsatel-
lites may be identified by searching from the DNA sequence databases for sequences
containing simple repeats. However, for most plant and animal species, a large effort
in hybridization and sequencing is needed to identify microsatellites suitable for use
as genetic markers.

1.9 SNP

A single nucleotide polymorphism (SNP) is a site in the genome where the DNA
sequences of many individuals differ by a single A, T, C, or G. For example, two
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Allele 1 2 3 4 5 6 7 8

A, Z— — _—

AZ —_— —_— _— —_— _—

Az i — O ——

Fig. 1.6. Diagram for the segregating pattern of a multiallelic microsatellite marker detected
by gel electrophoresis.

sequenced DNA fragments from different individuals, AAGCCTA and AAGCTTA,
contain a difference in a single nucleotide. In this case, two nucleotides that make
the two individuals different are C and T, which are called two alleles. SNPs, as
the newest markers, have been the focus of much attention in genetics because they
are extremely abundant and well-suited for automated large-scale genotyping. A dense
set of SNP markers opens up the possibility of studying the genetic basis of complex
diseases by population approaches.

SNPs can be detected in either a sequence-specific or sequence-nonspecific
way. Sequence-nonspecific detection is based on the capture, cleavage, or mobility
change during electrophoresis or liquid chromatography of mismatched heterodu-
plexes formed between allelic DNA molecules or single-stranded DNA molecules
that assume slightly different conformations under nondenaturing conditions. Al-
though sequence nonspecific detection of polymorphisms is the mainstay in polymor-
phism/mutation discovery, it is not an acceptable approach to genotyping because
one is never certain if the inferred genotyping is the true genotype. Sequence-specific
detection relies on four general mechanisms for allelic discrimination: allele-specific
hybridization, allele-specific nucleotide incorporation, allele-specific oligonucleotide
ligation, and allele-specific invasive cleavage.

General Genetics Textbooks for Further Reading

[1] Anthony J. F. Griffiths, William M. Gelbart, Richard C. Lewontin and Jeffrey
H. Miller (2002) Modern Genetic Analysis: Integrating Genes and Genomes. 2nd
edition. W. H. Freeman, New York.

[2] Daniel L. Hartl and Elizabeth W. Jones (2001) Genetics: Analysis of Genes and
Genomes. 6th edition. Jones and Bartlett Publishers, Sudbury, Massachusetts.

[3] Benjamin Lewin (2005) Essential Genes. Prentice-Hall, Engewood Cliff, New
Jersey.



20 1 Basic Genetics

1.10 Exercises

1.1 Equations (1.7) and (1.8) describe the genetic variance o2 due to m genes for the Fo
and backcross, respectively. Show how these two equations are derived.

Hint: Consider two linked genes, A and B, with recombination fraction r, in a back-
cross. The additive effects of these two genes are denoted by a; and as, respectively.
The genetic values of the four backcross genotypes at the two genes are defined, along
with their frequencies in terms of r, as follows:

Genetic Value Frequency
Genotype Code 14 P;
AaBb 1 n+ar + as %(171*)
Aabb 2 W4+ ar %r
aaBb 3 W+ as %r
aabb 4 I 1a-r)

The genetic variance due to these two genes is calculated as

4 4 2
o = ZPJ‘M? - (Z Pjﬂj)
j=1 Jj=1

= l(a? +a3) + 1(1 — 2r)ayas.
4 4

This can be extended to include m genes and derived similarly for the F» progeny.
1.2 Equation (1.16) is the Castle-Wright estimator for gene number. Lists the assumptions

used for its derivation.
1.3 Modify the Castle-Wright estimator to suit the following situations:

(a) Each gene displays both the additive and dominance effects.

(b) Some genes are of increasing effect in the P1, with the rest of decreasing effect, and

vice versa for the Ps.
(c) Different genes are linked on the same chromosome.
(d) Different genes interact to display epistatic effects.

You may consider including more generations in your model, which empowers you to
estimate more genetic parameters. Read Zeng et al. (1990), Zeng (1992), and Wu (1996)
for some thorough discussions on each issue above.

1.11 Note

In what follows, we present an approach to model unequal genetic effects across
different loci for a quantitative trait. Genetic effects are found to vary among different
genes in a particular oligogenic pattern, as shown in Fig. 1.11.1, i.e., typically a small
number of loci account for a large proportion of the genetic variation, with many
others contributing a small proportion (Shrimpton and Robertson 1988a,b). This
pattern allows the modeling of genetic effects across loci by a Gamma function or
geometric series.
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1.11.1 Modeling Unequal Genetic Effects by the Gamma Function

100 o Cumulative proportion of
dditi i .
additive genefle varianee | I
75 —
50 —
25 —
0 T T T T T T
0 5 10 15 20 25 25

Number of loci ranked by magnitude of effect

Fig. 1.7. Graphical theoretical representation of the relationship between the number of
loci determining a typical character and the cumulative proportion of the additive genetic
variance account for by such loci.

Suppose there are n,. genes responsible for a trait whose additive and dominance
genetic effects are different. A three-generation pedigree including the P, Py, Fy, Fa,
and backcrosses (B; and Bs) is considered. Assume that the additive effect (a) at
a locus follows a gamma distribution (Kimura 1979; Hill and Rasbash 1986), whose
density function, respectively, as

aPe~xagf-1
r(p)

where « is the scale parameter of the gamma distribution of the additive effect and
[ is the corresponding shape parameter. The moments for this distribution are

t@) =2 e@) = 22D vy = B

fla) =

, 0<a<00,0<a,f< o0,

for a

where £ denotes expectation. The parameter 3 can be used to measure the equality
of additive and dominance effects at various genes. When § — oo, the distribution
converges to the case of equal genetic effect. According to the above moments, we
obtain the following expression

Zet e = 2w,

= q® =
m*
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where @ and a? are the average values of additive effects and of squared additive
effects across all relevant genes, respectively. Ignoring the dominance effect, the genetic
variance of the Fy due to m* unlinked unequally-sized genes according to 1.7 can be
expressed as

Vo= Yt = gmre(e) = g (U5 @
1=1

The difference between the two parent lines is shown as
A = pup, — pp, =2m*a.

Combining the above two equations leads to the estimate of n* as

. AT 14BN (140
(1.18) m = Ve (5)—77% (5)7

where m. is the estimate of gene number when all the genes are assumed to have an
equal effect (equation (1.16)). Parameter (14-3)/8 can be used to describe the pattern
of distribution of genetic effects. If individual effects (a;) are normally distributed,
then we have (1 + )/ = w/2 = 1.57. However, a highly leptokurtic distribution
can lead to a (1 4+ )/ value larger than 7/2 (Mackay et al. 1992). Therefore, by
assuming the same genetic effects the gene number is always underestimated when
genetic effects are virtually unequal among genes.

1.11.2 Modeling Unequal Genetic Effects by a Geometric Series

The oligogenic model stating the genetic control of a quantitative trait by a few genes
of large effects and many genes of small effects implies that the distribution of additive
genetic effects (a) may be approximated by a geometric series (Lande and Thompson
1990), i.e.,

a,ar,ar®,ar®, ... ar™, r#1,
where 7 is the ratio determining the relative magnitude of the additive effect of each of
m genes. In this case, the difference between the two parents and the genetic variance

of the Fy can be written as
1 _ m
A=2a < ! > ,
1—r

(L2 1— 7,2m
VG2<1—ﬂ)’
which lead to

- A2 1—r™ (147
1.1 S - .
(1.19) MeT8Ve T 14m <l—r>

We thus have
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rm =

Lo (1)

14w, (% 7
and
(1.20) m = log, [l—ﬁze <1+:)] — log, {1+Tﬁe<1+:>}.
Letting u = i::’ we derive the expression of r, based on equation (1.19), as
_meu—1
meuw+1°

23

For the oligogenic control model for which m is large and r is small, it is not unrea-

sonable to assume u ~ 1, which leads to

Me — 1
Me +1°

*

Therefore, the number of genes can be approximately estimated by substituting r*

into equation (1.20).
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Basic Statistics

2.1 Introduction

Now that we have seen the basics of genetics, we turn to an introduction to the
statistical methodologies that we will use throughout this book. Most of the statistical
inferences that we will make will be based on likelihood analysis, and we will be
concerned not only with constructing the appropriate likelihood function for a given
model but also with methods for computing and optimizing the likelihood. We start
here with some basics and work our way toward likelihood analysis of a genetic linkage
model.

2.1.1 Populations and Models

The goal of a statistical analysis is to draw conclusions about a population, a collection
of objects (typically infinite) not all of which can be measured, based on examination
of a sample, a smaller collection of objects drawn from the population, all of which
can be measured. To connect the sample to the population and have the ability to
make an inference, we use a model.

Ezample 2.1 (Tomato Plant Heights). Suppose that we have the following data y on
heights (in cm) of 12 tomato plants of a particular species:

y = (y1, Y2, ., y12) = (79,82,85,87,100, 101, 102, 103, 124, 125, 126, 127).

We may take the following simple model. The true mean height of the population is
1, and we observe data Y; according to

(2.1) Yi=p+e,

where ¢; is an error term, typically taken to have a normal distribution with mean

0 and variance 2.
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For the model (2.1), it is often assumed that the ¢; follow a normal distribution
N(0,0?), where the N (u,0?) probability density function is given by

1 1
o(ylp, o) = oz P {—202(@ - M)Q} :
Thus, under the normality assumption, we can also write the model (2.1) as Y; ~
b(ylp, o).
As the process that we are trying to describe gets more complicated, so will the
model. In this book, we will examine a range of models, with forms that are often
dictated by the biology of the problem. Here are some examples of other models:

(a) Linear Regression. To describe a linear relationship between a dependent variable
Y and an independent variable (or covariate) x, we could use the model

Y, =a+bx; +¢;.

If we have many different covariates, we could use a multiple regression model
Y;' = a+zj bjmij +E7;.

(b) To describe a relationship between a covariate and a Bernoulli random variable
(a variable Y that only takes the values 0 and 1, with P(Y = 1) = p), a logistic
regression model is often used. This has the form

logit(p(x)) = a + bz,
where the logit is defined as logit(p) = log (ﬁ), and P(Y = 1|z) = p(z).

(¢) There are many models used to describe the growth process as a function of time.
One popular model is the logistic growth curve, given by

a
)= ——
9(t) 1+ be— Tt
where ¢ typically is a time measurement. If we observe actual growth, we would
use this model in the form Y; = 1+bg_”i + &;.

(d) The last model that we will describe here will find much use in QTL mapping
(see Chapter 9). It is a mizture model, given by

v, — w1 +¢;  with probability p
" \u2+e;  with probability 1—p’

or, equivalently,
Y~ {N(Ml,az) with probability p
! N(po,0?)  with probability 1—p
We can also write the mixture model as
Yi=mI(X =1) 4+ pol(X =0) + 5, & ~ N(0,06%),

where P(X = 1) = p, and I is the indicator function, which is equal to 1 if the
argument is true and equal to 0 otherwise.
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2.1.2 Samples

To begin an investigation, we would typically draw a random sample from the popula-
tion of interest, a small collection of objects that are representative of the population.
A random sample is, formally, a sample of n objects obtained in such a way that all
sets of m objects have the same chance of being the sample. In practice, however, we
hope to have a sample that is independent and identically distributed, or iid.

To be specific, if we are sampling from a population with probability density
function f(y|#), where 6 contains the unknown parameters, and we draw an iid sample
Y1,Y5,...,Y,, we want each variable to satisfy Y; ~ f(y|0) (identical) and for the
variable to be independent. If we obtain an iid sample y1,¥2,...,yn, the density
function of the sample is

Fi g2, ynl0) = Hf(yi|9)-
i=1

Ezample 2.2 (Normal Sample Density). Suppose that Y7,Ys,...,Y,, are an iid sample
from an N (u,0?) population. The sample density is

W1, v, -, ynli,0®) = [ [ b(wilp, 0%)

(2:2) = (\/2;7>n/2 exp{—%ig Z:(y —u)z}-

The sample density defines the relationship between the sample and the model and
is thus the only means we have of estimating the unknown parameters. Actually, there
are other methods, but they all lack efficiency when compared with estimation based
on the sample density (see Casella and Berger 2001). Moreover, all of the information
that the sample has about the parameters is contained in the sample density function.
A consequence of this is that we should base our parameter estimation method on
the sample density.

2.2 Likelihood Estimation

The most common estimation method, which is typically a very good method, is
based on the sample density. We define the likelihood function as

L(9|y1ay27 .. 7y’n> = f(yhyQ» .. ayn|9)7

which is merely treating the sample density f as a function of the parameter, holding
the data fixed. The method of maximum likelihood estimation takes as the estimate
of 0 the value that maximizes the likelihood.
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Ezample 2.3. (Finding a Maximum Likelihood Estimator (MLE)). To find the
MLEs in Example 2.2, we need to find the values of 1 and o2 that maximize equation
(2.2). Since likelihood functions from iid samples are products (which are nasty to
maximize), it is often easier to work with the logarithm of the likelihood (known
as the log-likelihood). The maxima are the same as the original function, and the
calculations are quite a bit easier.

From (2.2), the normal log-likelihood is

n n 1 «
logL(p,0%) = —5 log2m — 7 log o’ — 397 > (i — ).
=1

Differentiating and setting equal to zero

0 1<
@ZEZ(%—N):Q
i=1

0 n R 5
@**T‘QJFZ(TQ)Q;(%*H) =0,

gives the MLEs 4 = g and 62 = >, (y; — §)?/n. For the data of Example 2.1, we
have /i = 103.41 and 62 = 303.24.

The rationale behind maximum likelihood estimation is the following. If the sample
Y1, Y2, - - -, Yn 1S representative, then the values of y; should come from the regions of f
that have high probability; that is, the sample should “sit” under the mode of f. We do
not know where this mode is because we do not know the value of . However, for the
given sample, we can find the value of 6 that makes f(y1,y2, - ..,¥yn|0), or equivalently
L(0|y1,y2, - - - ,Yn), the highest. This puts the sample in the highest probability region,
and the resulting estimator is the maximum likelihood estimator (MLE).

Ezample 2.4. (Tomato Data Revisited). As a slightly more realistic example, we
return to the tomato heights of Example 2.1, but we now ask if there may be evidence
of genetic control of height. Specifically, if a “height” gene is segregating in an Fq
progeny according to Mendel’s first law, then we would expect to see the genotype
AA:Aa:aa segregating in the ratio 1:2:1. We hypothesize that there is a gene associated
with height, and it is segregating in the ratio p:q:1 — p — ¢ for genotypes AA:Aa:aa.
As the values of p and ¢ are unknown, and as we do not know the genotype of the
plant that we observed, the model of Example 2.1 becomes the mixture model

taa +e;  with probability p
Y; = < paq +¢€;  with probability ¢ ,
laa +€;  with probability 1—p—gq

where g; ~ N(0,02). If we let ¢p44 denote a normal density with mean 44 and
variance 2, and if we define ¢ 4, and ¢, similarly, then, writing y = (y1,y2, ..., Yn),
the likelihood and log-likelihood functions are
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L(iaas faas taas 0°ly) = [ [ [p6aa(5:) + 40 aa(y:) + (1= p = @)baa(yi)]
=1
1

10g L(11AA; ftAa: Haas 0°1y) = Y _log [pdaa(yi) + adaa(yi) + (1 = p = )baa(y:)]

If the gene were segregating in the ratio 1:2:1 then we would have an Mendelian
F5 population.

We can find the MLEs through differentiation. Although we will see that there is
no explicit solution, the equations will lead to a nice iterative solution. This solution
will have more general applicability, so to address that we will solve the likelihood
equations for a general mixture model and then return to the example.

Given iid observations y = (y1,¥2,...,Yn) from the general mixture model

'szj yzle ij—l

the log likelihood is

log L(0)y) = Zlog ij (vil0;) |,

where we write 8 = (01,...,0%).
For now, we will assume that p and ¢ are known, but we will return to this case
later. Differentiating with respect to 0; gives

k 9
0 n Zj:1pjaTj,f(yi|9j)
ﬁ log L(By) = Z k :
i=1 Ej:l pjf(yi|9j)
Notice that if 6;; does not contain any of the same components as 6;, the derivative
in the numerator will be zero unless j = j/. We will see this in detail in Example 2.5.
For convenience, we now write

o
06,

Fl0s) = F(il0s) 5o —tog (/(0l6)

pjf(yi|9j)

P; i) = 9
) = S o)

and then we have

log L(8y) = ZZP O log( (%i105)) -

0
(2.3)
89 i=1 j=1
We can solve for the MLEs with the following iterative algorithm. Start with initial

values 03(-0), Pj(o) (y;) for j=1,...,k. Fort=0,1,...
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P f(wil6")
> pifwil6f)
2. For j/ =1,...,k, solve for Hj(-fﬂ) in

1. For j=1,...,k, set Pj(tﬂ)(yi) =

n k
0
SN P ()= Tog (£(y:l6;)) = 0
L . 06,
=1 j=1

3. Increment ¢ and return to 1. Repeat until convergence.

Ezample 2.5. (Normal Mixture). If f(y|6;) is N(uj,0?), when differentiating with
respect to (-, the numerator in equation (2.3) contains only one term, the one with
j = j'. However, the differentiation with respect to o2 contains the entire sum, as the
parameter o2 is common to all densities in the mixture. We have

" 5 " 1
> P i) g log (Filig, o)) = D P i) gz (wi — my).
Pt Hj i= 7

k

n . b n k ,
SO P i) gz log (Flilg,o®) = 32D P )
i=1

=1 j=1 i=1j=1

% _L_FL( —p)?
202 2(0?)? Yi— 1

In setting these equations equal to zero and solving, we can treat each p; separately
and get

1
1 _ i vl )
! Zi:l Pj(tH)(yz')

D for fj,we have

For o2, after substituting ,u;t

2
S S P ) (- )
n Zj:l Pj(tJrl)(yi)

Ezample 2.6. (Tomato Data Revisited, Completed). If the gene were segregating
in the ratio 1:2:1 then we would have a Mendelian Fy population. We now estimate
the normal parameters under this scenario.

Using the iterations described above, we estimate

o2+

A=1255, fiae=1015, fi.. =83.25 6&%=0.324.

The sequence of iterations is shown in Fig. 2.1, where the rapid convergence of the
algorithm can be seen. An R program to reproduce Figure 2.1 is given in Appendix B.2.
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Fig. 2.1. Graphs of the iterations for the MLE of Example 2.6. The plots show the con-
vergence of the estimates of the three means and the variance.

2.3 Hypothesis Testing

A major activity in statistical analysis is the testing of hypotheses. Here we review
a number of approaches, both classical and more recent.

2.3.1 The Pearson Chi-Squared Test

We first look at a situation where there are two classes of genotypes. Suppose that
there are N individuals with probability p of being in the first class. If the individuals
are independent, the probability of observing n; individuals in the first class (and
ng = N —nq in the second class) is given by the binomial distribution

NU n
(1),

P(”la nQ) - ’]’Ll"]’LQ

The mean of the distribution is Np and the variance is Np(1 — p). In large samples,
it is typical to approximate the binomial distribution by a normal distribution with
the same mean and variance. Thus

ny — Np
(Np(1 —p))t/2

is approximately a standard normal random variable, and hence Z2 is approximately
a chi-squared random variable with one degree of freedom. It can be shown that

(2.4) Z =
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(n1—Np)* | (n2 — N(1—p))

2.5 7% =2 = ,

which is the usual formula for the Pearson chi-squared statistic; that is, the sum of
the squares of the differences between observed (O) and expected counts (E) divided
by expected counts:

(2.6) = %.

Note that in testing for the segregation ratio 1:1, equation (2.6) can be written (nq —
n9)?/N. In fact, the segregation test can be based directly on the standard normal
test using equation (2.4), which would produce the same result as the Pearson chi-
squared test of equation (2.5). However, the Pearson chi-squared test has an advantage
in that the test statistic (2.6) can be generalized to situations involving more than two
categories of genotypes. In such cases, the multinomial distribution is used to model
the observations, and the chi-squared approximation is given by equation (2.6).

In general, when there are m observed counts, the Pearson chi-squared statistic
that arises from the calculation of m “expected counts” is asymptotically chi-squared
with m —k degrees of freedom. Here m is one less than the number of observed counts
(cells) and k is the number of parameters to be estimated in the calculation of the
expected counts (see Section 2.3.2).

For the backcross, in which there are two genotype classes, m = 1. This is because
only one class can be filled arbitrarily, as once a number is assigned to the first class
the number in the second class is determined. For the Fa, which has a total of three
genotype classes at a codominant marker, m = 2.

If N is not very large, the binomial distribution may not be well-approximated
by a normal. In such cases, it may be best to calculate an exact p-value (see Section
2.3.3). We can also use a continuity corrected y? statistic:

. ooy @ BF-lo- B

which trades ease of use for some accuracy in the test.

Ezample 2.7. (F; Hybrid Population). We use an example from Yin et al. (2001),
who constructed a genetic linkage map using molecular markers in an F; interspeci-
fic hybrid population between two different poplar species, Chinese quaking poplar
and white poplar. The mapping population was comprised of 103 hybrid trees, each
genotyped with RAPD markers. Some markers are heterozygous in one parent but
null in the other, whereas other markers have an inverse pattern. Since these mark-
ers are segregating in the same pattern as two-way backcross markers do, such an
F; population is called a two-way pseudo-test backcross (Grattapaglia and Sederoff
1994). In a two-way pseudo-test backcross population, two parent-specific maps can
be constructed. In this example, six markers are chosen that formed linkage group 16
in the white poplar genetic linkage map (Yin et al. 2001).
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Table 2.1. Pearson test statistic for testing Mendelian segregation 1:1 using RAPD markers
in an interspecific poplar hybrid population.

Pearson y?

Marker n1 2 X2 p-value
1181090 44 59 2.184 0.139
W2_1050 45 58 1.641 0.200
AK12.2700 51 52 0.010 0.920
N18.1605 49 54 0.243 0.622
AK17-1200 40 63 5.135 0.023
113_1080 41 62 4.282 0.038

Three different methods were used to test whether these six testcross mark-
ers follow the Mendelian segregation 1:1 in the mapping population. According to
the Pearson chi-squared test (2.6), assuming a large sample size, markers 1181090,
W2.1050, AK122700, and N18.1605 follow the 1:1 ratio (p>.05), but markers
AK17.1200 and 113_1080 do not (Table 2.1). This suggests that the latter two markers
display possible distorted segregation.

The sample size here is actually rather large, and the continuity-corrected statistic
(2.7) gave exactly the same answers. We also note that when doing multiple tests,
there is the danger of rejection by chance alone. Thus, although we found two sig-
nificant markers, it is best to consider this only evidence of significance, and further
investigation should be done.

2.3.2 Likelihood Ratio Tests

The testing of hypotheses can be carried out very efficiently using likelihood method-
ology. We first consider a general setup where we observe iid observations Y =
(Y1,...,Y,) from a population with density function f(y|@), where 6 could be a
vector of parameters. For example, § = (u,0?) if we are modeling normals, or
0= (p1,...,pk), Ej p; = 1, if we are modeling probabilities.

Given a sample y = (y1, - .., Yn), the likelihood function for these data is L(0]y) =
[T", f(yi|0). To test a hypothesis of the form

H029:90VS. H1:97$90,
we evaluate the ratio of the maxima of the likelihood functions under both hypotheses:

maX9:9:00 L(9|y)
maxg L(6]y)

AMy) =
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The value of A is less than 1 by construction since the denominator is calculating the
maximum over a larger set and hence must be a bigger number. Moreover, values of A
close to 1 provide support for Hy, as then the restricted likelihood function is close to
the unrestricted one, which in turn should be close to the truth. On the other hand,
small values of \ lead to rejection of Hy.

To actually carry out the test, we could calculate a p-value as

(2.8) P(A(Y) < A(y)[Ho is true) = p(y)

and reject Hy for small values of p(y), say p(y) < .01. In general it is not an easy job
to figure out the exact distribution of the probability in equation (2.8), but there is
a famous approximate result that is often helpful (see Appendix A.1).

It is typical to transform A to —2log A, and in this form we would now reject Hy
if —2log A is large, the usual scenario. However, there is a second, more important
consequence, described in the following result (see Appendix A.1 for technical details).

IfYq,...,Y, is a random sample from a density f(x|0), then an approximate
level o test of the hypothesis

HO:GE@OUS.H1:0¢80

is to reject Hy if
—2log \(X) > Xl%,m
where X?,’a is the upper a cutoff from a chi-squared distribution with v degrees

of freedom, equal to the difference between the number of free parameters speci-
fied by Hy and the number of free parameters specified by Hy.

So, for example, if f is N(u,0?), the test of Ho : p = pg, 02 =08 vs. Hy : p #
10,02 # o has two degrees of freedom, while the test of Hy : pn = po vs. Ho : 1 # p0
since o2 is free in both hypotheses.

Ezample 2.8. (First Testing Example). As a first simple example, return to the
situation of Example 2.2, where we have Y1,Y5s,...,Y,, iid from an N(u,o?) popula-
tion. To test Hy : = pg vs. Hy : p # p0 we calculate

Max,=puo L(”? 02 |y)
max,, -2 L(/.L, 02|Y)
max, =g L(u, o? |Y)
L(p, 62y)
where we see that the denominator maximum is attained by substituting the MLEs

for the parameter values (see Example 2.3). In maximizing the numerator, we set
1t = o and maximize in o2, giving

AMy) =

max Ly, o*ly) = L(po, 53y),
=0

where 62 = (1/n) Y1, (y; — p0)?. This gives the LR statistic
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L(po, 63

n/2
(52)"" exp { st S0y 0 0
L_\n/2 LS ()2
(27\'6’2) eXp{z&? iz (i — ) }
6’2 n/2
(%)

which is, in fact, equivalent to the usual t—test.

We next look at another model and likelihood ratio test, based on the multinomial
distribution. A classic experiment can be analyzed with this distribution and method.

Ezample 2.9. (Morgan (1909) Data). In 1909, Morgan experimented on fruit flies,
crossing two inbred lines with the following genotypic traits:

Eye color A:red a:purple

Wing length B:normal b:vestigial

He then obtained 2839 crosses of AABB X aabb and observed the four genotypes
AaBb, Aabb, aaBb, and aabb. (Note that the middle two genotypes are recombinants.)

A model for the Morgan experiment can be based on the multinomial distribution,
a discrete distribution that is used to model frequencies. Suppose that a random
variable Y can take on one of k values, the integers 1,2,..., k, each with probability
P1,P2, ..., Pk More precisely,

P(Y=§)=pjj=1,...k

Note that if & = 2 we have the binomial distribution.
If we now have an iid sample Y7,...,Y,, and we let p = (p1,p2,.-.,Pk), where
Zj pj = 1, then the sample density (the likelihood function) is

n
L(ply) = [ [ f(wilp) = pi*p5? - pi*,
i=1
where n; = number of y1,...,y, equal to j.

Ezample 2.10. (Morgan (1909) Data Continued). For the Morgan experiment,
we have k = 4 categories, the four genotypes AaBb, Aabb, aaBb, and aabb. There are
n = 2839 observations, which were observed to be

AaBb|Aabb|aaBb|aabb
1339 | 151 | 154 (1195

so n1 = 1339, etc.
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Typical null hypotheses specify patterns in the cell probabilities p;, with the hy-
pothesis of equal cell probabilities being a popular one. That is, test
Hy:pr=p2=---=0pp versus H;: Hyis not true.

Of course, under this Ho, all of the p}s equal 1/k. As a slightly more interesting
example, and one that is applicable to the Morgan experiment, suppose that k = 4
and we want to test

(29) H()I P1 = Pa, P2 = PpP3 VS. Hlt HO is nottrue.

using a likelihood ratio test. We proceed as before and calculate

] ,.NnN2, N3, M4
/\(y) _ maXP1:P4» pP2=pP3 L(ply) _ maXP1:P47 P2=p3 pl p2 p3 p4
- - n3 .

(2.10
) maxp L(p|y) maxy p pl P

To maximize the numerator, recall that Zj p; = 1 implies that p, =1 — 25;11 Dj
(so there are really only k — 1 parameters in the general problem). If p; = py = p/2,
then py = p3 = (1 — p)/2, where p is the only unknown parameter. The numerator of
equation (2.10) becomes

p\™ (1=p\"™ (1=p\™ (p\ns pymtna (1—p\™
e (§> 2 2 (5) - (5) 2 ‘

This is a binomial likelihood, and taking logs and differentiating will show that the
MLE of p under Hy is po = (n1 + n4)/(n1 + n2 + n3 + ng) = (n1 + nyg)/n. For the
denominator, write py = 1 — p; — po — p3 and take logs to get

L(ply) = n1logp1 + nalog ps + nzlog ps + nylog(l — p1 — p2 — p3),

and differentiating with respect to p1, p2, p3 shows that p; = n;/n,j =1,...,4. The
likelihood test statistic then becomes

B I e o Al o e i

/\(y - ﬁ?lﬁgzﬁgsﬁgu n?1n7212ng3n24
To perform the hypothesis test, we can use the approximation that —2log A\(y) has a
chi-squared distribution. But first we must get the degrees of freedom correct.
Under Hy, there is no restriction on the parameters other than that they must sum
to one, so there are three free parameters. Under H(,, we have placed an additional
two restrictions, so there is one free parameter under Hy, and the chi square has
3 — 1 = 2 degrees of freedom.

Ezample 2.11. (Morgan (1909) Data—First Conclusion). The four genotypes
are nonrecombinant (AaBb and aabb) and recombinant (Aabb and aaBb), and the
hypothesis (2.9) specifies that the nonrecombinant genotypes segregate with a com-
mon parameter, and the recombinant genotypes segregate with a common parame-
ter, but these two common parameters need not be equal. The alternative hypothesis
merely says that this is not so.

The observed value of A(y) is A(y) = 0.0164 with —2log A(y) = 8.217, to be
compared with a chi-squared distribution with two degrees of freedom. The .05 cutoff,
Xg,.os = 5.99, leads us to reject the null hypothesis.
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2.3.3 Simulation-Based Approach

The chi-squared approximation used in Section 2.3.2 relies on an asymptotic approxi-
mation — its validity is dependent on having large cell sizes. Moreover, the discrepancy
in the size of the cells can also have an effect on the adequacy of the approximation.

If there is reason to suspect the adequacy of the approximation, or if the evidence
in the data is difficult to interpret, it may be reasonable to try another approach to
assessing the evidence against Hy. (Actually, this is a good idea in most cases.)

We describe in this section a simulation technique that is sometimes known as
the parametric bootstrap (Efron and Tibshirani 1993); it is an all-purpose simulation-
based technique. We first describe it in general, then apply it to the Morgan data.

Simulation-Based Hypothesis Assessment

Given an iid sample Y = (Y7,...,Y,) and a density f(z|0), we assess the hypotheses
Hy:0€6qvs. Hy : 0 ¢ 6O as follows.

(1) Estimate 6 with the MLE 6, and calculate the observed likelihood statistic
—2log A(y).

(2) Generate t = 1,..., M new iid samples Y* = (Y;*,...,Y), where Y;* ~ f(x|f),
and calculate —2log A(y7}).

(3) A p-value for the test can be calculated as

1 M
DY) =37 2T\ > A),
t=1

where I(-) is the indicator function, which is equal to 1 if the argument is true
and 0 otherwise. A histogram of the A(y}) can also be drawn.

Ezample 2.12. (Morgan (1909) Data—Second Conclusion). To do a simulation-
based assessment of the hypotheses (2.9) we would simulate random variables Y7*,
Y5, ... from a multinomial distribution with n = 2839 and probability vector

<1339 151 154 1195

= (0.471,0.054, 0. 421).
2839’2839’2839’2839> (0.471,0.054,0.053,0.421)

Figure 2.2 shows the results of the simulation of 10000 values of —2log A\(y*), and
they are quite different from the results of the chi-square test of Example 2.11. The
observed value of —2log A(y) = 8.217 is now right in the middle of the distribution,
with an estimated p-value of .5718, meaning that 5718 of the 10000 random variables
simulated were larger than the observed value of the test statistic. This puts the
statistic right in the middle of the distribution and thus leads us to accept the null
hypothesis.

It should be mentioned that the overall conclusion is not crystal clear, but the
evidence is certainly pointing toward the conclusion that Hy is a tenable hypothesis,
and the asymptotic approximation of the chi-square distribution is not the best in
this case.



38 2 Basic Statistics

—2(log)()

0.06
]

Density
0.04
|

0.02
I

0.00
L

I T T T 1
0 10 20 30 40

Simulated Observations

Fig. 2.2. Histogram of 10000 values of the likelihood ratio statistic —2log A for the Morgan
data.

2.3.4 Bayesian Estimation

Throughout this chapter, we have been describing the classical approach to statistics,
where we base our evidence on a repeated-trials assessment of error. There is an
alternative approach, the Bayesian approach, which is fundamentally different from
the classical approach. Here the assessment is based on an experimenter’s prior belief
and how that belief is altered by the data.

It is not constructive to view the two approaches in opposition. Rather, it is better
to examine each problem at hand, and choose the approach that will give the most
useful answer.

In the classical approach, the parameter, say 6, is thought to be an unknown, but
fixed, quantity. A random sample X, ..., X, is drawn from a population indexed by
0 and, based on the observed values in the sample, knowledge about the value of 6 is
obtained. In the Bayesian approach, 6 is considered to be a quantity whose variation
can be described by a probability distribution (called the prior distribution). This
is a subjective distribution, based on the experimenter’s belief, and is formulated
before the data are seen. A sample is then taken from a population indexed by 6, and
the prior distribution is updated with this sample information. The updated prior
distribution is called the posterior distribution.

If we denote the prior distribution by m(#) and the sampling distribution by f(x|6),
then the posterior distribution, the conditional distribution of # given the sample, x,
is calculated using Bayes’ Rule as
o) r(o) - OO fexipyn(o)

J f(x|0)m(6)d 0 m(x)
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where m(x) = [ f(x|6)7(0)df is the marginal distribution of X.

Once 7(A|x) is obtained, it contains all of the information about the parameter
0. We can plot this distribution to see the shape, and perhaps where the modes are,
and whether it is symmetric or not. It is also typical to calculate the posterior mean
and variance to get a point estimator and a measure of spread. These are given by

E(0]x) = / Or(0]x)d0, Var(0]x) / [0 — B(0]%)]2(0]x)do.

We illustrate Bayesian estimation with some examples.

Ezample 2.13. (Bayes Estimation in the Normal Distribution). Let X ~
n(0,0?%), and suppose that the prior distribution on 6 is n(u,72). (Here we assume
that 02, u, and 72 are all known.) The posterior distribution of 6 is

m(0]x) ! e’ﬁ(m*#)z#e*ﬁ((ﬁu)z

2mo? Varr?
\/me_%(e—la(em)?] [1 soo7z (2 =)

1
S - 52,2
V2ro?r? 27 (02 + 72) ‘ ’

where the distribution in the first square brackets is the posterior and the second dis-
tribution is the marginal. The calculation is somewhat long and tedious, and depends
on completing the square in the exponent.

Upon inspection, we see that the posterior distribution of # is also normal, with
mean and variance given by

72 o2
E(f|x) = o 02:10 + o TQ,u,
(2.12)
o272
Var (0 = —.
ar (6]z) o

The Bayes estimator is a linear combination of the prior and sample means. Notice
also that as 72, the prior variance, is allowed to tend to infinity, the Bayes estimator
tends toward the sample mean. We can interpret this as saying that as the prior
information becomes more vague, the Bayes estimator tends to give more weight to
the sample information. On the other hand, if the prior information is good, so that
0% > 72, then more weight is given to the prior mean.

Ezample 2.14. (Bayes Estimation in the Binomial). Let Xi,...,X, be iid
Bernoulli (p). Then Y = > X; is binomial(n, p). We take the prior distribution on p

to be
I'a+g

beta(e, ) = e Tim

p (1 —p)

The posterior distribution of p is
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i) e [(Z)p "a ”VWMIWP‘HU —p)°

o F(a —+ 6) py—i—a—l(l _ p)n—y-&-ﬂ—l)
I'(a)I'(B)
which is again a beta distribution, now with parameters y + « and n —y + 3. We can
estimate p with the mean of the posterior distribution
Y+

E(ply) = m~

Consider how the Bayes estimate of p is formed. The prior distribution has mean
a/(a + B), which would be our best estimate of p without having seen the data.
Ignoring the prior information, we would probably use the MLE p = y/n as our
estimate of p. The Bayes estimate of p combines all of this information. The manner
in which this information is combined is made clear if we write E(p|y) as

e = () () + (55750) (555

Thus pg is a linear combination of the prior mean and the sample mean, with the
weights being determined by «, 3, and n.

Ezample 2.15. (Bayes Estimation in the Binomial). We revisit the data of Ex-
ample 2.7 and now estimate p, the true proportion, using a Bayes estimator. Consider
marker 118_1090 with counts of 44 and 59 in the two genotype classes. The MLE of
the true proportion in the first genotype is 44/(44 + 59)= .427.

Suppose we estimate p using a Bayes estimator. If the experimenter believes that
the genes are segregating independently, then he believes that p = 1/2. We can reflect
this belief with a beta distribution that is symmetric around 1/2. We choose a beta
(2,2), which does not give much weight to the prior distribution. Under this prior
distribution the Bayes estimator of p is (44 4+ 2)/(44 + 59 + 2 + 2) = .430, which is
very similar to the MLE. Thus, for this choice of prior distribution, the information
in the data is very strong and the Bayes estimator is virtually the same as the MLE.

If the experimenter is very certain that p is close to 1/2, this can be reflected in
the prior distribution by increasing the parameter values. If we choose a = 3 = 100,
the prior mean remains 1/2 but the prior variance is decreased. The resulting Bayes
estimator is (44 + 100)/(44 + 59 + 200)= .475, and the posterior distribution is now
quite symmetric. This is illustrated in Fig. 2.3, where we see the symmetry of the prior
distributions, but one is more concentrated. The resulting posterior distributions are
close to the likelihood function and skewed when a = 8 = 2 and symmetric and far
from the likelihood function when o = 3 = 100.

2.4 Exercises

2.1 (a) Illustrate the binomial approximation to the normal as described in Section 2.3.1.
For N = 5,15,50 and p = .25,.5, draw the binomial histogram and the normal
density. Calculate the .05 and .01 tail area in each case.
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Fig. 2.3. Graphs of prior distributions (left panel) and posterior distributions (right panel)
of Example 2.15. The beta (2,2) prior is very flat and results in a skewed posterior that is
indistinguishable from the likelihood function. The beta (100, 100) prior is very peaked and
results in a peaked and symmetric posterior distribution.

(b) Show that if p = %, equation (2.6) can be simplified to (n1 — n2)*/N.
2.2 For the situation of Example 2.8:
(a) Verify the formula for &Z.

(b) Show that
n _\2
2 _ Zi:l(yi - y) _ 1 )
e A RS R a
(For the second equality, use the identity > " _ (y: —po)? = > (Wi —7)*+n(5—0)”.
(¢) Verify that, in this last Form, we will reject Ho if |y — pu + 0|/6 is large, making

this test equivalent to the t—test.

2.3 (a) Verify the MLEs of equation (2.10).

@
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Linkage Analysis and Map Construction

3.1 Introduction

Linkage is the tendency for genes to be inherited together because they are lo-
cated near one another on the same chromosome. Linkage analysis of markers lays a
foundation for the construction of a genetic linkage map and the subsequent molecular
dissection of quantitative traits using the map. Linkage analysis is based on the coseg-
regation of adjacent markers and their cotransmission to the next progeny generation.
The prerequisite of linkage analysis between any two markers is their known allelic
arrangements (i.e., linkage phases) on the homologous chromosome so that parental
(or nonrecombinant) vs. nonparental (or recombinant) haplotypes can be readily
distinguished. In many domesticated plants and animals, phase-known mapping pedi-
grees can be established using a segregating population, such as the backcross or Fo,
derived from two homologous inbred lines. (Recall the definitions in Section 1.5.)
Theories for linkage analysis in such segregating pedigrees have been well-developed.

The linkage of markers can be measured in terms of their recombination fraction
or genetic distance. The function of linkage analysis is to detect the relative locations
of two or more markers on the same chromosome. Linkage analysis can be performed
for a pair of markers (two-point analysis) or three markers simultaneously (three-
point analysis). Two- or three-point analyses provide fundamental information for
the construction of a genetic linkage map that cover partly or entirely the genome.
The map function that converts the recombination fraction to genetic distance can be
derived from three-point analysis. Different forms of the map function are available
that depend on the assumption about the presence or absence of the interference of
crossovers between adjacent marker intervals.

In this chapter, we will describe the basic principle for linkage analysis in a pedi-
gree initiated with two inbred lines. A detailed procedure for the estimation and test
of linkage between different markers will be derived theoretically and demonstrated
through live examples. We will illustrate the step procedure for deriving the map func-
tions. Analyses of human genetic linkage can be found in the textbooks by Ott (1991)
and Lange (1997). Algorithms and software for map construction are introduced at
the end of this chapter.
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3.2 Experimental Design

The tendency of alleles of different genes on the same chromosome to pass into the
same haplotype at meiosis is related to the degree of linkage between these genes.
Thus, the development of linkage analysis critically relies upon a segregating pedigree
in which both recombinant and nonrecombinant gamete types can be counted. A
pedigree comprising a backcross or an Fo population, initiated with two contrasting
inbred lines, has proven a most powerful and efficient tool for linkage analysis.

In practice, two inbred lines that are homologous for two alternative alleles of
each gene are crossed as parents P; and Ps to generate an F; progeny. Thus, all
F1 individuals are heterozygous at all genes. These heterozygous Fi’s can either be
backcrossed to each of their parents to generate two backcrosses (B and Bs) or the Fy
individuals can be crossed with each other to produce the Fy generation. A diagram
illustrating this crossing procedure is illustrated in Fig. 3.1.

Py X Ps

A‘ A alla

BB bllb

iy
Alla
! sl 1
AB Ab aB ab
AB x X ab
1—r r r 1—7r
2 2 2 "2

! !

B1 B2
AHAAAA a Alla allA al||lA alla alla
Bl|B Bllb BlIB Bllb 1 blIB bllb bl|B bllb
3 ;] & -

Fo
A‘AAHAAAA bAa/A a Alla alla alla alla
BlIB Bllb bllb BIlIB Bllb/ blIB bllb BI||B Bllb bllb
a-r2? rQ-r) 2 rQ-r) (1—r)2 472 r(l—-r) 2 r(l-r) (1-r)2
1 2 1 2 2 2 1 2 1

Fig. 3.1. Experimental design used for linkage analysis of markers.

Consider two markers, A, with alleles A and a, and B, with two alleles B and b.
Two inbred line parents, P; and Ps, are homozygous for the large and small alleles
of these two genes, respectively. Parent Py generates gamete or haplotype AB during
meiosis, whereas parent Py generates gamete ab. These two gametes are combined
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to form the heterozygous F; of genotype AaBb. The F; will generate four different
gametes, two of which (AB and ab) are of nonrecombinant type and the two other
(Ab and aB) of recombinant type. The recombination fraction between the two genes
is denoted by r. Thus, these two groups of gametes have the frequencies of (1 —r)/2
(nonrecombinant) and r/2 (recombinant). When the F; is backcrossed to one of the
pure parents, four backcross genotypes will be generated with the same frequencies
as those of the F; gametes. Intercrossing the F; generates the Fo in which 16 gamete
combinations are collapsed into nine genotypes with frequencies combined for the
same genotypes.

3.3 Mendelian Segregation

One of the first tasks in a genomic mapping project is to determine whether single
markers follow Mendelian segregation ratios in an experimental pedigree. Only af-
ter the nature of the single marker ratios is determined can the subsequent linkage
analysis be performed using appropriate statistical methods.

Suppose we consider a general case in which a certain mating, initiated with
two contrasting inbred lines, is expected to produce k genotypes at a marker in the

expected ratio of A1 : ... : Ax. The expected relative frequency of any genotype class
i is calculated by ¢; = \;/ (Zle Ai). The numbers actually observed in the m classes
are niy,...,ng, respectively, where n = n; + ... + ng, and we wish to compare the

observed segregation ratio with the expected value. For a codominant marker, the
expected ratio is 1:1 in the backcross and 1:2:1 in the Fs. For a dominant marker,
the ratio is 1:1 in the backcross toward the pure recessive and 3:1 in the Fs.

The basic methods for testing marker segregation patterns include the binomial
test, the standard normal test, the Pearson chi-squared test, and the likelihood ratio
chi-squared test. The first two tests are used in situations involving two classes of
genotypes in a pedigree, whereas the latter two can be generalized to situations in
which there are more than two classes. Here, more general Pearson chi-squared and
likelihood ratio chi-squared tests are described.

3.3.1 Testing Marker Segregation Patterns

The hypothesis for marker segregation patterns can be tested by either the Pearson
chi-squared test (2.6) or the likelihood ratio test. In the latter case, the likelihood
function, given that different numbers of individuals are observed out of N offspring,
is derived from the multinomial distribution and given by

k
n!
(3.1) (p1---pr) nll"'nk!ilzllpl

The value of p; that maximizes the log-likelihood function (and therefore the likeli-
hood function) is p; = n;/n, that is, the actual proportion observed in the sample.
The values p; are the maximum likelihood estimates (MLEs) of p;. To test
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Ho : p1 = p1o,-- -, Pk = Pro,
where the p;o are specified, we use the likelihood ratio statistic

—2log\ =2(In Ly — In L)

k k
Zni In (%) — an ln(pio)] ;
i=1 i=1

where L is the likelihood with the hypothesized values substituted for the p;’s and
Ly is the likelihood with the MLEs substituted for the p;’s.

The p-value is then given by the probability that a chi-squared random variable
with & — 1 degrees of freedom will exceed —2log .

(3.2) =2

Ezample 3.1. (DH Population). Two inbred lines, semi-dwarf TR64 and tall Azu-
cena, were crossed to generate an Fy progeny population. By doubling haploid chro-
mosomes of the gametes derived from the heterozygous Fy, a doubled haploid (DH)
population of 123 lines was founded (Huang et al. 1997). Such a DH population is
equivalent to a backcross population because its marker segregation follows 1:1. With
123 DH lines, Huang et al. genotyped a total of 175 polymorphic markers (including
146 RFLPs, 8 isozymes, 14 RAPDs, and 12 cloned genes) to construct a linkage map
representing a good coverage of 12 rice chromosomes.

Let ny and ng be the number of plants for two different genotypes in the DH
population. We now apply the x? test of equation (2.6) and likelihood ratio test of
equation (3.2) to test whether the segregation of these testcross markers follows the
Mendelian ratio 1:1. Table 3.1 gives the results for six markers on rice chromosome 1.
The results from the likelihood ratio test are consistent with those from the Pearson
test. Based on the p-values calculated from the x? distribution with one degree of
freedom, we detected that markers RG472, RG246, and U10 segregate 1:1 and that
markers K5, RG532, and W1 deviate from the 1:1 ratio.

Ezample 3.2. (Intercross F3). Cheverud et al. (1996) genotyped 75 microsatellite
markers in a population of 535 Fy progeny derived from two strains, the Large (LG/J)
and Small (SM/J). As an example for segregation tests, we choose nine markers
located on mouse chromosome 2. Let no, nq, and ng be the numbers of mice for three
genotypes at each marker in this F» population. Both the x? and likelihood ratio
tests have consistent results, suggesting that nine markers from the second mouse
chromosome segregate in the Mendelian 1:2:1 ratio (Table 3.1) at the .01 significance
level. Note that the test statistics calculated in the Fy are y2-distributed with two
degrees of freedom because three genotypes present three independent categories.

3.4 Segregation Patterns in a Full-Sib Family

For a marker that is segregating in a full-sib family derived from two outbred parents,
we will have many different types of segregation. Up to four marker alleles, besides a
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Table 3.1. Pearson and likelihood ratio test statistics for testing Mendelian segregation
1:1 for the doubled haploid population in rice and 1:3:1 for the F2 population in mice.

Pearson Likelihood

Marker N2 n1 o X2 p-value —2log A p-value
DH population

RG472 52 58 0.327 0.592 0.327 0.592
RG246 62 54 0.552 0.408 0.552 0.407
K5 66 41 5.841 0.009 5.895 0.009
U10 52 38 2.178 0.091 2.187 0.090
RGb532 69 44 5.531 0.011 5.577 0.010
W1 83 34 20.521 0.000 21.168 <0.001
Fa

D2Mit362 121 236 120 0.057 0.486 0.057 0.486
D2Mit72 121 262 115 1.502 0.236 1.511 0.235
D2Mit205 132 255 125 0.199 0.453 0.198 0.453
D2Mit38 139 232 148 6.141 0.023 6.122 0.023
D2Mit93 133 244 116 1.223 0.271 1.212 0.273
D2Mit389 128 253 136 0.482 0.393 0.477 0.394
D2Mit17 133 226 144 5.652 0.030 5.617 0.030
D2Mit260 143 250 122 2.150 0.171 2.103 0.175
D2Mit25 121 236 155 7.641 0.011 7.327 0.013

null allele, may be segregating at a single locus. Furthermore, the number of alleles
may vary over loci. We assume that each of the marker alleles, symbolized by a, b, c,
and d, is codominant with respect to each other but dominant with respect to the null
allele, symbolized by o. We assume that all markers undergo precise Mendelian seg-
regation. Depending on how different alleles are combined in the two parents used for
the cross, there exists a total of 18 possible cross types for a marker locus (Table 3.2).
Based on both parental and offspring marker band patterns, these cross types can be
classified into seven groups (see also Maliepaard et al. 1997):

A. Loci that are heterozygous in both parents and segregate in a 1:1:1:1 ratio, involv-
ing either four alleles ab x cd, three nonnull alleles ab X ac, three nonnull alleles
and a null allele ab x co, or two null alleles and two nonnull alleles ao x bo;
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B. Loci that are heterozygous in both parents and segregate in a 1:2:1 ratio, which
include three groups:

B;. One parent has two different dominant alleles and the other has one dominant
allele and one null allele, e.g., ab X ao;

Bs. The reciprocal of By;

B3. Both parents have the same genotype of two codominant alleles, ab x ab;
C. Loci that are heterozygous in both parents and segregate in a 3:1 ratio, ao X ao;
D. Loci that are in the testcross configuration between the parents and segregate in
a 1:1 ratio, which include two groups:

D;. Heterozygous in one parent and homozygous in the other, including three
alleles ab x ce, two alleles ab x aa, ab X oo and bo X aa, and one allele (with three
null alleles) ao x oo;

Ds. The reciprocals of Dy.

Marker cross type A produces all four possible marker genotypes in the progeny
and is regarded as being fully informative. The other marker cross types are all par-
tially informative because the four possible progeny genotypes are collapsed due to
indistinguishable phenotypes. Note that marker cross type D can be viewed as fully
informative if only the heterozygous parent is concerned. Marker types Bs and C
each have the same genotypes in both parents and therefore are called symmetrical
marker cross types. The other marker types have parent-specific marker genotypes
and are called asymmetrical marker cross types. Marker cross types Dy and Doy are
called two-way pseudo-test backcrosses (Grattapaglia and Sederoff 1994). Because
dominant markers are as informative as codominant markers in such designs, pseudo-
test backcrosses are broadly used in full-sib family mapping of outcrossing species, in
which it is difficult or even impossible to generate homozygous inbred lines.

For those partially informative markers whose cross types are asymmetrical be-
tween the two parents, the reciprocals (e.g., By vs. By and Dy vs. Dg) supply different
information for the characterization of linkage phase when these markers are paired
and thus are presented as two distinct groups (see Chapter 4).

For a mapping project, both the parents and progeny are usually genotyped. Based
on the segregation pattern of marker band data, we can determine the cross type to
which a given marker belongs, as given in Table 3.2. For example, if we observe bands
a, b, ac, and bc in the offspring and bands ab and c¢ for the parents, it can be easily
inferred that this marker belongs to cross type 3 (A). For the asymmetrical marker
cross types (A, By, B, D1, and Dy), the marker information of both the parents and
their offspring is needed to infer marker cross types. However, for the symmetrical
marker cross types (Bs and C), only the pattern of marker segregation in the offspring
is needed for this inference.

Given a marker cross type, one can use the approaches introduced in the previous
section to determine whether the marker follows a particular segregation pattern



3.5 Two-Point Analysis 49

Table 3.2. Possible marker genotype cross combinations and observed marker band patterns
for parents and their offspring.

Parent Offspring
Cross Observed Observed No.

Type Cross Band Remark Bands Segregation Phenotypes

A 1 abxed abxcd asymmetry ac, ad, be, bd 1:1:1:1 4

2 abxac abxac asymmetry a, ac, ba, bc 1:1:1:1 4

3 abxco ab X ¢ asymmetry ac,a,be, b 1:1:1:1 4

4 aoxbo axb asymmetry ab,a,b,o 1:1:1:1 4

B B: 5 abxao ab X a asymmetry ab,2a,b 1:2:1 3

B 6 aoxab a X ab asymmetry ab,2a,b 1:2:1 3

Bs 7 abxab abxab symmetry a,2ab, b 1:2:1 3

C 8 ao X ao axa symmetry 3a,o 3:1 2

D D1 9 abxcc ab x ¢ asymmetry ac, be 1:1 2

10 ab X aa ab X a  asymmetry a,ab 1:1 2

11 ab X oo ab x o asymmetry a,b 1:1 2

12 bo X aa bxa asymmetry ab,a 1:1 2

13 ao x oo axo asymmetry a,o 1:1 2

Ds 14 ccx ab cx ab asymmetry ac, be 1:1 2

15 aaxab axab  asymmetry a,ab 1:1 2

16 oo x ab o x ab asymmetry a,b 1:1 2

17 aa X bo axb asymmetry ab, a 1:1 2

18 00 X ao oxXa asymmetry a,o 1:1 2

(Table 3.2). For marker cross type A, for example, there are four possible classes of
markers segregating in the 1:1:1:1 ratio, rather than 2 classes (segregating 1:1) in the
example given in Table 3.1.

3.5 Two-Point Analysis

Two-point analysis is a statistical approach for estimating and testing the recombi-
nation fraction between two different markers. Two-point analysis provides a basis
for the derivation of the map function and the construction of genetic linkage maps.
Here, we will present statistical methods for linkage analysis separately for the back-
cross and Fy populations, because these types of populations need different analytical
strategies.
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3.5.1 Double Backcross

Using the design described in Fig. 3.1, we make two backcrosses by crossing the F;
toward each of the two parents. Let us consider the backcross to parent Ps. The
expected frequencies and observed numbers of the four genotypes generated in this
backcross can be tabulated as follows:

Genotype AB/ab ab/ab Ab/ab aB/ab
Frequency s(1—7) 1(1-r) ir 3T
Observed number ni o ns o
Nonrecombinant Recombinant
Frequency 1—r r
Observed number nNR = N1 + No nr =n3 + ng

Since the F; has a known linkage phase (that is, allele A is coupled with allele B),
the numbers of backcross genotypes from nonrecombinant or recombinant gametes
can be calculated. These are denoted by nygr and ng, respectively. The sum of nyg
and np is the total number of genotypes, n. The recombination fraction between the
two genes can be estimated from the observed numbers of the four different backcross
genotypes. The likelihood of r given the marker data n = (nyg,ng) is

n!

Inp!

(3.3) L(rln) = e

(1 —7)"NRpE,

The maximum likelihood estimate (MLE) of r can be obtained by differentiating the
log-likelihood of equation (3.3) with respect to r, setting the derivative equal to zero
and solving the log-likelihood equation. Doing this, we obtain the MLE of r as

(3.4) F=lR__ Mata
’ n ny+ng+ns+ng

From Theorem A.3, the variance of # can be approximated by (Exercise 3.1)
1 (1 —7)
%logL(r\n)‘T:f, n

(3.5) Var(7) = —

It is seen that the precision of 7 depends on the size of the sample used and the size of
the r value. The precision of the estimation of the recombination fraction is affected
by two factors. First, increasing sample sizes always lead to increased estimation
precision of r. Second, the recombination fraction can be better estimated for a pair
of markers displaying a tight linkage (low r value) than for those displaying a loose
linkage (high r value).

Note also that the probability model for the random variable ng is binomial,
with n trials and success probability r, ng ~ binomial—(n,r). Thus F(ng) = nr and
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Var(ng) = nr(l — r), which agree with the likelihood answers. An approximate 95
percent confidence interval for r is

(3.6) P—2/F(l—7)/n<r <i+2F1—7)/n.

The MLE of r can also be used to determine the degree of linkage between the
two markers. If there is evidence that the two markers are completely linked (that
is, 7 = 0), then a doubly heterozygous F; produces only nonrecombinant gametes.
If there is evidence that linkage is absent (free recombination), so # = 0.5, then the
F1 produces both recombinant and nonrecombinant haplotypes in equal proportions.
Generally, the degree of linkage between two given markers can be statistically tested
by formulating two alternative hypotheses:

{Hozr:O.S

(3.7) ,
Hi:r<05

where Hy corresponds to the reduced model, in which the data are fit with the con-
straint » = 0.5, and H; corresponds to the full model, in which the data are fit with no
such constraint. The test statistic for testing these two hypotheses is the log-likelihood
ratio (LR):
L(r=0.5
LR = —2log {(TW}

L(#|n)
(3.8) —9 [nR log (%R) +nyglog ("NTR) —nlog (;ﬂ ,

which is asymptotically y?-distributed with one degree of freedom.
A similar test statistic used to detect linkage is the LOD score (Ott 1991). The
LOD score is a transformation of the likelihood ratio statistic, given by

L(7[n)

LOD = logyg {L(r = 0.5n)

] =0.217 LR.

The value of LOD = 3 is suggested as the critical threshold to declare the existence
of linkage.

FEzxzample 3.3. . Revisit Example 3.1. Consider the first six markers on rice chromo-
some 1 (Huang et al. 1997). As an illustration, we only consider the linkage between
two adjacent markers. For each pair of markers considered, all the 123 DH lines are
sorted into recombinant (ng) and nonrecombinant groups (nyg), tabulated in Ta-
ble 3.3.

Using equations (3.4), (3.5), and (3.6), we estimated the recombination fractions
for each pair of markers, their sampling errors and confidence intervals in the back-
cross. The likelihood ratio tests were performed by calculating the LR and LOD
scores. We also conducted Pearson’s x? test based on
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32 = (nr —n/2)? n (nvr —n/2)?  (ng —nng)?

n/2 n/2 n ’

which is y?-distributed with one degree of freedom. Although there are four geno-
types for two markers, only two categories, recombinant and nonrecombinant, are
independent, implying one degree of freedom.

The three tests provide consistent results about the recombination fractions. These
marker pairs are significantly linked, as the hypothesis test indicates that the recom-
bination fractions are significantly less than 0.5.

Table 3.3. Linkage analysis of markers in a DH population of rice

Confidence

Marker Pair ng nnr T  SE(F) Interval LR LOD x® p-Value

RG472-RG246 90 19  0.17 0.04 (0.10,0.25) 50.2 109 46.2 <.001
RG246-K5 90 15 0.14 0.03 (0.07,0.21) 594 129 53.6 <.001
K5-U10 76 4 0.05 0.02 (0.00,0.10) 79.1 17.2 64.8 <.001
U10-RG5H32 81 5 0.06 0.03 (0.01,0.11) 81.1 176 67.2 <.001
RG532-W1 93 17 0.15 0.03 (0.09,0.22) 578 125 525 <.001

3.5.2 Double Intercross—F»

When two heterozygous Fis are crossed, a segregating F5 population will be produced,
in which 16 combinations from four female gametes and four male gametes at any two
markers are collapsed into nine distinguishable genotypes. The observed numbers of
these nine genotypes can be arrayed, in matrix notation, as

AA  Aa aa
BB |nay ni2 ne2

n= Bb |n21 n11 No1 |,
bb | m20 mi0 Moo

(3.9)

where the first and second subscripts of n denote the number of large alleles at markers
A and B, respectively. The resulting double heterozygote AaBb is the mixture of two
possible diplotypes, one, [AB][ab], derived from the combination of gametes AB and
ab, and the other, [Ab][aB], from the combination of gametes Ab and aB.

Except for the double heterozygote, the frequencies of the eight other genotypes
can be calculated as the products of the corresponding gamete frequencies. Note that
the genotype frequencies should be two times these products when two gametes that
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unite to form a genotype are different. The frequency of the double heterozygote is
the summation of the frequencies of two diplotypes, %(1 —1)? for the diplotype due to
the combination of gametes AB and ab and %’I‘Q for the diplotype due to the combi-
nation of gametes Ab and aB. The genotype frequencies for markers A and B can be
arrayed as

AA Aa aa
BB [1(1-r)? ir(1-r) i

(3.10) F= Bb|ir(l—r)3[(1-r)2+r?Lir(1—7)

bb r(l—r) (1 —-r)?

1
2

PN

For each of these genotypes, we can count the number of recombinants involved.
Genotypes AABB and aabb, each due to the union of the two nonrecombinant ga-
metes, have no recombinant. Genotypes AABb, AaBB, aaBb, and Aabb contain one
recombinant, and genotypes aaBB and AAbb contain two recombinants. For genotype
AaBb, the two different diplotypes contain different numbers of recombinants, 0 for
the diplotype due to the union of gametes AB and ab and 2 for the diplotype due to
the union of gametes Ab and aB. Based on the diplotype frequencies, the expected
number of recombinants for genotype AaBb is calculated as

0x (1 —7r)24+2x 12 272
(3.11) ¢ = f( ) 1 2= Tz 2"
5(1—7)2+ 3712 (I=r)2+r

The expected numbers of recombinants in the nine genotypes can be arrayed as

AA Aa aa

BB 0 1 2
R= Bb 1 ¢ 1
bb 2 1 0

(3.12)

Using the matrices n and F from matrices (3.9) and (3.10), the likelihood function
of r given the marker data is

n! 1 n22+noo 1 ni2+n21+no1+nio
Lrn) = ———— |~ (1 — )2 —r(1—
(7"|7L) ngg!...noo! |:4( T) :| |:2T( T):|
1 no2+n20 1 1 nii
(3.13) S ey

The MLE of the recombination fraction can be obtained by differentiating log L(r|n)
with respect to r, setting the derivative equal to zero, and solving the resulting cubic
function (Exercise 3.5).

Alternatively, the estimation of 7 can be obtained by implementing the EM al-
gorithm (Lander and Green 1987). If we split the AaBb cell into two diplotypes,
[AB][ab] and [Ab][aB], we introduce missing data z ~ binomial (n11, ¢/2), resulting
in the complete-data likelihood
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n! 1 n22+noo ni2+n21+no1+nio
L SR U e “r(1—
(s = o [f0 =02 e )]
1 no2+n20 1 ni1—z 1 z
14 —r? —(1—7)? —r?| .
(3.14) X [47‘ } [2( r) } [27‘

The EM algorithm proceeds as follows. In the expected log complete-data likeli-
hood, we replace z with n11¢/2. Based on the number of recombinants contained in
each genotype (matrix R) and the observations of different genotypes (matrix n), we
have the EM sequence converging to the MLE of r,

(3.15) T = %[nm + N2y + no1 + N1 + 2(7102 + ngo) + d)nn].

Equations (3.11) and (3.15) represent two subsequent steps in the EM algorithm.
In the E step, the expected number of recombinants, ¢, is calculated using equation
(3.11). In the M step, the estimated ¢ is used to update the estimate of r using
equation (3.15). This procedure is repeated until the estimate converges at a stable
value.

The variance of 7# can be approximated directly from the observed data likeli-
hood as

1 (1= 7)1 — 27 + 272)

3.16 Var(r) ~ — = - -
( ) ( ) %logL(ﬂn)Lﬂ:f 2(1 —3’I"+37”2)’I’L

As in the backcross, the degree of linkage between the two markers under consid-
eration can be tested by formulating two alternative hypotheses. The LR test statistic
or LOD score can be calculated using the likelihoods under the full model L(r|n) of
equation (3.13) and the reduced model L(r = 0.5) expressed as

n! 1 noo+no2+n20+mn22
Lir=05)=———|—
(T ) ’IIQQ!...TLO()! |:16:|
9 ni2+n21+no1+nio 4 nii
o 10 a7,

The LR value is chi-square distributed with one degree of freedom because there
is only one parameter r that makes the full and reduced models different.

Example 3.4. Revisit Example 3.2. We use the Fy data provided by Cheverud
et al. (1996) to estimate the linkage for seven markers on mouse chromosome 2.
For each pair of markers, all the Fy mice are sorted into nine different genotypes
(see matrix (3.9)). According to matrix (3.12), the nine genotypes are further divided
into four groups that contain two recombinants (nor = na2g + no2), one recombinant
(n1g = na1 + ni12 + N1 + ne1), no recombinant (ngr = N2z + ngp) and an uncertain

number of recombinants (n;1). The observations of each of these four groups are
tabulated in Table 3.4.



3.5 Two-Point Analysis 55
Table 3.4. Linkage analysis of markers in an Fa population of mice.

Marker Pair ner MN1R TNOR M1 7 SE(#) LR LOD X2 p-value
D2mit362-D2mit72 9 120 151 169 0.17 0.014 2522 54.8 2534 < .001
D2mit72-D2mit205 9 97 178 196 0.13 0.012 363.2 78.9 386.8 <.001
D2mit205-D2mit38 0 69 226 202 0.07 0.008 599.0 130.1 656.3 < .001
D2mit38-D2mit93 1 26 239 218 0.03 0.006 786.5 170.8 819.4 < .001
D2mit93-D2mit389 3 88 195 194 0.10 0.010 451.4 98.0 472.7 < .001
D2mit389-D2mit17 1 108 206 173 0.12 0.011 431.7 93.7 480.9 < .001
D2mit17-D2mit260 8§ 103 200 175 0.13 0.012 389.5 84.6 455.0 < .001
D2mit260-D2mit25 12 151 171 160 0.20 0.015 241.2 524 2794 < .001

Using nag, nigr, nor, and ni; and equations (3.15) and (3.16), the MLEs of the
recombination fractions, along with their sampling errors, were estimated with the
EM algorithm. The estimated recombination fractions were tested on the basis of
the likelihood ratio (LR and LOD) and x? test approaches. As in the backcross,
only two categories of gametes that form these nine genotypes, recombinant and
nonrecombinant, are independent, although there are nine different genotypes in the
Fy, suggesting that there is only one degree of freedom. The three approaches provided
consistent results for linkage tests (Table 3.4).

To demonstrate the calculation procedure by the EM algorithm, we detail the
iterative steps using the first pair of markers in Table 3.4. From equations (3.11) and

(3.15), we have:

Iteration E Step M Step

0 —~ r® =0.1

1 oM =0.01220  r1=0.158265
2 #? =0.03415  r=0.166527
3 #® =0.03839  r(3=0.168123
3 #3) =0.03924  r3)=0.168445
4 o =0.03942  rH=0.168511
5 #®) =0.03945  r(=0.168524
6 #© =0.03946  r(6=0.168527
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Given an initial value for r» = 0.1, calculate the expected number of recombinants for
the double heterozygote, ¢(1), as the first step using equation (3.11). The calculated
»M) is used to calculate (1) of the same step with equation (3.15). Such iterations
that contain both the E and M steps are repeated until the difference of the estimated
r values between the two successive iterations is less than a small value, for example
1075, In this example, r(®) is estimated as 0.168524 in iteration 5, which is just less
than () estimated in iteration 6 by 0.000003 < 10~°. We therefore stop the iteration.
The estimate of r = 0.1685 in iteration 6 is used as the MLE of r.

3.6 Three-Point Analysis

For a linkage analysis between two markers, we only need to estimate one parameter,
the recombination fraction. This reflects the relative frequencies of recombinant and
nonrecombinant gametes with respect to the two markers. However, when three mark-
ers are simultaneously considered in a three-point analysis, we will need to estimate
three recombination fractions for three possible pairs of markers. Compared with a
two-point analysis, a three-point analysis has two advantages: (1) it may increase the
precision of the estimates of the recombination fractions when markers are not fully
informative (Thompson 1984; Wu et al. 2002b); and (2) it provides a way of deter-
mining the optimal order of different markers. In this section, we discuss a general
approach for three-point analysis.

Consider three markers, A, B, and C, without a particular order for a triply
heterozygous F1, from which a triple backcross or Fy is generated. Let us first consider
a backcross ABC'/abc x abc/abe. A total of eight groups of marker genotypes in
the backcross progeny can be classified into four groups based on the number of
recombinants between marker pair A and B and between marker pair B and C.
These four groups are genotypes AbC'/abe and aBc/abe (one recombinant from each
pair), Abc/abc and aBc/abe (one recombinant only from the first pair), ABc/abc and
abC'/abe (one recombinant only from the second pair), and ABC'/abc and abe/abe (no
recombinant for each pair). Assume that n;; is the number of genotypes containing i
recombinants between markers A and B and j recombinants between markers B and
C and that g;; is the corresponding joint recombination fraction. Both n;; and g;;
can be expressed as

Pair B and C
Pair A and B Recombinant Nonrecombinant Total
Recombinant n11 n1g ni.
Nonrecombinant no1 ) no.
Total n.1 .0 n
Recombinant g11 J10 TAB
Nonrecombinant go1 Joo 1—raB

Total TBC 1-— rBC
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The recombination fraction between markers A and B, rag, reflects the frequen-
cies of the recombinant genotypes of these two markers, regardless of whether or
not there is a recombinant between markers B and C. Similarly, the recombination
fraction between markers B and C, rgc, reflects the frequencies of the recombinant
genotypes of these two markers, regardless of the types of genotypes between markers
A and B. However, the recombination fraction between marker A and C, rac, re-
flects the frequencies of the recombinant genotypes of these two markers, regardless of
such a recombinant event occurring between the first pair of markers or between the
second pair. Based on these relationships, the recombination fractions are expressed
in terms of the marginals of g;;.

The likelihood function is

|
n: ni1 ,M10 ,M01 4,700

1911 910 Y01 Y00 >

L(H|g117910;9017900) T ]
Nn11:M10:101:100-

and it should be clear that the MLEs of the joint recombination probabilities g;;
are given by §;; = n;j/n, and the MLEs of rag,rBc, and rac can be estimated
simultaneously as

N . R ni1o + N11
rAB = J10 +J11 = ———,
n
N N N no1 + N11
(3.18) BC = Jo1 + 911 = -
. . . no1 + n1o
TACc = go1 + gi0o = .

Solving for g11, 910, 901, and ggp results in

911 = 3(raB +TBC — TAC),
910 = 3(raB — rBC + rAC),
(3.19) go1 = %(*TAB +7rBC +TAC),
goo =1 —g11 — 910 — g1 = 1 — 5(raB + rBC + rAC),

and to ensure the joint recombination probabilities g;; > 0, the following inequality
restrictions should hold:

rac < TAB 1 T'BC,

rBc < TAB T+ TAC,

rAB < TBC t+ rac-
This means that the recombination fraction between the markers at two endpoints is

equal to or less than the sum of the recombination fractions between any two adjacent
markers.
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Theorem 3.5. For three ordered markers, the recombination fraction between the two
markers, each at an end, is always greater than or equal to that between two adjacent
markers. Thus, for a given marker order A-B-C, rac > ras and rac > rsc-

Proof. Consider the marker order A-B-C. According to the definition of the recom-
bination fraction < 0.5, the number of nonrecombinants between markers A and B is
always greater than or equal to the number of recombinants conditional on the same
event occurring between markers B and C; that is, go1 > g11 and gop > g10. Adding
g10 to both sides of the first equality yields

go1 + 910 > 911 + J1o0,

which leads to rac > rap based on equation (3.18). Similarly, we can prove rac
> rpc-

A three-point analysis in an Fy population becomes more complicated. The strat-
egy proposed above for the backcross design is actually based on the segregation of
the F1’s gamete genotypes because the recurrent parent makes no contribution to
the segregation of backcross genotypes. However, in the Fy progeny, both parents
contribute to genotype segregation, and thus three-point analysis of the F5 should be
based on the segregation of zygote genotypes. In Chapter 4, we will develop a general
statistical model that covers the Fy case for estimating the recombination fractions
in three-point analyses.

3.7 Multilocus Likelihood and Locus Ordering

For a given data set containing multiple markers, marker order is not known a priori.
An optimal marker order, which is important to linkage analysis, can be determined
by comparing multilocus likelihoods for all possible orders. Again, consider a triple
backeross ABC/abex abe/abe with no information about marker order. No matter how
these three markers are ordered, this backcross includes eight genotypes, which are
classified into four groups in terms of the number of recombinants between different
marker pairs (Section 3.6). Let raB, rac, and rgc be the recombination fractions
between marker pair A and B, marker pair A and C, and marker pair B and C,
respectively. These four groups of backcross genotypes are tabulated in Table 3.5,
along with their observed numbers and expected frequencies, under each of the three
possible orders. Note that the derivation of the expected frequency of a three-marker
gamete is based on the assumption that the recombination events between different
marker intervals are independent. Considering the first group of gametes, for example,
we have, under this assumption,

Prob(no recombination in ABC' or abc)

= Prob(no recombination in AB or ab) x Prob(no recombination in BC' or bc)

= (1 — ’I"AB)(l — TBC)'



3.7 Multilocus Likelihood and Locus Ordering 59

Table 3.5. The expected frequencies of four groups of gametes in the backcross under three
possible gene orders.

Gamete Obser- Expected Frequency under Order

Type vation A-B-C A-C-B B-A-C
ABC or abc  nge (1 —raB)(1—rBc) (1—rac)(l—rec) (1—raB)(l—rac)
ABc or abC  no (1 -raB)rBC TACTBC (1—-raB)rac
Abc or aBC  nao ras(l —rec) rac(l —rec) TABTAC

AbC or aBc  ni1 TABTBC (1 —rac)rec ras(l —rac)

The MLESs of the three recombination fractions for each order can be obtained by
maximizing the likelihood function under that order. Note that, in the backcross de-
sign, the expression of the MLEs does not depend on marker order, which is expressed
as

. npot+mnn .

TAB = ——— = Gi0 + 11,
n

. no1 + N11 N .

TBC = ——— = gJo1 + J11,
n

. nort+mnip . .

TAC = - Jgo1 + g1o-

When we calculate the likelihood value of the observations, it can be seen in
Table 3.5 that it will differ depending on the order of the markers. For example, for
a particular order A-B-C, we have

"00+n10(1 noo+n10( )n10+n11( )no1+n11

Lagc o (1 —raB) —TBC) TAB TBC

(320) — [(1 _ TAB)nooJrnlo (TAB)nloJrnn] [(1 _ TBC)nooJrnlo (TBC)nernn] .

The likelihood is actually a product of binomials and can be solved for the MLEs
7aB,™8c. The sampling variances of the estimates of the recombination fractions
(ras and rgc) are
A oo(l—f
Var(iap) ~ AB(L="aB)

(3.21) "

Var(fpc) ~ "Bc(l ~ 7Bc) fBC).
n
Similarly, the likelihood values can be calculated for the two other marker orders (see
Table 3.5), denoted by Lacp and Lcap (Exercise 3.6).
The marker order that corresponds to the maximum likelihood value can be re-
garded as the optimal order supported by the data. Thus, by comparing the three
likelihood values, Lasc, Lacs, and Lcas, we can determine the most likely marker



60 3 Linkage Analysis and Map Construction

order. A similar procedure can be used to determine an optimal marker order for an
F5 progeny, but, unlike the backcross, the MLEs of the recombination fractions will
differ among the orders. We will consider this issue in Chapter 4.

The calculation of the likelihood (3.20) is based on the assumption of indepen-
dent crossovers in different marker intervals. Yet, as shown by Speed et al. (1992),
the ordering of the loci that maximizes the likelihood under the assumption of no
interference is a virtually consistent estimate of the true order even when interference
actually exists. This property expands the utility of the procedure above for gene
ordering if an adequately large sample size is used.

Ezample 3.6. (Three-point Analysis). Revisit Example 3.1 for a rice mapping pop-
ulation of n = 123 plants. Consider three markers, RG472, RG246, and K5, on rice
chromosome 1. The heterozygous Fy AaBbC'c derived from genotypes AABBCC and
aabbcee generates eight different types of haploid gametes. Doubled haploids (DH) were
then observed for each gamete type as follows (n = 100 after deleting the observations
missing in the three markers):

ABC/ ABc/ AbC'/ Abe/ aBC/ aBc/ abC/ abc/
DH ABC ABc AbC Abc aBC aBc abC abe
Obs. 38 2 2 5 11 1 10 31

These eight gamete types are sorted into four groups (see Table 3.5) based on
the distribution of recombinants between markers. Observations in each group are
noo — 38+ 31 = 69, no1 =2+4+10 = 12, nig — 54+ 11 = 16, and nyp — 24+1=3.
Using equation (3.18), the MLEs of three recombination fractions between each pair
of these three markers are estimated as

16 +3
& = =0.1
TAB 100 0.19,
1243
TAC = 100 = 0 5,
16 + 12
r =0.28
"BC = 00 ’

with the sampling variances, Var(fap), Var(fac), and Var(fgc), approximated by
0.19(1 — 0.19)/100 = 0.0015, 0.15(1 — 0.15)/100 = 0.0013, and 0.28(1 — 0.28)/100 =
0.0020, respectively.

Taking the log of the likelihood values under each marker order, calculated with
7aB, ac, and e by equation (3.20), we have
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log LaBC
— [(69 + 12) log(1 — 0.19) + (16 + 3) log(0.19)]
+[(69 + 16) log(1 — 0.15) + (12 + 3) log(0.15)] = —90.89,
log Lacs
= [(69 4 3) log(1 — 0.28) + (12 + 16) log(0.28)]
[(69 + 16) log(1 — 0.15) + (12 + 3) log(0.15)] = —101.57,

log Leac
= [(69 + 12) log(1 — 0.19) + (16 + 3) log(0.19)]
£[(69 + 3) log(1 — 0.28) + (12 + 16) log(0.28)] = —107.92.

Because log Lapc is the largest among the three values, we conclude that these
three markers have an order A-B-C. Although an optimal marker order has been
determined, another unsolved important issue is how much more likely these three
markers are to have order A-B-C than the two other orders, A-C-B and B-A-C.
We will address this issue in Section 3.9.

3.8 Estimation with Many Loci

In principle, the problems of locus ordering and interloci distance estimation can be
tackled simultaneously by comparing the likelihoods maximized over interloci dis-
tances for all possible locus orders. However, the number of possible orders, as well as
the computer time and memory required for each multilocus likelihood calculation,
increases rapidly with the number of loci. Even after taking into account the equiv-
alence of two orders that are the reverse of each other, there are still m!/2 possible
orders for m loci. Evaluation of the likelihoods of all possible orders rapidly becomes
impractical as the number of loci increases (2!/2 = 1,...,10!/2 = 1,814,400). It is
therefore necessary to generate a small number of approximate orders before proceed-
ing to a formal likelihood analysis of these orders.

There are two main approaches to the generation of approximate orders. One
approach is to start with a small number of markers whose order can be established
by a likelihood analysis and then proceed to place the remaining markers, one at
a time, into one of the intervals between the markers already in the map. At each
stage, the effect on the likelihood of placing the additional marker in each of the
possible intervals is evaluated, and the placement that produces the highest likelihood
is chosen. If one starts with two markers, for example, then the first additional marker
can be placed in one of three intervals, the next into one of four, and so on, so that
the entire procedure will require only 34+ 4+ ...+ m = (m — 1)(m + 3)/2 likelihood
evaluations.

The second approach for generating approximate orders is to analyze all pairs of
loci using two-point linkage analysis and then subject the m(m — 1)/2 recombination
fraction estimates (or maximum LOD scores) to some method of seriation. The prob-
lem of converting a square matrix of dissimilarities (or distance) between objects into
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a set of coordinates that specify the relative positions of the objects is well known
in multivariate exploratory analysis. The general class of methods for tackling this
problem is known as multidimensional scaling. Any one of the several methods of mul-
tidimensional scaling can be applied to an m-by-m matrix of recombination fraction
estimates to produce a two-dimensional representation of the m points. Except for a
very short chromosomal segment, the m points will fall on a horseshoe-shaped curve
rather than on a straight line because the recombination fraction between the two
farthest markers is at most 1/2 but the sum of the recombination fractions between
adjacent loci, arranged in any order, is likely to exceed 1/2. Several variations of this
approach have been proposed. Once approximate orders have been generated, these
can be subjected to formal multipoint likelihood analysis.

3.9 Mixture Likelihoods and Order Probabilities

A natural question is that of estimating the gene order probabilities. Here, we derive
the full likelihood, with which we can then jointly estimate the recombination fractions
and order probabilities in a three-point analysis.

The likelihoods for each of the three orders are expressed as

LABC x (1 _ TAB)nooJrnlo(l _ TBC)noo+n1o (TAB)nlo+n11 (TBC)no1+n11’
LACB o (1 _ TAc)n°0+n11 (1 _ TBC)noo-i—nlo (’I“Ac)nm+n10 (TBC)nOH—nM;
LBAC o (1 _ TAB)nOO+n10(1 _ TAc)nOO+n11 (TAB)nw-H’Ln (TAc)n01+n10;

however, none of these likelihood functions is the likelihood function for the full model
for the data. For that model, we obtain an observation y from one of the three orders
and the order is given to us with a certain probability, the unknown probability that
it is the true order. Thus, if we denote these probabilities by p, with the appropriate
subscript, the likelihood function for the full model is

(3.22) Lr =paBcLlaBc +pacBLacs +pBacLBac,

a mixture model.

We know that we will get a gene order with a certain probability, and if we knew
that order we would know the correct piece of the likelihood to use. This suggests that
we can introduce missing data z = (21, 29, 23) to tell us the gene order. For example,
we specify that z can have exactly one 1 and two 0’s, with the 1 denoting the gene
order. The joint complete-data likelihood of (n, z) is

(3.23) L¢c = [paBcLasc)™ [pacsLacB)®?pBacLBac]™.

and the resulting missing-data density is

k(z,n) = [paBcLaBc]” [pacBLacs]™[pBacLBAC]™
7 paBcLaBc +pacBLlacs + pBacLlBAC




3.10 Map Functions 63

which we should recognize as a multinomial distribution with one observation to be
put in one of three cells, with cell probabilities given by

paBcLaBC
paBcLasc +pacsLacs + peacLleac’

(3.24) E(z1) = PaBc =

and we similarly define PACB and PBAC =1- PABC — PACB-
Using equations (3.23) and (3.24), we construct an EM algorithm as follows. The
expected complete-data log likelihood is

E(Lc) = Pasclog(paBcLasc)
(3.25) +Pacslog(paceLacs) + Peaclog(pacLsac).

Differentiating E(L¢) with respect to the recombination fractions yields the MLEs
of r. With those, we can estimate the Paogc using

pAaBcLABC
paBcLasc +pacsLacs + peacLeac’

Pac =

and similarly for Paocg and Pgac = 1 — Pasc — Pacs- (Notice the similarity to the
mixture model of Section 2.2.)

Example 3.7. Revisit Example 3.6 for the three-point analysis of markers RG472,
RG246, and K5 in a rice HD population. Based on the observations of each gamete
type, we have ngy = 69, ng; = 12, n19 = 16, and ny; = 3, which provide the MLEs of
the recombination fractions

fap =0.19, 7pc =0.15, iac = 0.28.

To estimate P, the values of p must be specified. Since we do not have information,
we cannot do much but set papc = pacs = ppac = 0.333. Then the estimate of
Pppc is

+LABC

Papc = = 0.999977,

tLaBc + $Lacs + s LBac
with PACB and PB Ac being near 0. These results suggest that there is a very high
probability (0.999977) for the data to support marker order A-B-C.

3.10 Map Functions

The map function is a mathematical function that converts the recombination fraction
(r) between two loci to the genetic distance separating them (d). The recombination
fraction is not an additive distance measure. Consider three markers A, B, and C.
If the recombination fraction between markers A and B and that between markers
B and C are each assumed to be equal to r = 0.30, then the recombination fraction
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between markers A and C cannot be 2r since that value would exceed 50 percent.
One therefore needs to transform the recombination fraction, r, into the additive map
distance, d.

Definition 3.8. [Map Distance] The map distance between the two loci is defined
as the expected number of crossovers occurring between them on a single chromatid
during meiosis.

The two nonalleles, each from a locus, will be derived from the same parental
chromosomes if no crossover or an even number of crossovers occurs between the two
loci, and from the different parental chromosomes if an odd number of crossovers
occurs between the two loci. Therefore, we can formulate a theoretical model to
express the recombination fraction between two loci in terms of their map distance
or length by using the number of crossover events.

3.10.1 Mather’s Formula

Mather (1938) derived a formula connecting the recombination fraction between two
loci A and B to the random number of chiasmata (that is, crossovers) X occurring
on the interval [A, B] of the chromatid bundle. According to his derivation, the re-
combination fraction between two loci r is half the probability of chiasmata occurring
in all four strands of tetrads between the loci. Mathematically, this can be expressed
as

(3.26) r= %Prob(X >0) = %[1 — Prob(X = 0)],

where Prob(X = 0) is the probability of no chiasma between two loci. The genetic
map distance d separating A and B is defined as 1E(X), the expected number of
chiasmata on [A, B] for the tetrad as a whole, because each crossover involves two
chromatids.

Mather’s formula (3.26) can be proven by first noting that a gamete is recombinant
between two loci A and B if and only if an odd number of crossovers occurs on the
gamete between the loci. Denote the probability that the gamete is recombinant after
x chiasmata between A and B by r,. It is clear that ro = 0. For = > 0, we have the

recurrence
1 1 1
Ty = E'rxfl + 5(1 - rmfl) - 5

because a gamete is recombinant after x crossovers if it is recombinant after z — 1
crossovers and does not participate in crossover x or if it is nonrecombinant after
x—1 crossovers and does participate in crossover x, and these probabilities are equally
likely. Thus, it follows that r, = % for all # > 0. This thus suggests that the probability
of obtaining a recombinant strand is 1/2 as long as there is at least one chiasma
between the two loci. This proves Mather’s formula.
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3.10.2 The Morgan Map Function

The Morgan map function is the simplest map function, which assumes that (1) there
is at most one crossover occurring on the interval of two loci, and (2) the probability
of a crossover on an interval is proportional to the map length of the interval (Morgan
1928). Under these assumptions, the probability of a chiasma occurring in a distance
of d map units is equal to the expected number of crossovers per gamete in this
distance and therefore to 2d (see the definition of d above), which gives

r = 1[1 = Prob(X =0)] = 1[1 — (1 — 2d)] = d.

This function holds only when 0 < d < 1/2 since for d > 1/2 it results in recombina-
tion fractions of greater than 1/2. It may therefore be used as an approximation for
short distances but is not applicable for long segments of chromosomes.

3.10.3 The Haldane Map Function

The Haldane map function, the second simplest map function, assumes that crossovers
occur at random and independently of each other (Haldane 1919). With this assump-
tion, the occurrence of crossovers between two loci on a chromosome can be viewed
as a Poisson process (i.e., they are equally probable at any point between the loci),
so that the number of crossovers between the loci can be modelled by a Poisson dis-
tribution. Since map distance d is defined as the average number of crossovers per
chromatid in a given interval, the average number of crossovers for the tetrad as a
whole is 2d. The assumption of a Poisson process implies that the probability of no
chiasma in the interval, Prob(X = 0), is e—2?. Using Mather’s formula, this gives the
Haldane map function

(3.27) r=1[1-Prob(X =0)]=1(1-e?),
whose inverse is
(3.28) d=—%In(1-2r).

The Haldane map function can be derived in another way. Because the genetic distance
(d) between two loci is defined as the average number of crossovers, the probability
of the number of crossovers can be expressed using the Poisson distribution in terms
of d as follows:

Crossover 0 1 2 3 . T

o1 _ _ 2 _ 3 _ Tz
Probability e d %e d 2 —d d® —d %e d

Because the value of the recombination fraction r for a genetic distance of d is the
sum of the probabilities of all odd numbers of crossovers, we have
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The additivity of the Haldane function can be established by assuming that three
loci are in the order A-B-C. A gamete is a recombinant with respect to A and C
if and only if it is a recombinant with respect to A and B but not B and C or
if it is a recombinant with respect to B and C but not A and B. Therefore, with
the assumption of independence, three possible recombination fractions among these
three loci have the following relationship:

(3.29) rac=raB(l —rec)+7rBc(l —7rAB) =TAB +BC — 2rABTBC:
or
1-— 27‘AC = (1 — QTAB)(I — QTBC)-
Given rap = 1(1 — e 2448) and rgc = 1(1 — e 292¢), where the d’s are the map

distances between the corresponding loci, we have

TAC

=TAB + I'BC — 2TABTBC

_ %(1 _ e*2dAB) + %(1 _ 6*2dBC) —_9. %(1 _ edAB)%(]_ _ edBC)
%(1 _ 6*2dAB +1— 6*2dBc — 14+ e*QdAB + 672dBC - 672dA36—2dBc)
%[1 _ e*Q(dABerBc)]

- %(1 - 672dAc)a

which leads to dac = daB + dBc-

In practice, the Haldane map function may not be accurate at small distances.
Empirical observations show that the probability of having two crossovers occur in
close proximity to each other is often less than that predicted by the Haldane map
function. However, in his 1919 paper, Haldane also introduced a differential equation
method that generalized the construction of various map functions. One of the appli-
cations of this generalization was the derivation of Kosambi’s (1944) map function,
which is both simple and justifiable in practice.

3.10.4 The Kosambi Map Function

At very short distances, interference appears to be complete, so that assuming that
locus B is between loci A and C, the recombination between A and B implies non-
recombination between B and C, and vice versa, and thus either raog or rgc is zero.
Recombination fractions therefore become approximately additive at short distances,
satisfying

(3.30) TAC =TAB +TBC;
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whereas at long distances equation (3.29) is more accurate. When the markers are
located at moderate distances, the relationship between the recombination fractions
is expressed as

(3.31) TAC = TAB + 'BC — TABI'BC-
In sum, a general model describing the relationship can be written as

rac =raB(l —rBc) + rBc(l —7AB) = 7AB + TBC — 2¢rABTBC,

where, based on equation (3.19),

_ 3(raB +rBCc —rac)

TABTBC
g11

(3.32) =2
TABTBC

Equation (3.32) measures the deviation of observed recombinations in different inter-
vals between markers from the recombinations that are assumed to occur indepen-
dently (Muller 1916). This deviation (¢) from independence is defined as the coefficient
of coincidence, while I = 1—c is called interference. The absence of interference (I = 0)
and positive (I > 0) and negative interference (I < 0) correspond to ¢ = 1, ¢ < 1,
and ¢ > 1, respectively (Ott 1991). Coefficients ¢ and I are a property of intervals
[A,B] and [B, C].

Next, we want to find a function r = f(d) that can reflect the relationship of the
recombination fractions, as described by equations (3.29)—(3.31), at different genetic
distances. Assume that f satisfies the relationship

fld+h) = f(d) + f(h) = 2cf(d)f(h).
Recalling Haldane’s (1919) differential equation, we have

d+h)— f(d h h
(3.33) Jd+ })L /@) _ f(h) —2cf(d)¥.
If we require r = f(d) = d at short distances, then as h tends to 0, f(h)/h tends to

1, and we have the derivative based on equation (3.33),

f(d)=1—=2cof(d) =1—2cor,

where ¢g is known as a marginal coincidence, distinguished from ¢ because it is the
limit as one of the two intervals approaches 0. When ¢( is a nonzero constant, this
differential equation yields the solution

1 1
r= / —————dr = ——In(1 — 2¢gr),

1-— 26()7" 260

which is the Haldane map function (3.27) when ¢y = 1. However, interference suggests
that smaller values of ¢y are appropriate for smaller values of 7. This would lead to an
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infinite number of map functions, but Kosambi (1944) noted that if ¢y were allowed
to be an appropriate function of r, then a single mapping function could be derived.
The simplest function of  that increases in the interval 0 < r < 1 and takes the value
0 at » = 0 and the value 1 when r = 1/2 is ¢, = 2r. Then the differential equation
becomes

f(d)=1—2cor =1—4r%,

Integration then yields the function

1. 1+42r
34 -1
(3:34) d=1hi—;

with inverse
1 €2d _ 6_2d

This is known as the Kosambi map function, which has been widely used in linkage
mapping. From equation (3.33), we have Kosambi’s addition formula for the recom-
bination fractions of the loci A-B-C:

1
T"AC itanh 2dac

1
= gtanh (QdAB + 2dBC)

%tanh 2daB + %tanh 2dgc
1 + tanh 2dag tanh 2dpc
_ TAB +TBC
~ 1+4raBrec

(3.36)

This is similar to the velocity addition rule in the special theory of relativity.

Many modifications of these classic map functions have been made for different
situations, mostly by considering interference. Carter and Falconer’s (1951) function
considered relatively strong interference. A variable level of interference was modeled
by Felsenstein (1979). All of these functions can be derived from Haldane’s (1919)
differential equation by assuming different marginal coincidences ¢ (Liberman and
Karlin 1984).

Ezample 3.8. Revisit Example 3.6 for a three-point analysis in rice. The recombination
fractions for three markers, RG472 (A), RG246 (B), and K5 (C), were estimated in
Example 3.6. The best order of the three markers A-B-C was determined in Example
3.7. Here, we use the Haldane and Kosambi map functions to estimate the genetic
distances for these three markers as follows:
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Marker Haldane Kosambi

Pair T d (cM) r d (cM)
A-B 0.190 23.902 0.190 20.003

B-C 0.150 17.834 0.150 15.476

A-C 0.280 41.049 0.280 31.642

(A-C) (0.283) (41.736) (0.305) (35.479)

The recombination fraction between markers A and C at the two ends can be
estimated directly on the basis of the procedure described in three-point analysis.
This recombination fraction can also be estimated indirectly using equations (3.29)
and (3.36) based on the estimates of the other recombination fractions, rap and
rgc. We then calculate the genetic distance between markers A and C using these
estimates from the indirect approach (shown in parentheses). The estimates of the
genetic distance between A and C are consistent between the direct and indirect
approaches for the Haldane map function, whereas these are different for the Kosambi
function. This is due to different assumptions used for the derivation of these two map
functions. The Haldane map function assumes no interference between two adjacent
marker intervals, whereas this assumption is not necessary for the Kosambi map
function.

At the end of this section, we summarize the Haldane and Kosambi map functions
as follows:

Function r(d) d(r)
Haldane r=4(1-e2) =—%In(1—2r)
Kosambi r=1ig—g d=1m2r

The comparison between these two functions is made by plotting the genetic dis-
tance against the recombination fraction and vice versa (Fig. 3.2). For two highly
linked markers (corresponding to a small r value), these two functions obtain similar
genetic distances. However, the divergence in the genetic distance estimated by the
two functions increases with increasing r values. When the r is close to 0.5, the two
functions tend to converge.

3.11 Exercises

3.1 Verify that the MLE of r given in equation (3.4) is obtained from differentiation of the
likelihood (3.3).

3.2 Referring to two-point analysis, assume an Fs population in which two markers are
genotyped. The two markers form nine distinguishable genotypes, each with observa-
tions as follows:
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Fig. 3.2. The genetic distance (d) as a function of the recombination fraction (r) and vice
versa estimated by the Haldane and Kosambi functions.

AA  Aa aa

BB 107 20 3

n= Bb 24 175 18
bb 5 41 93

(a) Using the EM algorithm, estimate the recombination fraction between these two
markers.

(b) Test whether these two markers are significantly linked using x? and likelihood ratio
test approaches.
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(c) Estimate the sampling error of the estimated recombination fraction and the confi-
dence interval of the recombination fraction.

3.3 Referring to marker order, three different markers were genotyped for a backcross pop-

ulation toward parent aabbcc. The genotypes at the three markers were observed as

follows:
ABC/ ABc/ AbC'/ Abe/ aBC/ aBc/ abC/ abe/

DH abc abc abc abc abc abc abc abc
Obs. 60 1 2 1 14 0 9 15

(a) Estimate the recombination fractions between each pair of markers.

(b) Test the significance of these estimated recombination fractions.

(c) Determine the best order of these three markers.

(d) Calculate the genetic distances between each pair of marker using the Haldane and

Kosambi map functions.
(e) How can you estimate the recombination fraction and genetic distance between mark-
ers at the two ends? Compare the results from different approaches.
3.4 Referring to two-point analysis, in a second F2 population, one observes nine genotypes
for two markers as follows:

AA Aa aa
BB 0 8 113

n= Bb 18 202 27
bb 18 202 27

Using the EM algorithm, estimate the recombination fraction. If your estimate is greater
than 0.5, which violates the definition of this parameter, how can you explain it?

3.5 Find the MLE from equation (3.13) by (a) solving the cubic equation and (b) using the
EM algorithm.

3.6 Referring to the likelihood of equation (3.20):
(a) Show that it can be written as a product of binomial likelihoods and find the MLEs

7aB and 7Bc. Show that equation (3.21) is an approximation of their variances.
(b) Find the MLEs for the other two orders (see Table 3.5). Which are the overall
MLEs?

3.12 Notes: Algorithms and Software for Map Construction

Genetic linkage maps have been used as a powerful tool to study the structure and
organization of the genome for a species and detect and identify loci that are re-
sponsible for quantitative traits. The construction of linkage maps includes two steps:
(1) grouping markers into linkage groups and (2) ordering the markers within each
linkage group. Markers can be placed into linkage groups based on their linkage re-
lationships. The degree of linkage between any two markers measured in terms of
the recombination value can be estimated and tested by the approaches for two- or
three-point analyses. The markers can be grouped by a cluster analysis on the basis
of a matrix consisting of all possible pairwise marker recombinations. Specific cutoff
criteria are used to determine the number of linkage groups.
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After marker groups are specified, the order of the markers within a group is ob-
tained by minimizing the differences between recombination fractions from the pair-
wise data and calculated fractions in the map. However, when the number of markers
increases, the number of possible marker orders increases rapidly, which presents a
considerable computational challenge. In fact, the ordering of markers can be re-
garded as a special case of the travelling salesman problem (TSP) (Wilson 1988;
Olson and Boehnke 1990; Falk 1992; Liu 1998; Gaspin and Schiex 1997); Mester et al.
2003), a classical nondeterministic polynomial-complete problem in mathematics and
computer science. The problem of marker ordering can be handled by performing ex-
haustive searches. It is extremely time-consuming to exhaustively search all possible
orders when the number of markers is large, say >30. For this reason, an algorithm
attempted to obtain an approximate optimal solution has been a practical approach
for large-scale linkage analysis.

Several approximation algorithms available for map construction have been in-
troduced in Tan and Fu (2006). They include seriation (Buetow and Chakravarti
1987), simulated annealing (Thompson 1984; Weeks and Lange 1987), branch and
bound (Lathrop et al. 1985), the Lander-Green algorithm (Lander and Green 1987,)
and stepwise-likelihood (Lathrop et al. 1984). Software packages that implemented
these algorithms are LINKAGE (Lathrop et al. 1984), MAPMAKER/EXP (Lander
et al. 1987), LINKAGE MAP (Eppig and Eicher 1983), JoinMap (Stam, P. 1993),
LINKAGE-1 (Suiter et al. 1983), and GMendel (Echt et al. 1992). In general, the
performance of all these algorithms and software may be affected by experimental
errors, sample size, and interference of recombination and double crossovers.

It is worthwhile to mention two recent approaches for map construction. The first
is Mester et al.’s (2003) genetic and evolutionary algorithm (GEA) that searches for
an optimal solution adaptively by mimicking the evolutionary process of a population
including mutation, recombination, and selection. The second was proposed by Tan
and Fu (2006), who used the principle of neighbor mapping (Ellis 1997) to construct
a linkage map by starting with a small map and adding markers into it one at a
time. Compared with other algorithms, Tan and Fu’s sequential algorithm displays
important advantages in computational speed and the accuracy of detecting a true
marker order.

There are specific statistical principles behind each of the map construction algo-
rithms and software packages mentioned above. To help the reader understand, we
provide some explanation of the statistical principles underlying Lander and Green’s
algorithm which has been widely used for map construction for experimental or-
ganisms. Readers are also referred to Sham (1998), who reviewed the application of
Lander and Green’s algorithm with a comparison with Elston and Stewart’s (1971)
algorithm.

The Lander-Green algorithm is based on a hidden Markov formulation of the
pattern of inheritance at several ordered markers. The linkage information of a hap-
lotype can be summarized as a string of f alleles derived from the parent’s paternal
haplotype and m alleles derived from the parent’s maternal haplotype. At a single
marker, the linkage information of each nonfounding member can be summarized by
just two binary variables, one for the allele in the paternal haplotype and the other
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for the allele in the maternal haplotype. A pedigree with N nonfounders contains
2N potentially informative gametes, so that the pattern of inheritance at a single
marker can be described by a vector of 2N elements. Each element of this inheritance
vector, v, describes the parental status of the allele at the marker in one gamete: it is
arbitrarily defined as 0 if the allele is paternal and 1 if the allele is maternal. There
are therefore 22V possible inheritance vectors, each describing a different pattern of
allele transmission at the locus. For each possible inheritance vector at the locus, the
probability of the phenotypic data relevant to the locus can be decomposed as a sum
of products of the conditional probabilities of phenotypes (x) given genotype (g) and
the conditional probabilities of genotype (g) given the inheritance vector (v),

P(x[v) =) P(xlg)P(glv),
G

where the summation is taken over all combinations of possible genotypes (G) at
the locus. This probability is therefore a function of the penetrance and population
parameters of the locus. The 22V such probabilities, one for each possible inheritance
vector, can be arranged as the diagonal elements of a square 22V x 22N matrix,
denoted as Q. Since all 22V possible inheritance vectors are equally likely prior to
the consideration of the phenotypic data, the likelihood of the data at a single locus
is proportional to the sum of these 22V probabilities. This can be written in matrix
form as
P(x) x 17Q1,

where x represents the phenotypic data at the locus and 1 is a column vector with
all 22V elements equal to 1. When k ordered markers are considered jointly in a
multipoint analysis, the joint likelihood can be factored as

P(x1,%2, ..., xp) = P(x1) P(X1]x2) P(x3|x1, X2)... P(Xp|x1, X2, ..., Xpp—1),

where x1,Xo, ..., X} represent phenotypic data at the k ordered markers. The neces-
sity of conditioning on all preceding markers can be avoided by recognizing that,
at each locus, the probability of the phenotypic data is a function of its own in-
heritance vector, which is conditionally independent of the inheritance vectors of all
preceding markers given the inheritance vector of the immediately preceding locus. In
other words, the k inheritance vectors of the k ordered markers constitute a hidden
Markov chain. The conditional probability of an inheritance vector v;,; at markers
i+ 1, given an inheritance vector v; at markers 4, is 77 (1 — ;)Y =7 where r; is the
recombination fraction between markers ¢ and ¢ 4+ 1, and j is the number of changes
in the elements of the inheritance vector from v; to v;;1. There are [22N ]2 possible
combinations of v; and v;;1, each associated with a characteristic conditional prob-
ability, so that there are [22V]? conditional probabilities that can be arranged in a
square transition matrix T;. The joint likelihood of the multilocus phenotype data is
then given by
P(x1,X2, ..., x) < 17Q1T1QoT5... T,_1Qy1.

This is the basic form of the Lander-Green algorithm, which has various refinements
added to reduce the number of necessary arithmetic operations.
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Fig. 3.3. Genetic linkage maps constructed from 135 RFLP and 40 isozyme and RAPD
markers for 123 DH plants derived from tall Azucena and short IR64 parents.
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Ezample 3.9. (Genetic Linkage Map). Revisit Example 3.1. One hundred twenty-
three DH plants derived from two inbred lines, semi-dwarf IR64 and tall Azucena,
were genotyped for a total of 175 polymorphic markers (Huang et al. 1997). Two-
point analysis was performed to estimate pairwise recombination fractions for these
175 markers. Based on a cluster analysis of the 175 x 175 matrix for recombination
fractions, these markers are sorted into 12 different groups, each representing a rice
chromosome (Fig. 3.3).

The Lander-Green algorithm was used to determine the best order for markers
clustered in each group (Fig. 3.3). The genetic distances between all adjacent markers
were estimated and the corresponding genetic distances were calculated using a map
function. In this example, the Kosambi map function was used. In Fig. 3.3 are given
the genetic distances and marker names at the left and right sides of chromosomes.



4

A General Model for Linkage Analysis
in Controlled Crosses

4.1 Introduction

Statistical methods for linkage analysis in a backcross or Fo population derived from
two inbred lines were described in the previous chapter. An advantage of linkage
analysis using these inbred line crosses is that the parental linkage phase between
different genetic loci is known and therefore the patterns of marker segregation can
be determined and the linkage measured in terms of the recombination fraction tested.
However, this inbred line-based analysis is not appropriate for outcrossing species in
which it is not possible to generate homozygous lines through successive inbreeding.

Outcrossing populations have two significant characteristics that make their link-
age analyses qualitatively different from those in inbred line crosses. The first char-
acteristic is that the number of alleles and the inheritance mode of markers generally
vary from locus to locus. Some markers may have more alleles than others, some
markers are codominant, whereas others are dominant; and some markers are het-
erozygous in one parent but fixed in the other parent, whereas the opposite can be
true for other markers. The second characteristic is the uncertainty about linkage
phases between different loci. Because the estimation of the linkage between different
markers relies upon information about linkage phases, it is essential to determine a
correct linkage phase prior to the linkage estimation.

A traditional strategy for estimating linkage phases is to account for all the possible
linkage phases for given marker pairs and choose the most likely one based on the
minimum recombination fraction and maximum likelihood value (Ritter et al. 1990;
Ritter and Salamini 1996; Maliepaard et al. 1997; Ridout et al. 1998). However,
this strategy is not always statistically effective because the minimum estimate of
the recombination fraction may be obtained from an incorrect linkage phase. Wu et
al. (2002b) derived a general algorithm for simultaneously estimating linkage and
parental linkage phases over all linked molecular markers of any kind in a full-sib
family derived from two outbred parents. Lu et al. (2004) proposed a unifying model
for characterizing the linkage, parental linkage phase, and gene order for any type of
marker. In this chapter, a general framework for the simultaneous estimation of the
linkage and linkage phases is presented that can be viewed as a generalization of
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linkage analysis in inbred line crosses. Much of our presentation is derived from
Lu et al.’s (2004) paper.

4.2 Fully Informative Markers: A Diplotype Model

In a full-sib family derived from two parents, P and Q, of an outcrossing species,
up to four marker alleles, besides a null allele, may be segregating at a single locus.
Furthermore, the number of alleles may vary over loci. We assume that each of the
marker alleles, symbolized by a, b, ¢, and d, is codominant with respect to each
other but dominant with respect to the null allele, symbolized by 0. We assume that
all markers undergo Mendelian segregation without distortion. Depending on how
different alleles are combined in the two parents used for the cross, there exist a total
of 18 possible cross types for a marker locus (Table 3.2). In Section 3.4, we have
shown how these cross types are classified into seven groups based on both parental
and offspring marker band patterns. Segregation analysis allows us to determine a
likely cross type from raw data.

In this section, we will present a general model for fully informative markers in
which there are four phenotypically distinguishable genotypes in the full-sib family.
The models for linkage analysis based on partially informative markers, in which some
different genotypes are phenotypically identical, will be discussed in the subsequent
sections.

4.2.1 Two-Point Analysis

Recall the definition of linkage phase (Definition 1.1). Linkage phase describes the
configuration of alleles at a pair of heterozygous loci on homologous chromosomes in
a single parent. The linkage phase between any two linked markers can be determined
if we know what alternative allele one of the homologous chromosomes carries for
each marker in a parent. Thus, the question of determining linkage phase becomes
a question of labelling parental chromosomes using the alleles at given markers. The
association of the marker alleles and homologous chromosomes can be anchored by
calculating the probabilities of the genotypes of a marker conditional on the state at
linked markers in the full-sib family.

Consider two fully informative markers, A and B, in a full-sib family. For the first
marker A, the parental chromosomes can be arbitrarily labelled by its alleles. Assume
that the parental chromosomes for marker A are labelled as A;| |As (or 1| |2 for
simplicity) for parent P and As| |A4 (or 3| |4 for simplicity) for parent Q, where
| | stands for two homologous chromosomes on the left and right, respectively. The
cross of parents P and Q leads to four different progeny genotypes at this marker,
Ay Az, A1 Ay, AgAs, and As Ay or 13, 14, 23, and 24. The linkage phase between the
alleles of markers A and B can be determined by assigning the alternative alleles of
marker B to a different homologous chromosome given the defined label of marker A.
For each parent, there are two possible linkage phases. Thus, when the two parents
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are crossed, four phase combinations are possible, one of which can be schematically
expressed as

P x Q P x Q

A1ll|2 3| |4
o = x or [11][22] x [33][44].
B 1|2 3| |4

(4.1)

For a particular parent, the combination of phased chromosomes is called a parental
diplotype, which is symbolized by [-][-], as shown by display (4.1). Let r be the
recombination fraction between the two markers. Assuming that the diplotypes for
the two parents are known, as shown above, the cosegregation pattern of the two
markers can be expressed in matrix notation as

13 14 23 24
(1-r)? r(1—r) r(1—7) r2

13 (14 G 1 2 1 (14 :
(4'2) H = 14 4 4 TZ ) 4
23 T(14*7”) % (1;T) r(14—r) s
24 2 r(l=r) r(l—r) (1-7)>
1 1 1 1

where each cell represents a two-marker genotype in the full-sib =progeny. The
columns correspond to marker A, whereas the rows correspond to marker B.

The expected number of recombination events (i.e., the number of r) occurring
between the two markers can also be expressed in matrix notation, as

13 14 23 24

13 0 1 1 2

(4.3) p_ 141 0 2 1

23 1 2 0 1

24 | 2 1 1 0

Let

13 14 23 24
13 | n11 ni2 n13 N4
(44) o o o 14 na1 oo Na3 Noq
B = (guga)axa = 23 | n31 N3 n33 N34
24 | ngy 42 n43 N44

be the matrix for the observations of progeny, where ji,jo = 1 for 13, 2 for 14, 3 for
23, or 4 for 34 denote the marker phenotypes at A and B, respectively. Note that a
marker has a particular “phenotype” determined by its genotype. With n;, ;, following
a multinomial distribution, the likelihood function of marker genotypes under the
parental diplotype combination shown in display (4.1) is expressed as

(45) L(r\n) X r(2n2+”3+"4)(1 _ ,,q)(2"1+n:s+n4)7
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where
niy = nip + nog + n33 + Na,

(4.6) N2 = Ni14 + N2z + N32 + N4,
n3 = niz + N21 + Naqg + N4s,

ng = Ni13 + n31 + Nog + Ngo.

The MLEs of the recombination fraction r with their large-sample variances are
thus

2n9 + n3 4+ ny
2n ’
A1 — 7
Var () = L T).
n

’F:

The hypothesis about the existence of the linkage can be formulated as
(4.7) Hy:r=05 vs. H; <0.5,

where Hy corresponds to the r» = 0.5; i.e., no significant linkage exists.
The test statistics for testing the hypotheses (4.7) are calculated as the log-
likelihood ratio (LR) of the full model over the reduced model:

LR = —2log {L(rLg'on5)|n)} '

The test statistic LR can be viewed as being asymptotically x2-distributed with one
degree of freedom.

Ezxample 4.1. Assume a full-sib family derived from two outbred parents with known
diplotypes [11][22] and [33][44], respectively. Two fully informative markers A and B
are genotyped for each full-sib, with observations of a total of 16 two-marker genotypes
as follows:

13 14 23 24
13 nip = 24 nig = 8 nig = 7 N4 = 1
n— 14 Nno1 = 11 Noo = 36 N9z = 4 Noyg = 8
23 nay = 7 N3 = 0 N33 = 35 Nnzqg = 2
24 Ny = 2 Nyo = 6 Ny3 = 12 Nyq = 37

Based on the expected frequency for each cell in terms of the recombination fraction
r between the two markers, we can formulate a likelihood function as described by
equation (4.5). It is not difficult to derive the maximum likelihood estimator of r as

2n9 +ng + ng
2n
_2XxT7+33+28

200 x 2

where ng =1+4+0+2=7,n3=8+11+2+12=33,and ny =7+7+8+6 =28
are defined by equation (4.6).

']"A:

(4.8) = 0.1875,
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The test statistic
LR = —2[log(L(#|n)) — log(L(r = 0.5|n))] = —2(—193.0 + 277.3) = 168.6,

which is greater than x3 ,5(1) = 3.84. Therefore, the linkage between the two markers
is significant.

It can be seen from the above that the estimate of r for two fully informative
markers can be obtained with only one step and does not need the iterative EM algo-
rithm at all. The implementation of the EM algorithm below, with equations (4.12)
and (4.13), aims to derive a general framework for estimating the linkage between
any types of markers, including partially informative ones.

4.2.2 A More General Formulation

Let G;, and Gj, (j1,j2 = 1,2,3,4) denote the four progeny genotypes in the order
given in the matrices H and D above for markers A and B, respectively. Assuming
that n offspring in the full-sib family are independent, we rewrite the likelihood of
the marker data n, given by equation (4.5), under the parental diplotype combination
(display (4.1)) as

w =Lt
:z 4 4
(4.9) HZ Z 2ij, P(G, Gy ) @i,

where x5, is the indicator variable describing the jith genotype of marker MP for
offspring 4, which is one if the marker genotype observed is compatible with G, and
zero otherwise, and P(G;, G;,) is the joint probability of the jith genotype of marker
A and the jath genotype of marker B (as in the matrix (4.2)). Equation (4.9) can be
written in matrix form as

=

(4.10) L(rn) = H mZ-leHmij27
i=1

where m;j, is the four-dimensional vector of the indicator variable z;;, for marker MP*.

The likelihood function of observable marker phenotypes (n) given by equation
(4.10) is constructed on the basis of the recombination fraction matrix (H) derived
from distinguishable genotypes for fully informative markers. We define an incidence
matrix I that relates the marker genotypes H to marker phenotypes P. Thus, we have

L H mql IblHIbz)ml]’z
=1
N
(411) = H Zijngw

i=1
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where by, is the number of distinguishable genotypes (phenotypes) in the offspring at
marker M*, which is 4 for fully informative markers, P = Ile HI,, is a (b X bg) matrix
of the joint phenotype probability of the two markers, and I, is a (4 x bg) incidence
matrix that is designed to specify the segregation pattern of a marker type under a
given parental diplotype combination. For fully informative markers, we have

10 0 0
I — 0 1 0 O
0 0 1 0
0 0 0 1

when the parental diplotype combination (4.1) is considered. As seen earlier, similar
incidence matrices can also be designed for other marker cross types (Table 3.2) and
other diplotype combinations.

Wu et al. (2002b) presented a general method for estimating the recombina-
tion fraction between any marker types by maximizing the log-likelihood function
of equation (4.11). This method was implemented with the EM algorithm, with the
procedure given as follows.

E Step: At step 7, using the matrix H based on the current estimate r(7), calculate
the expected number of recombination events between markers A and B for offspring
7 under a parental diplotype combination,

(4.12) pn — Wiy L, (H o D)L, Jm,
’ 1J1J2 m;l;‘lpmijz

)

where o denotes an elementwise product of two matrices.
M Step: Calculate ("t under the given parental diplotype combination using
the equation

n b1 b2

1 T
1y CRRE NI

i=1 j1=1ja=1

These iterations are repeated between equations (4.12) and (4.13) until 7 converges
to a stable value. This stable value represents the MLE of the recombination fraction
between markers A and B under the given parental diplotype combination.

For any marker pair, we will have multiple parental diplotype combinations under
each of which the recombination fraction is estimated and the plug-in likelihood value
calculated. A most likely diplotype combination can be obtained on the basis of the
minimum recombination fraction and maximum likelihood.

4.2.3 Three-Point Analysis

Statistical algorithms for estimating the recombination fraction based on two-point
analysis may not be powerful, especially in the case where partially informative mark-
ers are involved. Ridout et al. (1998) demonstrated an example in which three-point
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analysis can detect more linkage relationships between three loci than two-point ana-
lysis.

Consider three markers in the order A-B-C. Relative to marker A, marker B
has two possibilities to assign its alleles to two homologous chromosomes. Similarly,
there are also two such allelic configurations for marker C when marker B is fixed.
Thus, for one parent, there are 2 x 2 = 4 possible diplotypes. We assume that the
diplotypes of two parents, P and Q, are known, as shown below:

P x Q P x Q
A1ll|2 3| |4
(4.14) ® = B 1| |2 x 3| |4 or [111][222] x [333][444].
C1||2 3| |4

Let raB, rBc, and rac be the recombination fractions between markers A and
B, between markers B and C, and between markers A and C, respectively. These
recombination fractions are associated with the probabilities with which a crossover
occurs between markers A and B and between markers B and C. The event when
a crossover or no crossover occurs in each interval is denoted by Gi; and Ggg, re-
spectively, whereas the event when a crossover occurs only in the first interval or in
the second interval is denoted by Gig and Gp1, respectively. The probabilities of these
events are denoted by goo, go1, 910, and g11, respectively, whose sum equals 1. Accord-
ing to the definition of the recombination fraction as the probability of a crossover
between a pair of loci, it is clear that

TAB = g10 + g11
(4.15) rBC = Jo1 + g1

TAC = go1 + g10

and

g11 = 3(raB + rBC — rAC),
(4.16) gio = %(TAB +rac —7TBC),

go1 = 3(rBC +rAac —raB),

goo =1—3(ras +rac +BC).

The cross between the two parents shown by display 4.14 yield a total of 4 x4 x4 =
64 genotypes for three fully informative markers. The frequencies of each genotype
can be expressed in terms of goo, go1, 910, and g11 (see Table 4.1) and therefore
TAB, 'BC, and rac as shown by equation 4.16. For each genotype, the number of
crossovers that occur between each pair of adjacent markers is tabulated in Table 4.2,
from which the closed forms for estimating g’s can be derived. In the next example,
we provide a procedure for estimating ¢’s, and therefore the recombination fractions
with equation 4.15.
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Table 4.1. Joint probability matrix (H) among three markers in terms of the number
of crossovers between A and B as well as between B and C under a particular parental
diplotype combination as shown by display (4.14).

Marker Marker Marker C
A B 13 14 23 24
13 13 9o googo1 go190o 9o
13 14 googi1 g00g10 go19g11 go1g10
13 23 911900 g119o1 910900 gio09go1
13 24 gfl gi1910 g10911 9%0
14 13 J009g10 googi1 goi1gio go1911
14 14 googo1 900 981 go1goo
14 23 gi1g10 gh 9o g1o0g11
14 24 g119o1 g11900 g109o1 g10900
23 13 910900 g109o1 g11900 g119o1
23 14 g10911 g3 g g11910
23 23 901900 931 9do googo1
23 24 go1911 go1910 googi1 googio
24 13 g%o gi09g11 g11910 9%1
24 14 910901 910900 911901 911900
24 23 go1g10 go19g11 googio googi1
24 24 g(2)1 go1900 googo1 9(2)0

Example 4.2. Three fully informative markers, A, B, and C are genotyped for a full-
sib family derived from two outbred parents with known diplotypes [111][222] and
[333][444], respectively. Table 4.3 tabulates observations of a total of 64 three-marker
genotypes.

Based on the expected frequency for each cell in terms of the crossover probabilities
(¢9’s) between the three markers as shown in Table 4.1, we can formulate a likelihood
function to be described by equation (4.21). We can derive the maximum likelihood
estimator of ¢’s as

2(n111 + nazz + n333 + Naaa) + 14

2n
2 x 225 + 147
= = (.7462
2 x 400 0.7462,

(4.17) Joo

where ny = njig1 +n131 +n211 +N221 +N311 +N331 +N112 + Ni22 +Na12 + Nz +Nags +
N442 + 1113 +N133 + 1313 + N343 + M433 + N443 + N224 + N24q + N334 + N344 + Na24 + Ny34;
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Table 4.2. Matrices (Goo, Go1, G1o, and G11) for interval-specific crossover events among
three markers A, B, and C under a particular parental diplotype combination as shown by
display (4.14).

Marker C
Marker Marker Goo Go1 Gio G
A B 13 14 23 24|13 14 23 24|13 14 23 24|13 14 23 24
13 13 2 1 1 o0y,0 1 1 20 O O O[O0 O 0 O
13 14 1 1 0 OO0 O 1 1 0o 1 0 1 1 0 1 O
13 23 1 0 1. o0o/O 1T O 1}]0 O 1T 11 1 0 O
13 24 o o o ofo O o ofO0 1 1 212 1 1 0
14 13 1 1 0 0|0 O 1 1 1 0 1 o}lO0 1 0 1
14 14 1 2 0 1 1 0o 2 17,0 O O OO0 O O O
14 23 o o0 o0 o0 O O Of1 0 2 1 1 2 0 1
14 24 0O 1 0 1 1 0 1 O0]0 O 1 1 1 1 0 O
23 13 1 0 1 o}l0 1 0 1 1 1 0 0|0 O 1 1
23 14 o o o oflo o o o1 2 0o 111 0 2 1
23 23 1 0 2 1 1 2 0 1 o 0 O OO O 0 O
23 24 0o 0 1 1 1 1 0 Oo}lO0 1 0 1 1 0 1 O
24 13 o 0O o OO O O O0f2 1 1 0|0 1 1 2
24 14 0O 1 0 1 1 0 1 O 1 1 0 0|0 O 1 1
24 23 0o 0 1 1 1 1 0 O 1 0 1 olO0 1 0 1
24 24 0 1 1 212 1 1 00 O O O}O0O O O O
(4.18) o1 = 2(n4a1 + 332 +2n223 +ni14) + 1o
n
_2X5H08 975
2 x 400

where no = nggy + 241 +N331 +N341 + Na1 + N4zt +N112 + Nig2 +N312 + Nga2 +Naza +
N442 + 1113 +N123 + N213 + N243 + Ng23 +N443 +N124 +N134 +N214 + N224 + N314 + N334;

2(n4a1 + n332 + N223 + n114) + N3

2n
2 x5+ 101
=" 7" —.1388
2 x 400 ’

(4.19) gro =

where ng = ngi1 +n9231 +n311 +N321 + a1 +N431 +N122 + Niag +N312 +Nga2 +Na12 F
N422 +N133 + N143 + N213 + N243 + Na13 + M433 +N124 +N134 +N234 + N244 + N324 + N3443

2(naa1 + n332 + N2z + ni1a) + Ny

2n

2+ 14
= =0.0175
2 x 400 ’

(4.20) gn =
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Table 4.3. Observations for three-marker genotypes in a full-sib family derived from display
(4.14).

Marker | Marker Marker C

A B 13 14 23 24

13 13 ni =49 niez =3 niz =7 nig =1
13 14 nio1 =2 Nni22 = 6 n123 = 0 ni2e =1
13 23 ni131 = 1 ni132 = 1 Mn133 = 15 Nn134 = 1
13 24 nig1 =0 N2 = 1 n143 =0 nigg =3
14 13 n211 = 17 n212 = 2 n213 = 3 na14 = 0
14 14 n221 = 6 Mn222 = 64 n223 = 4 N224 = 9
14 23 na31 =0 naz2 =0 na233 = 0 nogs = 0
14 24 no41 =0 na42 =0 N243 = 2 nogq = 11
23 13 nzi1 = 13 nziz = 1 nz1z =0 nz1a = 1
23 14 ngz21 = 1 ng22 = 1 ng23 = 0 nz24 = 0
23 23 n331 = 11 nsz2 =0 n33s = 53 n334 = H
23 24 nza1 =0 N342 = 2 n343 = 1 nzaq = 11
24 13 nan =1 ng12 =0 naz =1 n414 = 0
24 14 N421 = 2 N0 = 4 n423 = 0 Naoq = 1
24 23 ngz1 =1 n4z2 =0 N4z =8 Naza = 2
24 24 naq1 =0 Nag2 = 6 Nga3 = 6 444 = 59

where ng = njia1 +n131 + N2zt +N241 +n321 +N341 +N132 +N1a2 +N212 + Nogz +Na12 +
N432 +N123 +N143 + 1313 + N343 + Na13 + N423 +N214 +N234 +N314 + N324 + Ng24 + Ny34.
The recombination fractions are then estimated as

7aB = 0.1563, 7c = 0.1150, 7ac = 0.2363.

Since the estimates of ¢’s for three fully informative markers can be obtained with
only one step, the iterative EM algorithm is not needed. With equations (4.22) and
(4.23) below, we derive a general EM framework for estimating the linkage between
any types of markers, including partially informative ones.

4.2.4 A More General Formulation

As in a two-point analysis, the likelihood of the crossover probability, g = (goo,
901, 910, 911), given the three-marker data under the parental diplotype combination
of equation (4.14) is expressed as

n

(4.21) L(g|(n) = [[(mf}, ® mf,)(1}, ® I}, ) (HL,, )m,j,,
i=1
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where j1,j2,j3 = 1 for 13, 2 for 14, 3 for 23, and 4 for 34 stand for genotypes at
markers A, B, and C, respectively, ® denotes the Kronecker product, and the vectors
and matrices are as defined for the two-point analysis. Table 4.1 tabulates the joint
three-marker genotype probability matrix, H = (H, j,j,)16x4, while Table 4.2 lists
the matrices for the numbers of crossovers (Gog, Go1, G1o, and G11) on two intervals
A-B and B-C under the parental diplotype combination of display (4.14).

The EM algorithm is used to obtain the MLEs of the crossover probabilities (and
therefore the recombination fractions) between the three markers. The general equa-
tions formulating the iteration of the (7 + 1)th EM step are given as follows

E Step: Calculate the expected number of interval-specific crossovers associ-
ated with Ggg = (g;)fj2j3)16><47 Go1 = (g})llj2j3)16><4, G = (gjlljzjg)16><4, and
G = (Q;llj2j3)16X4, respectively, for offspring ¢ under a given parental diplotype
combination:

GG+ _ (mj, ®mi,|[I; @ ][(GOO o HI)Iy Jmyj,

ijijeds T m}, ©m} |1} ®IT]( HOI, )m,;, )

G _ mf ©ml ][I @ IL][(GS o HO)L, Jmyj,

ijijeds m} @ml I} @I (HOIL,,)m;, ;

. m} ©ml |IF @ IL][(G) o HO)L, Jmy,

ij1j2ds [mm ® meHIT ® IT]( )Ib3 m;;, ,

(4.22)

)
gll(T+1) [m ® mzyz][la ® I H(Gll © H(T)) ]mij3
ij1j233 [mm ©m? JIT ©ILJ(HOL,)m,;,

2]2

M Step: Calculate the probabilities of interval-specific crossovers goo, go1, 910,
and g11 using

n by bx b3
(‘r+1 _ Z Z Z Z gOO (7+1)
900 2n ij1j2j3
i=1 j1=1ja=1ja=1
n by bx b3
g Z Z Z Z goLr+h)
9do1 2n ij1j2Js
i=1 j1=1ja=1ja=1
n by by b3
g Z Z Z Z gl
J10 2n ij1j2Js
i=1j1=1j2=1j3=1
n by by b3
TV =233 S Y gl
911 2n ij1j2Js

i=1j1=1jo=1j3=1

(4.23)

The E and M steps are repeated among equations (4.22) and (4.23) until these
probabilities converge to stable values. The MLEs of the g’s can be transformed to



88 4 A General Model for Linkage Analysis in Controlled Crosses

give the MLEs of recombination fractions rag, rBc, and rac because the MLEs
are invariant under parameter transformation. Because all possible recombination
fractions among the three markers are estimated, the three-point analysis provides
important information about marker ordering. For example, if either rag or rgc es-
timated under assumed marker order A-B-C is greater than rac, then the assumed
order is likely to be wrong based on Theorem 3.1. When every three adjacent markers
from a linkage group are subject to the three-point analysis and the marker order-
ing has been confirmed, we can obtain two different estimates of the recombination
fraction for the same marker interval (except for the intervals at the two ends of a
linkage group). The best way to combine these estimates is to take a weighted mean,
with the weights being the reciprocals of the variances of the two separate estimates
(Ridout et al. 1998).

The most likely parental diplotype combination is determined among three mark-
ers by choosing the maximum of the likelihood values under all possible diplotype
combinations. Only under the most likelydiplotype combination are the MLEs of the
recombination fractions optimal.

4.3 Fully Informative Markers: A Genotype Model

In Section 4.2, we presented a general procedure for linkage analysis of fully infor-
mative markers in a full-sib family derived from two phased parents. Since the two
crossed parents are assumed to have known diplotypes, the patterns of marker coseg-
regation in their offspring can be predicted. In practice, parental diplotypes cannot be
directly observed. Rather, only genotypes can be observed, so that statistical models
need to be developed for estimating the linkage based on observable genotypes. One
approach for linkage analysis of genotypic data is to calculate the likelihood values
under all possible parental diplotypes and estimate the recombination fractions under
a most likely diplotype combination. In this section, a joint model that incorporates
the probabilities of parental diplotypes is introduced.

4.3.1 Parental Diplotypes

Consider two ordered markers A-B. Each parent, P or Q, has two different diplotypes
between the two markers. Thus, when the two parents are crossed, there are four
diplotype combinations (®), expressed as
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P x Q
A 1] |2 3| |4

P, = X
B 1] |2 3| |4
A 1] |2 3| |4

‘1)12 = X
B 1] |2 4| |13

(4.24) ,

A 1] |2 3| |4

‘1’21 = X
B 2| 11 3| |4
A 1] |2 3| |4

Dy = X
B 2| 1 41 (3

where the first (§) and second subscripts (¢) of ® denote two possible diplotypes
of parent P and Q, respectively. Each of these diplotype combinations generates a
different pattern of marker co-segregation, expressed in matrix notation with the
recombination fraction r, as

B 13 14 23 24

13 4 4 4 I
r(l—r) (1-r)? 2 r(l-r)
Hy = A14 I
T3 a2 aen? raen |
4 4 4 4
24 | 2 r0-n) rO-r) (1-n)?
L 4 4 A 1 |
[ra=r) 1=r)? 2  r(-r)]
B\~ a1 1 T
(1-r? rd-r) r(d-r) 2
(4.25) - _A14 . : - o
12 = ) i 3 to
23 2 r(l-r) r(l-r) (1-r)
4 4 A 1
24 | ra=r) 2 (1-1)? r(1-r)
r r(1477‘) /,%2 ;12 r(1—r) 7
13 1 T T
2 r(l1—r) r(1—r) 2
Lo | o e g
2 23 | 1=r)? r(1—r) r(-r) (a-r)? |’
4 4 4 4

24 | r(1—r) (=12 (1=r)? r(1-r)
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23 24

2 r(1—r) r(1—r) (1—7)2
4

B 13 14
13 T 4
14 r(l—r) ﬁ

4

(1—r)% r(1—7)

4 4
2 r(l1—r)
4 4

24 (1—7)? r(1—r) r(1—7) r?
4

4

4 4

The expected number of recombination events (i.e., the number of r) occurring
between the two markers under different diplotype combinations can also be expressed

in matrix notation, as

B
13
14
23
24

13
14
23
24

13
14
23
24

13
14
23
24

—_
w

D =A

Di2=A

Do =A

Do =A

R RN RPONRFE RPFNORFR N~ O

o

The two markers are genotyped for the full-sib family with observations n

—
W

R ONF OFFEFN NP O DN O

23 24
1 2]
2 1
o 1
10
2 1]
12
1ol
0 1
0 1]
10
1 2|
2 1
1 0]
0 1
2 1
1 2]

(1,4, )axa described by matrix (4.4). Thus, the likelihoods for the four diplotype

combinations are expressed as

r|n) oc r(Zn2tnstna)

(4.26)

(rn) (
Liso(r|n) oc r(Zratnatna)(
( ) x r(2n3+n1+n2)(
( (

Lo (7 Il) x r(2n1+ns+n4)

1
1
1

r (2n1+n3+nyg)
)

r)(2nstnitne)
)

r (2n44n1+ns) ’
)
r)(2na+nst+ng)

)
)
)
)

with ni, ne, ng, and ny defined by equation (4.5).

It can be seen that the MLE of r under diplotype combination ®1; is equal to one
minus the MLE of » under ®55, and the same relation holds between ®15 and ®o;.
Although there are identical plug-in likelihood values between ®1; and P45 as well
as between ®15 and P51, one can still choose an appropriate MLE of r within each of
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these two pairs because one of a pair of the » MLEs is greater than 0.5. Traditional
approaches for estimating the linkage and parental diplotypes are to estimate the
recombination fractions and likelihood values under each of the four combinations
and choose one legitimate estimate of r with a higher likelihood.

Ezxample 4.3. Assume a full-sib family derived from two outbred parents. The two-
marker genotypes for these two parents are 12/12 and 34/34, but we do not know
about their diplotypes. Two fully informative markers A and B are genotyped for
each full-sib, with observations of a total of 16 two-marker genotypes as follows:

13 14 23 24
13 ni1 = 3 Nig = 18 nis = 2 N4 = 4
o 14 Nno1 = 21 Noo = 5 N2z — 4 Noyg = 0
o 23 n3y = 1 Nn3go = 2 n3gs = 6 N34 = 13
24 Nng1 = 4 Ny = 1 Ny3 = 13 N4q = 3
We have ny = MNi1 + Nog + N3z + Ny = 177 Ng = N4 + N23 + N3z + Ny1 = 14,

n3 = N2 + No1 + ngq + ngg = 65, and ng = N3 + N3 + N2y + ngo = 4. For the MLEs
of r, we have

7 = 0.4850 under ®41, L1; = —138.5394,
7 = 0.1950 under ®15, L12 = — 98.6785,
7 = 0.8050 under ®9;, Lo = — 98.6785,
7 = 0.5150 under P55, Loy = —138.5394.

The correct parental diplotypes are ®;9; i.e. [12][12] for parent P and [34][43] for
parent Q.

as in equation (4.11), we write the likelihood in matrix notation with the consideration
of a parental diplotype combination ®¢¢; i.e.,

Lec(rin) = [ [ m, (T}, He T, )my;,

i=1
n
(427) = ngl chmijz.
i=1

The EM algorithm has been developed to estimate the crossover probabilities and
recombination fractions based on equations (4.22) and (4.23).

4.4 Joint modeling of the Linkage, Parental Diplotype,
and Gene Order

For any two fully informative markers, their segregation pattern in a full-sib family
is determined by the diplotypes of the two outbred parents. Thus, the linkage be-
tween these two markers resulting from their cosegregating pattern can be correctly
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estimated when a true parental diplotype combination is determined. The models pre-
sented in Section 4.3 allow for the simultaneous estimation of the linkage and parental
diplotypes. However, when the number of markers studied is three or greater, a joint
model of the linkage and parental diplotype is not sufficient because different gene or-
ders may also blur our inference and estimation of the linkage. In this section, a model
that incorporates the linkage, parental diplotype, and gene order will be introduced.

Consider three markers in a linkage group that have three possible orders A-B-
C, A-C-B, and B-A-C. Let 01, 02, and 03 be the corresponding probabilities of
occurrence of these orders in the parental genome. Without loss of generality, for a
given order, the allelic arrangement of the first marker between the two homologous
chromosomes can be fixed for a parent. Thus, the change of the allelic arrangements
at the two other markers will lead to 2 x 2 = 4 parental diplotypes. The three-
marker genotype (12/12/12) of parent P may have four possible diplotypes, [111][222],
[112][221], [121][212], and [122][211]. Relative to the fixed allelic arrangement [1-][2-]
of the first marker, the probabilities of allelic arrangements [-1][-2] and [-2-][-1] for
the second marker are denoted as p; and 1 — p; and those of allelic arrangements
[-1][--2] and [-2][--1] for the third marker are denoted as ps and 1 — po, respectively.
Assuming that allelic arrangements are independent between the second and third
markers, the probabilities of these four three-marker diplotypes can be described by
p1p2, p1(1 —p2), (1 —p1)p2, and (1 — p1)(1 — p2), respectively. The four diplotypes of
parent Q can also be constructed, whose probabilities are defined as g1¢2, ¢1(1 — ¢2),
(1 — q1)g2, and (1 — q1)(1 — g2), respectively. Thus, there are 4 x 4 = 16 possible
diplotype combinations (whose probabilities are the product of the corresponding
diplotype probabilities) when parents P and Q are crossed.

Let rag denote the recombination fraction between markers A and B, with rgc
and rac defined similarly. Let Gog, Go1, G1p, and G1; denote no crossover between
markers A and B and between markers B and C, only one crossover in the second
interval, only one crossover in the first interval, and one in each interval, respectively.
As previously shown, the probabilities of these events, denoted by goo, 901, 910, and
g11, respectively, can be used to define the three recombination fractions.

Table 4.1 describes a (16 x 4)-matrix for three-marker genotype frequencies under
a particular parental diplotype combination [111][222] x [333][444] and gene order
A-B-C. For any order (Oy), there are 16 diplotype combinations and therefore 16
such matrices, denoted by Hr,k,x,r, where x¥ =1 for [11-][22-] or 2 for [12:][21]
denotes the two alternative allelic arrangements of marker B in parent P, z& = 1 for
[1-1][2-2] or 2 for [1-2][2-1] denotes the two alternative allelic arrangements of marker
C in parent P, and y¥, 45 = 1 or 2 have similar means for parent Q. According to
Ridout et al. (1998) and Wu et al. (2002b), elements in Hk,r,x, 1 are expressed in
terms of goo, go1, g10, and g11 (Table 4.1). Similarly, there are 16 (16 x 4)-matrices for
the expected number of crossovers that have occurred for Gog, Go1, G1g, and Gy for

a given marker order, denoted by G% . | GOl GO .. and Gl
B ' V Sakalylyl Telbakylyl Tokabylbyl Tiziyrys’

respectively (see Table 4.2).
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The joint genotype frequencies of the three markers can be viewed as a mixture
of 16 diplotype combinations and three orders, weighted by their probabilities of
occurring, and expressed as

k . k .
(4.28) g (=) T (L= g2)" T ey

Similarly, the expected number of recombination events contained within a
progeny genotype is the mixture of the different diplotype and order combinations,
expressed as

3 2 2 2 2
Goo= D oe > D D v
6 1= @) GO,

TeSytyl
3 2 2 2 2
2—x
Go= D D> D> > >.m

k
1

k_1 2—ah k_
(1_p1)x1 1p2 Iz(l_p2)ac2 1

k —zk k_
(1 _pl)xl—lpg 2(1_p2)x2 1
(4.29)

2—yP k_q 2—yk k_
q y1(1_q1)y1 1q2 yz(l_q2)y2 1G19€

cfafyfyl”
3 2 2 2 2
2—x
Gu=Y 06>, > > > nm

¥ 95’5( )x§—1

k__ 2—
(1—p1)™ ', 1—po

2y k_q 2— k_
g "A—-q) e (- g TG,

Kok
T1T2Y1 Y2

Also define the matrices
3 2 2 2 2—axh k_
Py= 3 i1 0k Dokt ykor Doyh—a 1Py (L= p2)™ 7!
2—yk k_q 2—yk E_
a1 . (1 - ql)yl 1q2 o2 (1 - qQ)y2 1Hz’1‘x’2‘y’1‘y§’

(4.30) 3 2 2 2 2—xk k
Po= Yo 0n a1 X Xy 1 (1= 1)y

2 k k_ 2 k k_
G PA-q) g P (1—g) T 'H

T1T2Y1 Y2
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3 2 2 2— 2— k_
Q1= > 5—10k Zx’f=1 Zx’;=1 Z b1 P1 i (1—p1)* v 1]92 " (1 —po)*2~!
2y
Qg (1 - go)% s
3 2 2— k_q 2—ab k_
Q2= T4y 0k ey Dok e P (1= p) gy (1 - py)E

2—yh k_
q1 . (1 - ql) q2Ha: zk yly

The probabilities of occurrence of the three marker orders are the mixture of all
diplotype combinations, expressed in matrix notation as

2 2 2 2
2] 12— _
Or=o0r 3 S 3 3 P p) (L )
zi:lw%:ly%:ly%:l
2—ylt 14 2—yl}
A yl(lith)yl 1Q2 yz(]‘*q) Ha:%xzy ya

2 2 2
0= 03 S 3 S P p) TR )

(4.32) 22

22,2 2
TITY1YS?

3 3 3
(1—py)™ips 21 — pg)2!

2 2 2 2
Os=0sd > > Dowm "

943 3_ 4 293 -
@ =) (- @)V Hg

We implement the EM algorithm to estimate the MLEs of the recombination
fractions among the three markers. The general equations formulating the iteration
of the (7 + 1)th EM step are given as follows:

E Step: As step 7, calculate the expected number of recombination events
for individual 7 associated with Ggg = (gglojzjs)lﬁx‘l’ Gop = (9?1]2]3)16“, G =
(g]lszjs)m% and Gi; = (QJ111J233)16X4 for the (j1j2j3)th progeny genotype (where
j1, J2, and j3 denote the progeny genotypes of the three individual markers, respec-
tively) using formulas that have the same forms as equations (4.22), whose H and
G’s are now defined by equations (4.28) and (4.29), respectively. Note that matrices
H and G’s of equations (4.28) and (4.29) are also determined by p1, p2, g1, g2, and k

(k=1,2,3).
M Step: Calculate 9(()0 ), g(()71'+1),g§6+1) and gﬁﬂ) using the equations that have

the same forms as equations (4.23). But here we also need to update pgTH),ng),

(7'—1-1)7 qéT+1) and 0](;'-‘1—1) using

4 4 4

(T+1) Tll Z Z Z pl]l]zJS M jaias

=1j2=1j3=1 J1J2Js
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(T+1 _ p2]1]2]3 o
(7—) N1 g2
]1 1j2=1j3=1 J1J2J3
4 (T)
(T+1 _ 1]1]2]3 o
(7—) Njrjagas
]1 1j2=1js=1 J1J2]3
4 (T)
(T+1 _ 2]1]2]3 o
h(-,— UVWEYED)
]1 1j2=1j3=1 ""j1j2js
4,
(T+1) _ kh]z]z
Ok - Njrjaga»

.71 1j2=1j3=1 hj1j2j3

where n;, j,7, denotes the number of progeny with a particular three-marker genotype,
Pjidagsr Pljviadss P2rjagss Qjriadss a0 G251 jpgs are the (jij2js)th element of matrices
H, Py, Py, Q1, and Q, respectively.

The E and M steps are repeated until ggg, go1, 910, and g1 converge to values
with satisfactory precision. From the MLEs of the g’s, the MLEs of recombination
fractions raB, rac, and rgc can be obtained according to the invariance property of
the MLEs.

Ezample 4.4. (Jointly modeling the Linkage, Parental Diplotype and Gene
Order). Yin et al. (2004) reported a high-density linkage map constructed with mi-
crosatellite and AFLP markers for a backcross, (T x D) x D, between two poplar
species, Populus trichocarpa (T) and P. deltoides (D). Unlike general inbred lines, the
poplar parents used for the crosses are heterozygous. Thus, this backcross is analogous
to a full-sib family with one parent being the F; parent and the other being the D
parent. We choose three testcross markers, CA/CGA-580RD (A), AM11-1060 (B),
and A7-690 (C), that are heterozygous (12) in the F; but homozygous (22) in the D
parent. We do not know exactly the diplotype at these three markers for the F; parent
and their order. The model described in Section 4.4 will be used to simultaneously
estimate the linkage, parental diplotype, and gene order. The observations of these
three markers are given below:

Marker C

Marker A Marker B 12 22
12 12 33 1

12 22 4 7

22 12 3 4

22 22 0 21

Let p1, 1 — p1, and py and 1 — py be the probabilities of four possible diplotypes of
parent D, [111][222], [121][212], and [111][222] and [112][221], respectively, and o1,
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09, and o3 be the probabilities of three possible gene orders for these three markers,
A, B, and C, respectively. Using goo, go1, 910, and g1 to denote the probabilities of
the number of interval-specific crossovers, we derive one (4 x 2)-H matrix based on
equation (4.28), two (4 x 2)-P matrices based on equations (4.30), and three (4 X
2)-0O matrices based on equation (4.32). Meanwhile, four (4 x 2)-G matrices based
on equation (4.29) are derived.

With the EM algorithm described above, the MLEs of the unknown parameters
are obtained as oo = 0.5621, §o1 = 0.1924, 19 = 0.0925, g1; = 0.1507 and p; = 0.9,
P2 = 0.8, 01 = 0, 6o = 0.9989, and 63 = 0.0011. The diplotype of parent D for the
three markers in order A-C-B is constructed by

CA/CGA-530RD (A) 1 |2
AT7-690 (C) 1] |2
AM11-1060 (B) 2| |1

The estimated g values are further used to estimate the MLEs of recombination
fractions; i.e., Fag = 0.35, 7ec = 0.28, and Fac = 0.24.

4.5 Partially Informative Markers

In Section 4.2.1, we defined a (4 x 4)-H matrix for joint genotype frequencies between
two fully informative markers. For a fully informative marker, there is 1:1 correspon-
dence between the genotype and phenotype. Many practically useful markers are
partially informative, as shown in Table 3.1, for which there is no such 1:1 correspon-
dence. The general models described above can be modified to estimate the linkage
and parental diplotypes for partially informative markers.

4.5.1 Joint modeling of the Linkage and Parental Diplotype

Unlike in a fully informative marker, four possible modes of genotype formation for
marker cross type 12 x 12 will yield three “phenotypes” because genotype formations
12 and 21 are phenotypically identical. For this reason, the (4 x 4)-H matrix for
the frequencies of genotype formation at two markers will be collapsed into one with
lower dimensions for the frequencies of marker phenotypes. Wu et al. (2002b) designed
specific incidence matrices (I) relating the genotype frequencies to the phenotype
frequencies for different types of markers. (The incidence matriz (I) here is defined
as the matrix that relates the marker genotype to marker phenotype for a type of
partially informative marker.) Here, we use the notation H = I} HI,, for a (by X
b2) matrix of the phenotype frequencies between two partially informative markers,
where by and by are the number of distinguishable phenotypes for markers A and B,
respectively. Correspondingly, we have
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(DH)' =1, (Do H)L,,
P’ =1} PL,,,
QI = b1 QIbz )

where we recall that the notation o means componentwise products between the two
matrices.

The EM algorithm can then be developed to estimate the recombination fraction
between any two partial informative markers.

E Step: At step 7, based on the matrix (DH)/ derived from the current estimate
(7)., calculate the expected number of recombination events between the two markers
for a given progeny genotype,

()
T4+1 (dh)
(4.33) D](l;; )= % Nj1jas
hj1j2

where (dh)}, ;, and h’; ; are the (jij2)th element of matrices (DH)" and H’, respec-

tively.
M Step: Calculate r("tD p(7+1 “and ¢(7+1) using
by bo
P (T+1
2n Z Z Jijz
j1=1j2=1

b1 b (T)

(434) T+1) = Z Z -Z(ljZ ]1j27

=1j2= 1h J1j2
b1 b2 /(T

-r+1) ]1]2 )
/(7— Njrjas

Jl 1j2= 1h]1]2

where pf; ;. and ¢} ;, are the (j1j2)th element of matrices P’ and Q', respectively.

In each step, matrices (DH)" and H' are updated by newly estimated r, p, and
g¢. The E and M steps between equations (4.33) and (4.34) are repeated until the
estimate converges to a stable value.

Ezample 4.5. (Jointly modeling the Linkage and Parental Diplotype). We
use an example for three dominant markers to demonstrate our unifying model for
simultaneous estimation of the linkage and parental diplotype. A cross was made
between two triple heterozygotes with genotype ao/bo/co for markers A, B, and C.
Because these three markers are dominant, the cross generates 8 (rather than 27)
distinguishable genotypes, with observations
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Marker C

Marker A Marker B c- 00
a- b 28 4

a- 00 12 3

00 b- 1 8

00 00 2 2

We first use two-point analysis to estimate the recombination fractions and
parental diplotypes between all possible pairs of the three markers. For a dominant
marker cross type alo| X alo| and alo| X o|al, the incidence matrix is defined as

I, — {1110] Or[ll()l}
0001 0010’

respectively. With the corresponding incidence matrices implemented to collapse the
H matrix, we use the EM algorithm to estimate the recombination fraction between
markers A and B as rap = 0.376, whose estimated parental diplotypes are [ao][0b] X
[ab][oo] or [ab][oo] X [ao][0b]. Similarly, the two other recombination fractions and the
corresponding parental diplotypes are estimated as rgc = 0.386, [bo][oc] x [bc][oo] or
[bc][oo] x [bo][oc] and rac = 0.184, [ac][oo] x [ac][oo]. From the two-point analysis, one
of the two parents have dominant alleles from markers A and B, that are repulsed
with the dominant alleles from marker C.

4.5.2 Joint modeling of the Linkage, Parental Diplotype,
and Gene Order

Consider three partially informative markers with the number of distinguishable phe-
notypes denoted by b1, bs, and bs, respectively. Define H = (IbT1 ® Isz)HIl73 as a
(b1ba x b3) matrix of genotype frequencies for three partially informative markers. Sim-
ilarly, we define (HDqo)' = (I}, ® I, ) (Do o H)I;,, (HDg1)" = (I}, ®I, )(Do1 o H)I,,,
(HDyp) = (I;f1 ® Ig;)(Dm o H)I,,, (HDy;) = (I;)r1 ® IbTQ)(DH o H)I,, P} =
(I, ®T;, )P1Iy,, Py = (I @1, )Poly,, Q) = (I, ®T; ) QuLy,, Q) = (I, ®1;,)Qaly,
o) = (I;fl ® Il};)OlIbS, 0, = (I;F1 ® IEZ)OQI;,S, and Of = (I;fl ® Ig;)Og,Iba.

Using the procedure described in Section 4.3, we implement the EM algorithm to
estimate the MLEs of the recombination fractions among the three partially informa-

tive markers as well as their parental diplotype combinations and gene orders.

Ezample 4.6. Revisit Example 4.5. We use a three-point analysis that combines
parental diplotypes and gene orders to estimate the linkage between these three domi-
nant markers. The estimated gene order is B-A-C. The estimated parental diplotypes
are
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B b| |o b| |o B bl |o b| |o
Aallo X o/ ]la and Ao||a X al|o-
Ccl| o o| |c Col |c cl |o

The MLEs of the recombination fractions are 7rga = 0.309, #ac = 0.184, and 7gc =
0.379.

4.6 Exercises

4.1

4.2

Fully informative markers

Suppose there is a full-sib family derived from two outbred parents with diplotypes
[11][22] and [33][44], respectively, for two fully informative markers A and B. The ob-
servations for each of 16 two-marker genotypes are given as

13 14 23 24

13 nip = 70 nig = 13 nis = 9 N4 = 2
14 no1 = 9 Noo = 82 na23 = 2 N4 = 13

23 nsy = 14 ns2 = 4 nss = 75 N34 = 15

24 Nng1 = 4 N4 = 13 Nn43 = 9 N4q4 = 66

with nj, j, denoting the number of progeny in a cell.

(a) Write down the H matrix for the genotype frequencies in terms of the recombination
fraction r between two markers.

(b) Derive and estimate the MLE of 7.

(b) Test whether the linkage is significant.

One F> codominant marker

One of the two markers (say B) is summed to the same allele system between the two

parents above. Such markers are called F'o codominant markers. The diplotypes of two

parents are [11][22] and [31][42]. In this cross, the genotype formations with the same

phenotype will be pooled together, with observations as follows:

11 12 22

13 |n11 =70 |ni2 +mn13 =22 | nig =2
14 | n21 =9 | nao +noeg = 84 |noy = 13
23 | n31 =14 | ng2 +n33 =79 |nzs =15
24 | na1 =4 | nao + na3z = 22 |ngq = 66

(a) Write down the H matrix for the genotype frequencies in terms of the recombination
fraction r between two markers.

(b) Show how the EM algorithm can be used to estimate r.

(c) Estimate r using the program for the EM algorithm.

(d) Test if these two markers are linked.
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Hints: In this situation, the H and D matrices, respectively, are collapsed as

11 12 22
1—r 2 r(l—r r(1—r r2
1 ((4)) ((4 ));F (42 | (T)
r(l—r 1—r r(l—r
H — 14 1 T T 1
=93 | ra=r) 2, A=r)? r(a-r) |
24 : <T J>r (o) (177
r r(l—r r(l—r 1—r
4 Tt 4
11 12 22
1370 1 2
141 20 1
D= 23 | 1 2¢ 11’
24 | 2 1 0
where ¢ = (17:)% From here, you should figure out the MLE of r and indicate the

step for the EM algorithm.
4.3 Two Fs codominant markers

Do the same things as Problem 4.2 if both markers are F2 codominant markers.

4.6.1 One dominant marker

If one of the two markers above (say B) is dominant, the observations will be further

collapsed as follows:

10

13
14
23
24

ni1 + ni2 +niz =92
na1 + naz + n2z = 93

n31 + nz2 + nzz = 93

Nna1 + Naz + naz = 26

00
nig = 2
nog = 13
n3s = 15
n4s = 66

Do the same problems as Exercise 4.2.

4.6.2 One dominant marker and one F5 codominant marker

If one of the above two markers (B) is dominant and the other (A) is Fa—codominant,
the observations will be further collapsed as follows:

10 00
11 ni1 + ni2 + niz = 92 Nig = 2
12|n21 + n22 + n23 + n31 + n32 + N33 = 186|n24 + N34 = 28

22 Nn41 + Naz + naz = 26

Nag = 66
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Do the same problems as Exercise 4.2.
4.4 Two dominant markers
If both markers are dominant, we have

10 00

10| n11 + ni12 +n13 + n21 +n22 N4 + n2a +n3a = 30
+n23 + n31 + n32 + nzz = 278
00 n41 + Naz + naz = 26 N4y = 66

Do the same as Exercise 4.2.

4.7 Notes

We have introduced a general framework for linkage analysis of any type of markers.
For outcrossing species, the diplotypes among different markers are unknown for the
parents used for the cross. We have also described joint models that incorporate the
linkage, parental diplotype, and gene order. Lu et al. (2004) performed extensive
simulation studies to demonstrate the advantages of joint modeling. In this section,
we attempt to summarize the main results from Lu et al.’s (2004) studies.

4.7.1 Linkage Analysis

Suppose there are five markers of a known order, M;—My—M3-My,;—Ms5, on a chro-
mosome. These five markers are segregating differently in order, 1:1:1:1, 1:2:1, 3:1,
1:1, and 1:1:1:1. Two parents, with diplotypes for the five markers given in Table 4.4,
are crossed to generate a segregating full-sib family. This full-sib family is simulated
with different degrees of linkage (r = 0.05 vs. 0.20).

As expected, more informative markers or more tightly linked markers display a
greater estimation precision of linkage than less informative markers or less tightly
linked markers (Table 4.4). Joint models for two-point analysis can provide an excel-
lent estimation of the parental diplotype. For example, the MLE of the probability
(p or q) of the parental diplotype is close to 1 or 0 (Table 4.4), suggesting that we
can always accurately estimate parental diplotypes. But for two symmetrical markers
(e.g., markers My and M3 in this example), two sets of MLEs, p = 1, § = 0 and p = 0,
q = 1, give an identical likelihood ratio test statistic. Thus, two-point analysis cannot
specify parental diplotypes for symmetrical markers even when the two parents have
different diplotypes.

The estimation precision of linkage can be increased when a three-point analysis
is performed (Table 4.5), but this depends on different marker types and different
degrees of linkage. The advantage of three-point analysis over two-point analysis is
more pronounced for partially informative markers than for fully informative ones,
and for less tightly linked markers than for more tightly linked ones. For example, the
sampling error of the MLE of the recombination fraction (assuming r = 0.20) between
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Table 4.4. Estimation from two-point analysis of the recombination fraction (7 £+ SD) and
the parental diplotype probability of parents P (p) and Q (§) for five markers in a full-sib
family of n = 100.

Parental
Diplotype r = 0.05 r = 0.20
Marker P x Q% 7 D 4 T P q

I \
M, 12 34

= —

N —

0.0530+0.0183

0.2097+0.0328

M, 0.9960 0.9972 0.9882 0.9878
|| | | 0.0464+0.0303 0.210340.0848

Mz 10x01 1(0%) o(1%) 1(0%) o(1%)
|| | | 0.0463+0.0371 0.195240.0777

My, 12 22 1 1/0° 1 1/0°
| | | 0.0503+0.0231 0.2002+0.0414

Ms; 12 34 1 1/0¢ 1 1/0¢

The MLE of r is given between two markers under comparison, whereas the MLEs of p and ¢ are given
at the second marker. “Shown is the parental diplotype of each parent for the five markers hypothesized,
where the vertical lines denote the two homologous chromosomes. ®The values in the parentheses present
a second possible solution. For any two symmetrical markers (M3 and M3), p=1,§=0and p=0,§=1
give an identical likelihood ratio test statistic. Thus, when the two parents have different diplotypes for
symmetrical markers, their parental diplotypes cannot be correctly determined from two-point analysis.
“The parental diplotype of parent Q cannot be estimated in these two cases because marker 4 is homozygous

in this parent.

markers My and M3 from a two-point analysis is 0.0848, whereas this value from a
three-point analysis decreases to 0.0758 when combining fully informative marker M,
but increases to 0.0939 when combining partially informative marker My. The three-
point analysis can clearly determine the diplotypes of different parents as long as
one of the three markers is asymmetrical. In our example, using either asymmetrical
marker M; or My, the diplotypes of the two parents for two symmetrical markers
(M and Mj3) can be determined. The model for three-point analysis can determine
a most likely gene order. In the three-point analyses combining markers M; and M3,
markers My and My, and markers M3 and M5, the MLEs of the probabilities of gene
order are all almost equal to 1, suggesting that the estimated gene order is consistent
with the order hypothesized.

4.7.2 The Diplotype Probability

Two linked dominant markers are simulated to show the advantage of joint modeling
of the linkage and parental diplotype. In the two-point analysis, two different parental
diplotype combinations are assumed:
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Table 4.5. Estimation from three-point analysis of the recombination fraction (#+SD) and
the parental diplotype probabilities of parents P (p) and Q (§) for five markers in a full-sib
family of n = 100.

Parental
Diplotype T 7
Marker P x Q Case 1 Case 2 D q Case 1 Case 2 P q

Recombination fraction = 0.05
N
M; 12 34
[l | | 0.0511+0.0175
M, 12 12 0.1008+0.0298 0.9978 0.9986

[l | | 0.0578-+0.0269 0.055740.0312

M3 10x0 1 0.9977 0 0.098840.0277 1 0
[l | | 0.0512-0.0307 0.047640.0280

M, 12 22 0.0932+40.0301 1  1/0 11/0
[l | | 0.0514%0.0229

M; 12 34 1 1

N
Recombination fraction = 0.20
1
M, 12 34
|| | | 0.2026+£0.0348
M, 12 12 0.328240.0482 0.9918 0.9916

[ | | 0.22404+0.0758 0.24084-0.0939

M3 10x0 1 0.9944 0 0.3241+0.0488 1 0
[| | | 0.1927+0.0613 0.1824+0.0614

M, 12 22 0.316140.0502 1 1/0 11/0
[ | | 0.2017-0.0393

M; 12 34 1 1

Case 1 denotes the recombination fraction between two adjacent markers, whereas case 2 denotes the
recombination fraction between the two markers separated by a third marker. See Table 4.4 for other

explanations.

(1) [aa][oo] x [aa][oo] (cis x cis),
(2) [ao][oa] X [ao][oa] (trans x trans).

The MLE of the linkage under combination (2), in which two dominant alleles
are in a repulsion phase, is not as precise as that under combination (1), in which
two dominant nonalleles are in a coupling phase. For a given data set with unknown
linkage phase, the traditional procedure for estimating the recombination fraction is
to calculate the likelihood values under all possible linkage phase combinations (i.e.,
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cis X cis, cis X trans, trans X cis, and trans X trans). The combinations cis X cis, and
trans X trans have the same likelihood value, with the MLE of one combination being
equal to 1-the MLE of the second combination (Table 4.6). The same relationship
is true for cis X trans and trans x cis. A most likely phase combination is chosen
that corresponds to the largest likelihood and a legitimate MLE of the recombination
fraction (r < 0.5).

Table 4.6. Comparison of the estimation of the linkage and parental diplotype between two
dominant markers in a full-sib family of n = 100 from the traditional and unifying model.

Traditional Model

cis X cis cis X trans trans X cis trans X trans Unifying Model
Data simulated from cis X cis
Correct diplotype combination Correct Incorrect Incorrect Incorrect
Log-likelihood® —46.2 —-92.3 -92.3 —46.2
7 under each diplotype combination 0.198140.0446 0.5000+0.0000 0.5000+0.0000 0.8018+40.0446
Estimated diplotype combination Selected
# under correct diplotype combination 0.1981+0.0446 0.198240.0446
Diplotype probability for parent P (p) 1.0000£0.0000
Diplotype probability for parent Q (§) 1.000040.0000
Data simulated from trans X trans
Correct diplotype combination Incorrect Incorrect Incorrect Correct
Log-likelihood® —89.6 —89.6 —89.6 —89.6
7 under each diplotype combination 0.8573+0.1253 0.03934+0.0419 0.03934+0.0419 0.1426+0.1253
Estimated diplotype combination Selected Selected
7 under correct diplotype combination 0.142640.1253  0.142840.1253
Diplotype probability for parent P (p) 0.0000+0.0000
Diplotype probability for parent Q (§) 0.000040.0000

“The log-likelihood values given here are those from one random simulation for each diplotype combination

by the traditional model.

For the data set simulated from [aa][oo] X [aa][oo], one can easily select cis x
cis as the best estimation of the phase combination because it corresponds to a
larger likelihood and a smaller 7. The linkage model incorporating the parental diplo-
types can provide a comparable estimation precision of the linkage for the data from
[aa][oo] x [aa][oo] and precisely determine the parental diplotypes (see the MLEs of
p and ¢; Table 4.6). The unifying model has a great advantage over the traditional
model for the data derived from [ao][oa] X [ao][oa]. For this data set, the same likeli-
hood was obtained under all possible four—diplotype combinations (Table 4.6). In this
case, one would select cis X trans or trans X cis because these two phase combinations
are associated with a lower estimate of r. But this estimate of r (0.0393) is biased
since it is far less than the value of 0.20 hypothesized. The unifying model gives the
same estimation precision of the linkage for the data derived from [ao][oa] X [ao][oa] as
obtained when the analysis is based on a correct diplotype combination (Table 4.6).
Also, the unifying model can precisely determine the parental diplotypes (p = ¢ = 0).
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Table 4.7. Comparison of the estimation of the linkage and gene order among three dom-
inant markers in a full-sib family of n = 100 from the traditional and unifying model.

M;-Mgy-Mg M;-M3z-My My-Mj-Mj3 Unifying Model
Data simulated from [aaa][ooo] X [aaa][ooo]

Correct gene order Correct Incorrect Incorrect

Estimated best gene order (%%) 100 0 0

719 0.204740.0422 0.204840.0422
723 0.1980+0.0436 0.1985+0.0434
713 0.32454+0.0619 0.323540.0618
Prob(Mj-Mg-M3) (61) 0.986040.0105
Prob(M1-M3-Mjy) (62) 0.006040.0071
Prob(Mg-M1-M3) (63) 0.008040.0079

Data simulated from [aao][0oa] X [aao][ooa)

Correct gene order Correct Incorrect Incorrect
Estimated best gene order (%%) 80 11 9

719 0.1991+0.0456 0.8165+0.1003 0.9284+0.0724 0.2104+0.0447
703 0.1697+0.0907 0.822040.0338 0.163610.0608 0.207340.0754
713 0.3218+0.0755 0.27034+0.0586 0.7821+0.0459 0.2944+0.0929
Prob(Mj;-My—Mg3) (61) 0.9952+0.0058
Prob(Mj Mg Msy) (63) 0.004540.0058
Prob(Mg — M — M3) (63) 0.000340.0015

“The percentages of a total of 200 simulations that have the largest likelihoods for a given gene order
estimated from the traditional approach. In this example used to examine the advantage of implementing

gene orders, known linkage phases are assumed.

4.7.3 Gene Order

In three-point analysis, we examine the advantage of implementing linkage analysis
with gene orders. Three dominant markers are assumed to have two different parental
diplotype combinations:

(1) [aaa][ooo] x [aaa][oo0],

(2) [aao][ooa] x [aao][ooal.

The traditional approach is to calculate the likelihood values under three possible
gene orders and choose one of a maximum likelihood to estimate the linkage. Under
combination (1), a most likely gene order can be well determined and therefore the
recombination fractions between the three markers well estimated, because the =like-
lihood value of the correct order is always larger than those of incorrect orders (Table
4.7). However, under combination (2), the estimates of linkage are not always precise
because with a frequency of 20 percent gene orders are incorrectly determined. The
estimates of r will largely deviate from their actual values based on a wrong gene
order (Table 4.7). The unifying model incorporating gene order can provide a better
estimation of linkage than the traditional approach, especially between those markers
with dominant alleles in a repulsion phase. Furthermore, a most likely gene order can
be determined from our model at the same time that the linkage is estimated.
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4.7.4 M-Point Analysis

Three-point analysis considering the dependence of recombination events among dif-
ferent marker intervals can be extended to perform the linkage analysis of an arbi-
trary number of markers. Suppose there are m ordered markers on a linkage group.
The joint genotype probabilities of the m markers form a (4™~1 x 4)-dimensional
matrix. There are 2™~ x 2™~ such probability matrices given a particular parental
diplotype combination. The reasonable estimates of the recombination fractions rely
upon the characterization of a most likely phase combination based on the likelihood
values calculated.

The m-marker joint genotype probabilities can be expressed as a function of the
probability of whether or not there is a crossover occurring between two adjacent
markers, ¢i,1,...1,, ., where Iy, ls, ..., l,,_1 are the indicator variables denoting the
crossover event between markers M; and My, markers My and M3, ..., and markers
M,,_1 and M,,, respectively. An indicator is defined as 1 if there is a crossover and
0 otherwise. Because each indicator can be taken as one or zero, there are a total of
2m=l gs.

The probability that an interval-specific crossover ¢;,1,..1,,, Will occur can be
estimated using the EM algorithm. In the E step, the expected number of interval-
specific crossovers is calculated (see equation (4.22) for three-point analysis). In the M
step, an explicit equation is used to estimate the probability ¢i,1,..1,,_,. The MLEs of
9.1, are further used to estimate m(m—1)/2 recombination fractions between all
possible marker pairs. By comparing the magnitudes of these recombination fractions,
we can obtain essential information about marker ordering.



5

Linkage Analysis with Recombinant Inbred Lines

5.1 Introduction

Recombinant inbred lines (RILs) have proven powerful for QTL mapping. They can be
derived either by repeated selfing or by repeated sibling (brother-sister) mating from
the offspring of an F; cross between two inbred lines. Because of continuous inbreeding
for a sufficiently number of generations (e.g., 7-10), RILs tend to be homozygous for
all genes. With such fixed genotypes (ignoring mutations), RILs can be propagated
eternally, allowing the replication of identical genotypes on the scale of time and space
aimed to address many fundamental biological and genetic issues. Furthermore, RILs
accumulate crossovers that occur at each meiosis with every generation, and thus the
proportion of recombinant zygotes in RILs (i.e., the probability that two linked loci
have different parental alleles) is higher than what it would be in the Fy. As a result,
RILs that have been increasingly available due to community efforts by geneticists and
breeders (Threadgill et al. 2002; Complex Trait Consortium 2004) provide powerful
material for high-resolution mapping of QTLs.

Interest in genetic analysis with RILs can be traced back to the work of Jennings
(1917) and Robbins (1918). It was Haldane and Waddington (1931) who laid a de-
tailed foundation for linkage analysis in RILs generated by selfing or sibling mating.
Today, the analysis of RIL data has been experiencing a renewal of interest for more
theoretical and practical explorations (Broman 2005; Teuscher et al. 2005; Martin and
Hospital 2006). In this chapter, we will describe some basic theory for linkage analysis
in RILs generated by selfing and sibling mating. Statistical methods and algorithms
for RIL analysis will also be explored.

5.2 RILs by Selfing

5.2.1 Two-Point Analysis

Consider a pair of markers A (with two alleles A and «) and B (with two alleles
B and b) with the recombination fraction of r. Cross two inbred lines AABB and
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aabb to generate a heterozygous Fi. The F; is selfed to generate the segregating Fs,
and each of the Fy genotypes is selfed again to generate the F3. This selfing process
is repeated for many generations. In generation ¢, the proportions of a total of ten
zygotic types (diplotypes; that is, phase-known genotypes) in terms of five states are
expressed as

State Diplotype Proportion
1 AABB, aabb Cy
2 AAbb,aaBB Dy
3 AABb, AaBB, Aabb, aaBb E,
4 [AB][ab] F
5 [Ab][aB] Gy

where we use double brackets to denote two different diplotypes for the double zygote
AaBb. The genotypes above are selfed to form generation ¢t+1, and have new diplotype
proportions:

Cig1 =Ci+ 3E + (1 —1)2F, + 37%Gy,

Diy1 = Dy + SEy + 3r2F, + (1 - r)?G,,
(5.1) Evpr = 3r(1—1)(F, + Gy),

Fiy = %(1 —7)2F + %TQGt,

Giy1 = 37°F + (1 = 1)?G,.

Because each genotype is composed of two gametes or haplotypes, we define Cyy1 +
Dt+1 + Et+1 + Ft+1 + Gt+1 = 2, so that Cl = D] = E] = G1 = 0 and F1 = 2.
The derivations of the equations (5.1) can be explained as follows. When selfed,
the homozygotes reproduce themselves only, so that C; and D; contribute only to
Ci41 and Dyy;. But selfing the heterozygotes will generate segregation. For example,
AABD is selfed to give %AABB : %AABb : %AAbb. Therefore, the contribution of E;
to B4 is %Et. But its contribution to Cyy1 or D11 is doubled since there are twice
as many classes in the proportions F; as in Ci1q or Dyy1. The double heterozygote
1

produces four haplotypes, AB, ab, aBB, and ab with frequencies 5 (1 — 1), %7‘, %7‘, and

1(1—r) for diplotype [AB][ab] or r, 2(1—r), 1(1—7), and 2r for diplotype [Ab][aB].
Thus, the coefficients of the contribution of F; or Gy to Cy+1 and D;4; must be the
multiplication of the corresponding haplotype frequencies.

When t tends to be infinite, we will have F,, = F,, = G = 0, and D is the
final proportion of crossover zygotes. Now let Cy — Dy = ¢; and F; — G = d;. Thus,

by subtracting the equations for Cyy1 and D;41 as well as Fyy1 and Gy41, we have

Cir1 = ¢t + i(l — 2r)dy,

(5.2)
dt+1 = %(1 - 2T>dt.
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Let us introduce a parameter A, which makes c¢;+1 + Adir1 = ¢ + Ad; for all values
of t. From equation (5.2), we have

1 1
ct + )\dt =t + 1(1 — 27’)dt + 5)\(1 - 27")dt7

which leads to

o 1=2r

S 2(1+2r)°
Based on the nature of RILs and the definition, we have C\o+ Do = 1 and Cpy — Do =
Coo, Which suggests Doy = 3(1 — ¢oo). Note that

1-—2r

Coo = Coo + Adosg = €1 + Ad1 = T or

since doo = 0 and ¢; = 0, d; = 2. Thus, it is easy to see that

1 1—2r 2r
. De==(1- = .
(5-3) 2( 1+2r> 14 2r

The proportion D, is just the frequency of recombinant zygotes for two markers A
and B in RILs denoted by R. Based on the relationship between two parameters R
and r in equation (5.3), we solve the recombination fraction from the proportion of
recombinant homozygotes as

R

(5.4) r= =R

Thus, by estimating R from a practical data set, equation (5.4) allows for the esti-
mation of r.

Ezample 5.1. Zhang et al. (2004) reported a molecular linkage map for soybeans with
184 RILs derived from seven generations’ selfing of the F; between varieties Kefeng
No. 1 and Nannong 1138-2. The map covered 3596 cM of the soybean genome with
452 markers onto 21 linkage groups. We selected two pairs of markers, sat_300 (A) vs.
sat_384 (B) and sat_384 (C) vs. sat_265 (D), for linkage analysis with observations
given in Table 5.1.
Consider the pairs of markers above. The likelihood of marker observations for the
proportion of recombinant homozygotes (R) can be constructed as
n!
L(R) — Rn20+n02(1 _ R)nzernoo.

oo !n20 !nog !’n,oo !

The maximization of the log-likelihood leads to the MLE of R as

Lo n,
(5.5) b= 2ot no2
n
Equation (5.5) is used to estimate the proportion of crossover zygotes as R= %g =

0.080 for the first (left panel) pair and R = 918 —0.034 for the second (right panel)
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Table 5.1. Observations of nonrecombinant and recombinant homozygotes at two pairs of
markers in soybean RILs by selfing.

Marker Marker sat_384 Marker Marker sat_265
sat_300 BB bb sat_384 DD dd
AA naoo = 87 nog =7 cc nas = 99 noo =0
aa no2 =7 noo = 74 ce noz = 6 noo = 70

Note: Total observations n = na2 + n20 + no2 + noo-

pair. Equation (5.3) is further used to estimate the recombination fractions as 7 =
% = 0.043 for the first marker pair and 7 = 2(1%‘_3334) = 0.018 for the second
marker pair.

Robbins (1918) derived the proportions of different zygote types in each generation

from equation (5.1), which are expressed as

1 (% >t 101 2\t—1 1yt—1
Cn7172+§(577"+7‘) 7(5) )
(é )t 1,1 2\t—1 1yt—1

Using these two equations and estimated recombination fractions, we further estimate
the proportions of nonrecombinant and recombinant homozygotes from generations
2 to 10 (Table 5.2). The dynamic patterns of these proportions will be useful for the
prediction of genetic compositions over generations.

Table 5.2. Proportions of nonrecombinant and recombinant homozygotes in different gen-
erations for RILs derived from selfing.

Generation
Proportion 2 3 4 5 6 7 8 9 10
sat_300-sat_384
Cy 0.457 0.677 0.778 0.824 0.845 0.854 0.859 0.861 0.862
Dy 0.001 0.012 0.018 0.020 0.021 0.022 0.022 0.022 0.022

sat_384-sat_265
C 0.482 0.719 0.834 0.889 0.916 0.928 0.935 0.938 0.939
D, 0.000 0.005 0.007 0.008 0.009 0.009 0.009 0.009 0.009
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The proportion of double homozygotes increases dramatically in early generations.
The degree and period of this increase depend on the magnitude of the recombination
fraction. Compared to a loose linkage, a tight linkage is associated with a higher
degree of increase and a smaller number of generations within which the homozygous
proportions achieve a stable value.

5.2.2 Three-Point Analysis
Proportion of Recombinant Homozygotes

We turn to consider three markers in order A-B-C. In an RIL population, there
are eight haplotypes, ABC, abc, ABc, abC, aBC, Abc, AbC, aBec, or genotypes,
AABBCC, aabbce, AABBce, aabbCC, aaBBCC', AAbbce, AAbCC', aaBBce. The
frequencies of haplotypes are classified into four groups, P(ABC) = P(abc),
P(ABc) = P(abC), P(aBC) = P(Abc), P(AbC) = P(aBc), which reflect the event
that a haplotype has 0 crossover over marker intervals A-B and B-C, only one
crossover in the second interval, only one crossover in the first interval, and two
crossovers each in a different interval, respectively. Let g(j,5,) (225, 4, 9G1sn) = 1) be
the probability that a haplotype has j; (0 or 1) crossovers in the first marker interval
and jo (0 or 1) in the second marker interval. We use n(j,j,) (32}, j, R(jrjn) = 1) tO
denote the corresponding genotype observations.
A likelihood function of marker genotype groups can be formulated as

_ n! n(00) M(01) T(10) T(11)
(5.6) L(ngj,)) = n(oo)!n(m)!n(lo)!n(u)!g(oo) 901y 90y Y1) >

with the MLE of g;, ,) obtained as

. n( j152)
(5'7) 9I(Gri2) = %’
where

N(p0) = NABC + Nabe;
(58) n(01) = NABc + NabC,
1(10) = NAbe + NaBC
N(11) = NAbC + NaBe-
We use allele-specific notation to denote marker observations. Table 5.3 presents the
data structure of genotype observations for three linked markers A, B, and C.
More specifically, the probabilities of crossover occurrence can be expressed in
terms of the proportion of offspring zygotes; that is,

NABC + Nabe

J(00) = - — P(ABC) + P(abc)
Jo1) = W = p(ABc) + P(abC)
90y = M = P(Abc) + P(aBC)
gy = AT aBe _ papc) + P(aBe).

n
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Table 5.3. Observations of nonrecombinant and recombinant homozygotes for three order-
unknown markers A, B, and C in RILs by selfing.

Marker Marker Marker C
A B cc cc
AA BB NABC NABc
AA bb NAbC N Abe
aa BB NaBC NaBe
aa bb NabC Nabe

Let Rap, Rec and Rac be the proportions of recombinant homozygotes between
markers A and B, between B and C, and between A and C, respectively. Based on
the definition of the recombination fraction, we have

RaB = 9(10) + 9(11)
(5.9) Rec = g(o1) + 9a11) -
Rac = g(01) + 9(10)-

It is thus straightforward to derive the following equations:

900y = 2P(ABC) = 2P(abc) = 1(2 — Ras — Rec — Rac),
901 = 2P(ABc) = 2P(abC) = 5(—Ras + RBC + Rac),
9g(10) = 2P(Abc) = 2P(aBC) = 3(Rag — Rec + Rac),
g1y = 2P(AbC) = 2P(aBc) = 5(Ras + Rec — Rac),

(5.10)

and

Rag = P(AbC) + P(Abc) + P(aBC) + P(aBc) = 2P(AbC) + 2P(Abc),
Rpc = P(AbC) + P(abC') + P(ABc) + P(aBc) = 2P(AbC) + 2P(ABc),
Rac = P(ABc) + P(Abc) + P(aBC) + P(abC) = 2P(ABc) + 2P (Abc).

Thus, the proportion of recombinant homozygotes can be estimated from haplotype
frequencies.

Gene Order Test in RILs

Three-point analysis can be used to find the most likely order of markers based on
their proportions of recombinant homozygotes. Consider three unordered markers A,
B, and C, whose observations are listed in Table 5.3. As shown above, the eight
three-point genotypes are sorted into four groups, and the sample size for each group
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Table 5.4. The expected frequencies of gametes under three different possible marker orders
expressed in terms of the proportion of recombinant zygotes.

Gamete Obser- Expected Frequency under Order

type vation A-B-C A-C-B B-A-C

ABC or abc no) (1 —Ran)(1— Rsc) (1 - Rac)(l —Rec) (1 - Ras)(1 — Rac)
ABc or abC' non) (1 — RaB)RBC RacRsc (1 - RaB)RAC
Abc or aBC' n(0) Rag(1l — Rgc) Rac(1 — Rgc) RasRac

AbC or aBc n1y RaBRBC (1 - Rac)RBc Ras(1l — Rac)

is denoted by 7, j,. By assuming three different possible marker orders, the expected
frequencies of gametes under each order are given in Table 5.4.
Based on Table 5.4), we construct three order-specific likelihoods as
LABC o RZ1]%+H11R%0(5+7111(1 _ RAB)7L00+n01(1 _ RBC)n00+n10a
(5.11)  Lace & RRET™ORELT™ (1 — Rac) ™1 (1 — Rpg) ot
LBAC o RZ1]%+7L11RKJC1:+TL10(1 _ RAB)noo-l-nm (1 _ RAC)noo-l‘nu.

FEach individual likelihood yields the MLE of the proportion of recombinant homozy-
gotes for each order, expressed as

n(10) + N(11)

RAB = Ta
(5.12) Rpc — w
Rac = "0 100,

These estimates are plugged in the likelihood (5.11), and we calculate the likelihood
values for different orders. The largest likelihood value corresponds to the most marker
order.

Genetic Distances and Mapping Function

Let raB, rBC, and rac be the recombination fractions between markers A and B,
between B and C, and between A and C, respectively. Under the assumption that
there is no interference in crossover events during meiosis, the relationship among the
three recombination fractions is determined by

(5.13) TAC =TAB + 'BC — 2r'ABTBC

or
(1 — 27"AC) = (1 — 27’AB)(1 — 27’]30).
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Based on equation (5.4), we have as the relationship among the three R’s

(5.14) 1-2Rac\ (1-2Rag) (1-2Rsc
' 1—-Rac/) \1-Ras 1-—Rpc )’

which can be changed for

(1 -2RaB)(1 —2RBc)
1—-2RaBRBC

(5.15) (1 -2Rac) =

or

(1 - RaB)(1 — RBc)
1—-2RagRBCc

(1-Rac) =

Further, we have

RaB + Rec — 3RaBRBC
5.16 R = .
(5.16) AC 1 — 2RasRBC

In case of no interference in each meiosis, the genetic distance (d) can be ex-
pressed in terms of the recombination fraction (r) by the Haldane map function
d= —% In(1 — 2r). Based on this, the genetic distance is calculated from the propor-
tion of recombinant homozygotes as

1-2R
(5.17) dz—;ln[l_R]

Nonindependence of Recombinations

When there is no interference between different marker intervals, the recombination
fractions follow the relation of equation (5.13). It is obvious that this relation does
not hold for the proportion of recombinant homozygotes; that is,

Rac # Ras + Rec —2RaBRBC.

This means that even if there is no interference at each meiosis, recombination in
different intervals is still not independent in RILs. The degree of nonindependence in
RIL data, in which there is no interference in each meiosis, is quantified by

_ Ras + Bc — Rac
- 2RaBRBC

. 29(11)

~ 2RapRBC’

Together, we use the four ratios to quantify the degree of nonindependence for double
recombinant zygotes (p(go)), double nonrecombinant zygotes (p(11)), and two single
recombinant zygotes (p(o1) and p(1¢)), respectively:
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gan)

= ———" _>1
P(11) RapRec =
9(10)
= ———— < 1.
s P(10) RAB(l — RBC) <
(5.18) s,
P(01) (1 — Rag)Rec )

_ 9(00) >1
PO) = 1~ Rap)(1 - Rpc) —

Test of Meiosis Interference

In the derivations above, we assume no interference at each meiosis, but this may
not be true for a real RIL data set. Martin and Hospital (2006) generalized Muller’s
(1916) coefficient of coincidence in individual meioses to examine true interference at
each meiosis for RIL data using

To1_ gar)
dain)
(5.19) -1 (1 —2RaBRBC)(RAB + RBC — RAC)

3—2RaB — 2RBC ’

where g(11) is the observed frequency of double recombinant zygotes and §11) is
the frequency of double recombinant zygotes if there is no interference. With no
interference, we have shown the Rac of double recombinant zygotes by equation
(5.16), which is g(1). If I = 0, this indicates that interference is absent.

Ezample 5.2. Zhang et al. (2004) reported a molecular linkage map for soybeans with
184 RILs derived from seven generations’ selfing of the F; between varieties Kefeng
No. 1 and Nannong 1138-2. The map covered 3596 cM of the soybean genome with
452 markers onto 21 linkage groups. A set of three markers, sat_300 (A), sat_384 (B),
and sat_265 (C), with observations given in Table 5.5, are chosen for linkage analysis.

Based on the genotype observations, we calculate ngy = napc + nape = 148,
n(1) = NABe + Nabc = 6, n10) = Nave + Napc = 14, and n11) = napc + nape = 0
with equation (5.8), which are used to calculate three proportions of recombinant
homozygotes as }A%AB = 0.0833, }A%Bc = 0.0357, and RAC = 0.1190 with equation
(5.12). Plugging in the likelihood (5.11) results in the likelihood values for three
possible marker orders:
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Table 5.5. Observations of nonrecombinant and recombinant homozygotes for three order-
unknown markers A, B, and C in RILs by selfing in soybeans.

Marker Marker Marker C
A B cc cc
AA BB napc =87 nap.=0
AA bb nayc =0 NAbe =1
aa BB NaeBc =7 NaBe = 0
aa bb Nabc = 6 Nabe = 61

Ly o (148 +6)log(1 — 0.08) + (148 + 14) log(1 — 0.04) + (14 + 0) log(0.08)
+ (6 +0)log(0.04) =—74.07, for order A-B-C,

Ly o (1484 0)log(1 — 0.12) + (148 + 14) log(1 — 0.04) + (6 + 14) log(0.12)
+ (6 +0)log(0.04) = —87.21, for order A-C-B,

Ly o (148 + 6)log(1 — 0.08) + (148 + 0) log(1 — 0.12) + (14 + 0) log(0.08)
+ (6 4 14) log(0.12) = —109.51, for order B-A-C.

According to the likelihood values above, we determine A-B-C as an optimal
order for these three markers.

Using §;,;,) calculated from equation (5.7) under order A-B-C, we calculate
the proportions of recombinant homozygotes with equation (5.9) and recombination
fractions and map distances by equations (5.4) and (5.17) as

A-B B-C A-C
RaB 0.0833 0.0357 0.1190

0.1108*
TAB 0.0454 0.0185 0.0676

0.0623*
daB 4.76 1.89 7.26

6.65*
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where the values indicated by asterisks were calculated from the relations of the three
R’s with equation (5.16). Based on the estimated R’ values, we further perform the
test of recombination nonindependence by equation (5.18) and meiotic interference
by equation (5.19) as follows:

Value

p(11) 0

paoy | 1.0370
pon | 1.0909
oy | 0.9267
I 1.0000

It can be seen that the adjacent marker intervals display some degree of non-
independence and interference among markers sat_300, sat_384, and sat_265 in soy-
bean RILs.

5.3 RILs by Sibling Mating

5.3.1 Two-point Analysis

There are many species, such as the mouse, for which selfing is not possible. For
these species, RILs can be produced by repeated sibling mating of the progeny ini-
tiated from the F; between two inbred lines AABB --- and aabb---. Analogous to
selfing RILs, Haldane and Waddington (1931) also derived the relationships between
the recombination fraction and the proportion of recombinant homozygotes in RILs
by sibling mating. Considering two markers on autosomes, the brother—sister mating
of the F; leads to ten different diplotypes in the Fo, for which there are a total of
%(10 x 11) = 55 sibling mating types to generate the F3. Haldane and Waddington
(1931) showed that when sibling mating was performed for a large number of gener-
ations, the relationship between the proportion of recombinant homozygotes (R) and
recombination fraction (r) obeys the following forms:

4r
(5.20) R 1+ 67’
R
.21 = ————
(5:21) "T 202 -3R)

In the case of sibling mating, sex-linked genes on chromosome X will inherit differently
from autosomal genes. The original mating for sex-linked genesis AABB--- X ab---.
Haldane and Waddington (1931) also derived similar relationships for two sex-linked
genes, expressed as
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8r
(5.22) R = m7
3R

5.3.2 Three-point Analysis

The procedure for three-point analysis in selfing RILs can be modified for RILs by
sibling mating. Consider three markers A-B-C. Assuming no interference at meiosis,
three proportions of recombinant homozygotes for markers A, B, and C in the case
of sibling mating follow

(5.24) 2 —4RAc _ 2 —4RAB 2 —4RBc
' 2 —3Rac 2 —3RaB 2—-3Rpc /)’
(1-2RaB)(1 —2RBc)
2 1-2 =
or

2RAB +2RBc — TRaBRBC
2 = .
(5.26) Rac 2(1 — 3RasReC)

The genetic distance is calculated from the proportion of recombinant homozygotes
by the Haldane map function as

2 d=—-1
(5.27) S Py

=

5.4 Bias Reduction

5.4.1 RILs by Selfing

Martin and Hospital (2006) recognized that the estimate of the recombination fraction
(r) from the estimated proportion of recombinant homozygotes (R) using equation
(5.4), written as

(5.28) 7= LA,
2(1-R)
is biased because these two parameters are not linearly related. The unbiased estimate
R by equation (5.5) can be obtained. As a result, R can be viewed as the sum of the
true value and a random noise of zero mean (that is, R = R+¢(0,02)), where €(0, 02)
denotes a random variable with mean 0 and variance o2.

Rewriting the estimator of r by equation (5.28) and then performing the Taylor
series expansion in eg = (R — R)/(1 — R), we have
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_i'_i
2 2(1-R)
_ R4epteh+eh+...
B 2(1 - R)

Since R is unbiased, the expected value of 7 can be taken as

where the higher-order terms are associated with high-order moments of (I:i — R).
Because the expectation E[(R — R)?] is estimated by R(1— R)/n, the estimator of r,
for which most of the bias has been removed, can be approximated by

(5.29) SV

where m is the number of recombinant zygotes in RILs. The estimator r is still biased
(although the remaining bias is now only of order 1/n?) unless all order corrections
are considered.

FEzxzample 5.3. Revisit Example 5.1. The recombination fractions for two pairs of mark-
ers were estimated for the nonadjusted (7) and adjusted values (#) using equations
(5.28) and (5.29), respectively, and are given below as

Marker Pair T 7
sat_300-sat_384 | 0.0435 0.0432
sat_384-sat_265 | 0.0178 0.0176

The nonadjusted equation slightly overestimates the recombination fraction for the
two pairs of markers in this example. In practice, therefore, the adjusted equation is
recommended, especially for a small sample size and a loose linkage.

5.4.2 RILs by Sibling Mating

Martin and Hospital (2006) also derived a procedure for reducing the bias of the
estimator of r from R in RILs derived from sibling mating. The adjusted equation for
removing a major bias for the estimate of the recombination fraction is given as



120 5 Linkage Analysis with Recombinant Inbred Lines
R 24R(1-R)
4—6R N(4—6R)3
6(n —
=7 {1 _ Sn=m) }

7§

(2n —m)?
(5-30) B 4nTﬁ m {1 B <§in__32§2] '

Equations (5.29) and (5.30) are derived for bias reduction when the recombination
fraction is estimated from the proportion of recombinant homozygotes. In Note 5.7,
we provide a general procedure for bias reduction with which interesting readers can
derive any adjusted formula of interest.

5.5 Multiway RILs

Recombinant inbred strains are derived from repeated inbreeding of the progeny initi-
ated with the F; between two inbred lines 1 and 2. The RILs derived from two inbred
lines are called “two-way RILs” (1x2). Given the complexity of the genome, RILs have
been produced from multiple crosses between many inbred lines. Currently, four-way
RILs, (1x2)x (3 x4), and eight-way RILs, [(1 x2) X (3 x4)] X [(5x6) x (7 x 8)], have
been produced in model species, such as the mouse (Threadgill et al. 2002; Complex
Trait Consortium 2004). Figure 5.1 describes the procedure for generating eight-way
RILs in which the progeny initiated with eight parental inbred lines are repeatedly
selfed or sibling-mated. This procedure will generate new inbred lines whose genome
is a mosaic of the eight parental strains. Thus, higher-way RILs can be much more
powerful to study the pattern of genetic variation in natural populations than current
mapping resources and could be used to dissect virtually any complex human disease
using mouse models.

Based on Haldane and Waddington’s (1931) work, Broman (2005) proposed a gen-
eral procedure for deriving the formulas for expressing the proportions of recombinant
zygotes in terms of the recombination fraction. This procedure can be used for various
types of RILs and also for linked genes on the X chromosome (Table 5.6).

5.6 Exercises

5.1 As two different mapping designs, discuss the similarities and differences between the
RIL and backcross designs. What advantages do the RIL design have compared with
the backcross design?

5.2 Show that the genetic distance calculated from R (that is, d* = —1In(1 — 2R)), is not
additive; that is, for three markers A-B-C, we have dac # dag + dic-

5.3 For a backcross design, the estimates of the recombination fractions from two- and three-
point analyses should be identical if there are no missing data. Show how different the
estimates of the recombination fractions are from two- and three-point analyses for the
RIL design.
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Fig. 5.1. A procedure for generating eight-way RILs by selfing (A) or sibling mating (B).
Adapted from Broman (2005).

Table 5.6. Summary for the relationships between the recombination fraction and the
proportion of recombinant homozygotes in different types of RILs.

Sibling Mating

Selfing Autosome X Chromosome
9-wa 2r 4r 8r
Y 14 2r 1+ 6r 3(1+ 4r)
Lowa 3r _Or _Ar
y 1+ 2r 1+ 6r 14 4r
8wa r(d—r) r 14r
Y 1+ 2r 1+ 6r 3(1+ 4r)
r(5 —3r +1?) r(8—r) r(16 —r)
16-
G-way 1+ 2r 1+ 6r 3(1+ 4r)
1—r)tt (1—7r)—2
2t 1- ( 1- -
ey 1+2r 1+ 6r
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5.4 If the same estimate for the proportion of recombinant homozygotes between two given
markers is obtained between the RILs by selfing and RILs by sibling mating, show how
different the respective recombination fractions are for these two different types of RILs.

5.7 Note

We provide a general procedure for deriving the equation for bias reduction. Consider
an arbitrary relation between R and r, represented as r = f(R). The estimator of the
recombination fraction 7 = f (R) is biased because f is nonlinear. The bias can be
computed from the Taylor series expansion:

E[f(R)] = f(R) + ['(R)E[R — R] + éf”(R)E[(R —R’|+....

Since R is unbiased, the expectation E[R — R] vanishes and the leading bias in the
estimator for r comes from the variance of R, which is approximated by R(1 — R)/n.
Replacing f(R) by f(R), the correct estimator is

) o f(RR(1 - R)

= R _— — =
P = () 1=,
where f”(R) is the second derivative of f evaluated at the point R. Note that we have
ignored the higher-order terms. Although this is usually not a problem, formally this
needs to be justified.
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Linkage Analysis for Distorted and Misclassified
Markers

6.1 Introduction

We have described statistical methods for linkage analysis of different markers in a
controlled cross. But these methods can only be appropriate for the markers whose
segregation follows the Mendelian ratio (1:1 for the backcross or 1:2:1 for the F3). In a
practical molecular experiment, many markers may deviate from Mendelian segrega-
tion ratios due to some genetic or biological reason (e.g., differential viability, where
viability is defined as an individual’s ability to survive). If marker segregation is
disturbed by viability effects, we can incorporate such effects into linkage analysis us-
ing modified methods. Bailey (1961) discussed several models for analyzing distorted
markers in great detail. In this chapter we will describe the methods for estimating
the recombination fraction between markers subject to differential viability.

The differential viability type of disturbance may arise in various ways. First,
gametes bearing different genes may have unequal survival rates, so that fertilization
is more likely to be brought about by one type than by another. Thus, an individual
of genotype Aa produces two kinds of gametes, namely A and a, but these may
not be equally available. Second, there may be differential survival of different types
of zygotes. In a backcross, Aa X aa, equal numbers of Aa and aa individuals can
be expected, but they may survive unequally. For the backcross, gametic and zygotic
differential viabilities have the same effect on linkage analysis. But, for the Fs, different
models are needed to detect the influences of gametic and zygotic differential viability
on linkage analysis.

6.2 Gametic Differential Viability

6.2.1 One-Gene Model

Suppose one of the two markers A and B subject to linkage analysis is affected by
differential viability. Let r be the recombination fraction between the two markers
and u be the viability of allele A relative to its alternative a for marker A.
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Backcross AaBb X aabb

For a double backcross AaBb x aabb, we have observed numbers of individuals, n =
(n1,n92,ns3,n4), and expected frequencies for each of the four genotypes as follows:

Gamete Expected Observed
AB a(l—=r) ny
Ab el ng
aB H%T n3
ab 1_i%u(l —r) ng
Total 1 n

The log-likelihood of the data is

log L(u,r|n)
n! u " u 2 1 s 1 i
=1 1 v 1-
o8 [n1!n2!n3!n4! <1+u( r)) (l—l—ur) <l—|—ur> (1—|—u( T)> ]

= (n1 + n2)logu+ (ng + n3)logr + (n1 + ng)log (1 —7)

|
—nlog (1 + u) + log L ,
nl!ng!ng!n4!

whose scores are

9]
Sy = =—log L(u,r|n) = maths Mt

or r 1—r
1o} niy + ng n
= — log L(u, — _
S M og L(u,r|n) " i—a

with information matrix

2 2
525-log L(u,7[n) 2 log L(u,r|n)

_ [ r(lrir) 0 ]
0 u(liu)2

The MLESs of the recombination fraction and viability coefficient with their large-
sample variances are thus

-5 [ a‘%logL(u,Hn) %loglj(u,ﬂn)

. N2+ng

F=—"
n

. ni+ng

u =

b)
ng + N4
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and
var(7) = Lln_ T),
var(a) = w

It can be seen that the MLE of the recombination fraction for a backcross design
is unchanged, regardless of the existence of viability disturbance for one of the two
markers. The test of the linkage between markers A and B can be made using equation
(3.8). The difference between the numbers n; +ny and n3 +ny measures the departure
from unity of the segregation ratio for A:a. The hypothesis about the existence of
viability disturbance can be formulated as

(6.1) Hy:u=1vs Hy #1,

where Hy corresponds to the reduced model (i.e., nonexistence of viability distur-
bance).

The test statistics for testing the hypotheses (6.1) are calculated as the log-
likelihood ratio (LR) of the hypothesis under the full model over the reduced model:

LR = —2log [L

The test statistic LR can be viewed as being asymptotically x2-distributed with one
degree of freedom.

Ezample 6.1. Differential viability of the genotypes is shown below in a double-
backcross sample.

Gamete AB Ab aB ab
Observed | n1 =50 no=2 nz=1 ng = 32

The MLES of the recombination fraction and viability coefficient with their large-
sample variances are thus

241
- 50;52 0.0353,
a=" :32 — 1.576,
and
() 0.0353(18; 0.0553) _ | 00
var(@) = 1.576(18+5 1.576)% 0.1930.

The log-likelihood for no viability disturbance is
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1—0.0353 0.0353
LLo = 50log [2] + 2log [ 5 ]

{1 — 0.0353}

+1log = —71.8961.

[0'02353] + 321log

Similarly, the log-likelihood for viability disturbance on the A locus is

1.576 76
LIy = 50log | — " x (1-0.0353)| + 2log | — 1 x 0.0353
1 Og[1+1.576X( )}JF g[ 1576 }
1 1
llog |———— x0. 2log | ———— x (1-0. — —69.755.
e {1 1576 Y 0353} ol L T <170 0353)} 69.755

The LR statistic for viability disturbance on the A locus versus no disturbance is

L(u=1,7
LR = —2log [W] = —2[-71.8961 — (—69.7545)] = 4.283.

Compared with x32 o5(1) = 3.841, the viability disturbance on the A locus is signifi-
cant.

Double Intercross AaBb X AaBb

For a double intercross AaBbx AaBb, the frequencies of nine Fy genotypes for markers
A and B can be expressed in matrix notation as

BB Bb bb
u2 ’LL2 2
(6.2) Ad (=) gpr(-n)
Aa | giger(l =) (1+ E (1 —7)2 + 72 (1+u)2r(1 ),
aa ﬁﬂ (1+2u)2 r(l—r) (Hlu)Q (1—17)2

denoted by P = {p;;,i =2,1,0;j = 2,1,0}.
The data matrix is given by

BB Bb bb
AA | nag no1 nag
n= Aa |ni2 nn nio
aa [ np2 1o1 oo

The likelihood function of the data is

L(u,rn) =

,HH

n22'n21 00* 320 =0

Based on matrix (6.2), it is not difficult to derive the MLE of the viability coeffi-
cient as
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2(no2 4 na1 + ngg) + 12 + N1y + N1
2(n — ngp — n21 — nao) — (12 + 11 + n1g)

The MLE of the recombination fraction in the Fy can also be obtained from
matrix (6.2). But the EM algorithm is necessary because no closed form for 7 can be
derived. By looking closely at matrix (6.2), we found that the expected numbers of
recombinants within the corresponding cells are actually unchanged when one marker
displays viability disturbance. This is because the coefficients within each cell contain
no information about the recombination fraction. Thus, we can estimate 7 directly
using formulas in the M step,

ﬁ:

R 1
= %[7112 + no1 + ni1o + no1 + 2(no2 + n2o) + dnaal,

where
2r2

¢= (1—7)2+7r2’
in the E step, is used to calculate the expected number of recombinants for the double
heterozygote (see Chapter 3). In closing, linkage analysis in the Fy is also not affected
by viability effects of one marker, as in the backcross.
The sampling variances of the MLEs of the recombination fraction and viability
coefficient in the Fy can be derived as

r(1—r)(1—2r+2r?)%(1 +u)?

) = S 2+ D + 57 =S+ Dut 27— 2 £ 1)
1 2
var(@) = u(zﬂ
n

Similarly, we can test the hypothesis about the existence of viability disturbance.

6.2.2 Two-Gene Model

We now turn to the more general case in which both genes are disturbed by viability
effects. Suppose that, in addition to the parameter u defined above for the relative
excess of A over a, we also have v for the viability of B relative to b. We also assume
that the two viability effects operate independently of one another.

Backcross AaBb X aabb

The observations and expectations for a double backcross are now as shown below:

Gamete Expected  Observed
AB “(l—r) ny
Ab ar o
aB ar n3
ab L1—r) Ny
Total 1 n
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where
d=w(l—r)+ur+or+(1—-r7).

The likelihood of the data is

ttn) = (0] [ 3] [0 )

ny

The MLEs of the three parameters can be obtained in the usual way:

\/M2an3
./n1n4—#,/n2n3’

ning
\/ nany’
ning
\/ nany’

We further obtain the sampling variances

>
I

>
I

<>
I

2]7_ 2
var() = r( - ) ,
2
ay = W
var(i) = W
2
R v
var(d) = W
where
dninongng

h:

n1N2N3 + N1Nany + N1ngng + nongng’

We can formulate log-likelihood ratio test statistics to test for the existence of
linkage and viability effects for two markers. From the analysis above, the test and
detection of linkage between two distorted markers cannot be conducted using the
formula derived for the two markers neither or only one of which has the deviation
from the Mendelian segregation ratio.

Ezxample 6.2. Consider the differential viability of both markers in the data in Exam-

ple 6.1.
The MLESs of the recombination fraction and viability coefficient with their large-

sample variances are thus

NoEE!
x — 0.0341,

7//;:
VH0 x 32+ 42 x 1
50 x 2
i — — 1
m %32 7678,
1
o= 29X ) gs30.

2x 32
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and

4
h= LI — 2.5786,

N1N2N3 + N1N2Ng + N1N3N4 + NaNgNy

0.03412(1 — 0.0341)2

var(f) = 55756 = 0.000422,
1.76782

var(t) = 25786 1.2119,
0.88392

var(0) = o = 0.3030.

The log-likelihood for viability disturbance on both the A and B loci is

0.8839 1.7678
LL, = 50log [(1 —0.0341)1.7678 x 2.5655] + 2log [00341 x 2.5655]
0.8839 1—0.0341
1log [0.0341 2log | — | = —09.734

where d = G0(1 — ) + @ + 07 + (1 — 7) = 2.5655.
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The LR statistic for viability disturbance on the A and B loci versus no distur-

bance is

Lu=1,v

Lv=17
L(a, o,

’ )] = —2[-71.8961 — (—69.7344)] = 4.3234.

LR = —2log {

>

)

Compared with xZ o5(2) = 5.991, the viability disturbance is not significant.

Double Intercross AaBb X AaBb F,

When both markers are distorted, we have the frequencies of the nine genotypes in

the Fy population as

BB Bb bb
2,2 2 2
6.3) AA “d§2 (1—r)? 21{;—2”7"(1 —r) Z—QTQ
F= Ao | 2881 - 1) 21 n?+ 7] Br(1-1) |,
2
aa vr? 20r(1—r) (1 —r)?
(1—7r)? 2r(1—r) r2 UZ§2 % ij
(6.4) = |2r(1—r)2[(1—r)2+r?2r(1—7r) | o | w8 w 1w
r? 2r(l—r)  (1—1r)? v w1
LI R
- Fr o Fum"a

where o stands for the elementwise product between the two matrices, the first (F,.)

only associated with r and the second (F.,,) with w, v, and 7.

The EM algorithm can be used to provide the MLE of r based on matrix (6.3), but
this will be difficult to derive because the coefficients within each cell of this matrix
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contain r. By dividing the matrix (6.3) into two component matrices in matrix (6.4),
however, we can simplify this derivation process. The MLE of r based on the first
component matrix, F,., has been given, as can be seen in Section 3.5.2, which includes
the E step to calculate the expected number of recombination events for the double
F5 heterozygote AaBb using ¢ = (Pigﬁ The MLE of r based on the second
component matrix, F,,., can be obtained by maximizing the likelihood constructed
by matrix (6.3) and the observation matrix n. The likelihood is given by

logL =17 (nologF)1
= 1"[nolog(F o Fy,,)]1
=1T(nologF)1 4+ 17 (no Fy,, )1,

where 1 = (1,1,1).
Combining these two processes leads to the M step, as given below, to estimate
r by

1
= %[nlz + ng1 + n1o + no1 + 2(no2 + n2o) + ¢nai)

(6:5) L= - =

where the estimates of the viability coefficients are obtained by

[2(ng2 + 121 + n2o) + N1z + 1y + nao)[or 4+ (1 — 1))
[2(n — n22 — n21 — n20) — (P12 + na1 + nao)][v(1 —7) + 7]’

>
I

[2(n22 4+ ni2 + no2) + N1 + a1 4 no) fur 4+ (1 —7)]
[2(n — n22 — n12 — no2) — (n21 + 111 + noe1)][u(l —r) + 7]

0

In the F5, the estimation of the linkage will be affected when both markers are
distorted. The existence of the linkage and viability effects can be tested using the
likelihood ratio test.

The Fisher information matrix for r, u, and v can be derived as

w(1—2r+27r2) (uv+(v4+1)?) —2uvt+v+2rv(r—1) v2—1 u?—1
r(2r2—2r+1)(1—r)d? d? d?
2n v?—1 (vr41—r)(ro—v—r) 2r—1
d? ud? d?
ui-1 2r—1 (ur+1—r)(ur—u—r)
d? d? vd?

The sampling variances of the MLEs of the recombination fraction and viability co-
efficients in the Fy can be derived from the inverse of the Fisher information matrix.

6.2.3 Simulation

We have described the equations for estimating the recombination fraction between
distorted markers. But it is unclear how gametic viability influences the estimate of
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the recombination fraction. This can be examined by simulation studies. A marker
genotype data set was simulated for a backcross of different sample sizes (n = 80 or
200) for two viability markers displaying tight (r = 0.05) or loose linkages (r = 0.35).
The simulated data were analyzed with the viability model (1) proposed in Section
6.2.2 as well as the linkage model (2) used for normal markers.

Table 6.1. The MLEs of the recombination fraction between two distorted markers with
different degrees of gametic viability disturbance in the backcross progeny. The sampling
errors (SE) of the estimates are given from 100 simulation replicates.

Model 1 Model 2
(u,v,7) 7 + SE u + SE v + SE 7o £ SE
n = 80
(1.0, 1.0, 0.05) 0.053 £ 0.021 1.099 £ 0.438 1.067 &+ 0.409 0.056 £ 0.022
(1.0, 1.0, 0.35) 0.359 £ 0.054 1.064 £ 0.226 1.014 £ 0.237 0.359 £ 0.052
(1.0, 1.0, 0.05) 0.053 £ 0.021 1.099 £ 0.438 1.067 & 0.409 0.056 £ 0.022
(1.0, 1.0, 0.35) 0.359 £ 0.054 1.064 £ 0.226 1.014 £ 0.237 0.359 £ 0.052
(2.0, 2.0, 0.05) 0.062 + 0.023 2410+ 1.112 2.119+0.989 0.053 £ 0.020
(2.0, 2.0, 0.35) 0.362 £ 0.056 2.156 £ 0.596 2.045 £ 0.544 0.313 £0.047
n = 200
(1.0, 1.0, 0.05) 0.047 £0.017 1.123 £+ 0.453 1.054 4+ 0.435 0.050 £ 0.016
(1.0, 1.0, 0.35) 0.354 £0.033 0.996 £ 0.144 1.017 +£0.163 0.355 £ 0.033
(1.0, 1.0, 0.05) 0.053 £ 0.021 1.099 £ 0.438 1.067 & 0.409 0.056 £ 0.022
(1.0, 1.0, 0.35) 0.359 + 0.054 1.064 £ 0.226 1.014 +0.237 0.359 £ 0.052
(2.0, 2.0, 0.05) 0.049 £0.018 2.115 £ 0.857 2.230 £ 0.945 0.042 £ 0.014
(2.0, 2.0, 0.35) 0.349 + 0.042 2.043 £0.365 1.989 4+ 0.329 0.302 £ 0.034

As expected, the recombination fraction can be reasonably estimated by the two
models when at least one marker is not distorted (v = 1 and/or v = 1) (Table
6.1). But when both markers are distorted by gametic viability, the estimate of the
second model will be largely biased, especially when two markers are tightly linked,
whereas the first model can always provide a reasonable estimate of r. The estimate
of the second model is more precise (with smaller sampling errors), especially for a
small sample size, than that of the first model, mainly because the former has fewer
parameters being estimated (1) than the latter (3). But this advantage in precision
comes with a large bias.
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The coefficients of gametic viability (u and v) can be poorly estimated with a
small sample size, although this does not affect the estimate of the recombination
fraction (Table 6.1). To increase the estimation accuracy and precision of v and v,
a large sample size is required. Similar findings have been obtained for simulation
studies of the Fy population.

6.3 Zygotic Differential Viability

6.3.1 One-Gene Model

The influence of zygotic differential viability can also occur at the genotype level. For
the backcross, the models derived to study the effect of gametic viability disturbance
can be used directly to examine zygotic viability disturbance. Here, we will focus our
discussion on the modelling of zygotic differential viability in the Fy progeny.

Consider an Fg design in which there are three genotypes at each marker. If only
one marker (say A) displays zygotic viability effects, we can assume that the viability
of AA relative to Aa is u; and the viability of Aa relative to aa is us. Thus, the overall
proportions of the three genotypes should be wjus /U for AA, 2us /U for Aa, and 1/U
for aa, where U = ujus + 2us + 1. The expected frequencies of nine Fy genotypes are
a function of the viability coefficients and the recombination fraction, arrayed by

BB Bb bb
AA M(l — T')2 2u%u%r(]_ — ’I”) u1ug .2
U U U
(66) Aa 2%7‘(1 — fr) 2%[(1 _ 7")2 + ,',.2] 2%7‘(1 _ ’f‘)
| 7 TR fa

The MLE of r is obtained by the EM algorithm for a normal Fy because the
coefficients within each cell in matrix (6.6) are not dependent on the recombination
fraction. It can be seen that the estimate of r is not affected by the zygotic differential
viability of one marker. Parameters u; and us are obtained by

_ 2(n22 + no1 + nap)

ni2 +n11 + Nio
N ni2 +ni11 + Nio

2(noz2 + no1 + noo)

The Fisher information matrix is

2(2r2 —2r+1) (urus+1)+4us (1—27)2 0 0
Ur(l—r)(2r2—2r+1)
I=n u2(2uatl) 1
0 u1U2 l]2
0 1 w2
U2 ’IJ,QU2

The sampling variances of the MLEs of the recombination fraction and zygotic
viability coefficients in the F5 can then be derived as
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Ur(1—7r)(2r% —2r +1)

var(r) = 2n[(2r2 — 2r + 1) (urug + 1) + 2ug(1 — 2r)2)’
var(iy) = L+ 2u
2nug
var(iig) = L2z + DUz
2n

6.3.2 Two-Gene Model

Let us consider the situation in which both markers have viability effects. The viability
effects of the second marker B can be similarly denoted using v; and vs. If the two
genes are subject to viability disturbances, the elements in matrix (6.6) should be
changed to consider the influences of the second marker,

BB Bb bb
e s e T
F= Aa 2722p(1 —7) 202 [(1—7)* 477 =2r(l—r)|,
aa %rz %r(l —r) %(1 —7)?
(1 _ T)2 27,,(1 _ T) T2 u1u2dv1v2 ulzfigvz ulduz
= |2 =) 2= 42 2r(l =) 0| g w G
r2 2r(1—r) (1—7)2 oz = 3

(67) - Fr o Fuluzvlvgr»
where
d = ugugv1va(1 — )2 4 2uav1var(1 — 1) 4 v1ver? + 2ugugvar(l — 1)
+2uova[(1 — )2 4 %] 4 2097 (1 — 7) + uguor® + 2usr(l — ) + (1 —7)%

Two component matrices in (6.7) each contain the recombination fraction. The
EM algorithm can be formulated to estimate r for the first component matrix, F,.
In conjunction with the effect of the second component matrix, Fu, uyv,0,r, 00 the
estimate of r, we have the overall MLE of r expressed as

1 1—7)0d
(6.8) 7= %(nm + n21 + 110 + no1 + 2(no2 + n20) + dn11) — %E,
where
od
o = 2[ugugviva(r — 1) 4+ ugviva(1 — 2r) 4+ viver + uugve (1 — 2r)
,

Fugua(4r — 2) + vo(1 — 2r) + uyusr + ug(l —2r) — 1 4 1].

The four viability coefficients w1y, us, vy, and vy can be estimated simultaneously:
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N (nag + na1 + ngo)d

e nugv1ve(1 — )2 + ugr? + 2ugver(l —r)]’
G = (nag + no1 + nog + ni2 + n1y + nip)d
> 7 n(urvivs + 209)(1 = 1)2 + (ug + 2v2)r2 + 2(vyvs + ugvs + Dr(1 — )]’
o (n22 + n12 + noz)d
U= 2 2 )
nlurugva (1 — )2 + v9r? + 2ugver(1 — )]
Dy = (nag + ni2 + ng2 + na1 + n11 + ne1)d

n(uiugvy + 2u2)(1 —7)2 + (v + 2u2)r2 + 2(ugug + ugvy + 1)r(1 —1r)]’

6.3.3 Simulation

The influence of zygotic viability on the estimate of the recombination fraction is
examined through simulation studies. We simulated two markers that display different
degrees of zygotic viability for the Fy of sample sizes n = 80 and 200. These two
markers can be tightly (r = 0.05) or loosely linked (r = 0.35). The simulated data
were analyzed with the viability model (1) proposed in Section 6.3 as well as the
linkage model (2) used for normal markers.

When only one marker is distorted, the estimation accuracy is not affected by
viability disturbance (Table 6.2). However, if both markers are distorted, model 1
performs better than model 2 in terms of estimation accuracy. This is especially true
for two loosely linked markers in which the estimate of r may be very downward
biased. More importantly, the estimate by model 2 can be little improved if the
sample size is more than doubled (from 80 to 200). It should be noted that model 1
may have low estimation accuracy and precision for a small sample size, but this can
be improved dramatically when the sample size is increased (Table 6.2).

The model described in Section 6.3 also allows estimates of the coefficients of
gametic viability disturbance (uq,us and vy, v9) for the two markers. The estimates
of these two coefficients are affected by sample sizes and the degree of linkage. As
expected, more sample sizes provide better estimates. But these two coefficients can
be better estimated when the two markers are tightly linked rather than loosely.

6.4 Misclassification

6.4.1 One-gene Model

In practice, it is possible to misclassify one genotype as the other due to human
errors. For example, in a double backcross AaBb x aabb, there may be a proportion
of X of allele A that is misclassified as a (irrespective of whether these two alleles are
associated with B or b). The appropriate expected frequencies and observed number
of genotypes or gametes in a backcross population are shown below:
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Gamete Expected Observed
AB 11-r)(1-N) ny
Ab sr(1=X) N
aB 1r+A1—71) n3
ab (1 =r)+ Ar] ny
Total 1 n

The expectations are derived because a proportion A of each of the first two gamete
classes involving A has been transferred to the corresponding one involving a but with
the same B or b classification.

The maximum likelihood estimation of the two parameters r and X is straightfor-
ward. We have

ng(nl + n3)
na(n1 + ng) + nq(ng + na)’

=
Il

n3ng — Ning
(n1 +ng)(ng +na)’

A

The sampling variances of these estimators are

(=) 2

)\—2r(1—r)},

var(r) = =

n

var(\

2(1 — \)? A
)= [1 -2
Although A is misclassified as a, it is possible to have the reverse misclassification;
i.e., a — A. The formulas for this alternative pattern can be derived by suitably
changing the observational symbols ny,n9, n3, and ny.

When misclassification occurs in the formation of genotypes in the Fy, similar
formulas can be derived to explore its influences on the estimates of the recombination
fraction. In so doing, we assume that such misclassification arises from the ambiguity
of individual alleles. Thus, the formulation for the backcross above can be extended
to model misclassification in the Fy. The expected frequencies of the Fy genotypes
after gene A is misclassified are expressed as

- +2r(1 — 7’)} .

BB Bb bb
AA L1 -1 -7)? (@ =X)2r(1—7) (1= N)2r?
Aa | 31 =NA =r)(r+X2—-7)) (1 - N2 4+ (1 =72 4+ 22r(1 — 7)) A =N —r+Ar)
aa ilr+ 20 - S AL =) QAP = )] R =) 4 Ar)?

(6.9)

We derive the EM algorithm to estimate the recombination fraction r. It is not
difficult to find the expected number of recombinants within each cell in the matrix
(6.9), expressed as
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BB Bb bb
AA 0 1 2
Aa | ¢1 2¢2 93 |,
aa | 204 ¢5 s
where
by = r(1—r)
A=)+ A1 =2
o = 2+ (1 —7)
TR —r2 21 —r)
Ar?
= 1 _—
(6.10) & Jr7“(1—7‘)4-)\7"2’
r
01 = r+A1—r)’
bs = 2Ar% 4+ (1 4+ A%)r(1—r)
PN A )2+ (1A (1 =)
21
%6 = (1—r)+Ar’

The recombination fraction can be estimated using equation

. 1
(6.11) 7= %(ﬂm + 2190 + G112 + 202111 + P3n10 + 204102 + G501 + Penoo)-

In the E step, the expected number of recombinants for each genotype is calculated
using equation (6.10). These expected numbers are used to update the estimate of r
with equation (6.11) in the M step. These two steps are iterated until r converges to
a stable value.

It can be seen that the estimate of r is affected by the degree of misclassification
A but not affected by the estimate of A. The MLE of X in the Fy is given by solving
the third-order polynomial equation

ny N2 ns ni1
= + + :
=X A+ A+ 5 A o

where

n1 = 2(naz2 + na1 + nao) + ni2 + N1 + nao,
ng = niz + 2ng2 + no1,

ng = nig + 2ngo + no1.
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The sampling variances of # and A can be obtained by

{r2[12(1 — N)2A(7 — 2) + 13A% — 34X + 21] — (A2 — 10A + 9)r + 2}7#(1 — 7)
n(1—=A)[2—A=6(1— N1 —7)
A1 =) +2(1 = N2 —7)

var(7) = )

var(\) =

6.4.2 Two-Gene Model

When two genes are both misclassified, we should introduce an additional proportion
for allele B misclassified as b. Let the misclassified proportions be A; and Ay for
markers A and B, respectively. Assuming that these two proportions are independent,
we have the expected numbers of each of the four backcross genotypes, along with
their observations, as follows

Gamete Expected Observed
AB %(1—)\1)(1—)\2)(1 ) n1
Ab 11— M)[r+ A1 —1)] Ny
aB 1A= N)[r+A(1—7)] ns
ab Lr(A +A2) + (1= 7) (14 A A2)] on

Total 1 n

The MLE of the recombination fraction and the proportion of misclassifications

can be derived as
nin

2(77,1 —+ ng)(nl —+ ng) ’
(n3 +n4) — (n1 +n2)

)\1: ’
n

% — (ng + n4) — (N1 + ng3)
9 = .

r=1-—

n
The sampling variances of the MLEs of r, A1, and A\ are

nny[n(n? 4+ nans) — ny(ny + n2)(ny + nz)

Var(T) = 4(n1 T n2)3(n1 n n3)3 )
. )2
var(Ay) = ! )\17
n
. 1— N2
var(Ag) = n/\Q'

It is difficult to estimate the recombination fraction when both markers are mis-
classified in the Fy. With the assumption that misclassification arises from the am-
biguity of individual alleles, we derive the expected frequencies of the Fo genotypes
after both genes A and B are misclassified, expressed as
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Genes | Expected Frequencies Obs.
AA | BB | (1 —X)%(1—X2)2(1 —7r)2/4 N22
AA | Bb | (1 =X)2(1=X)(1=7)(r+ Aa(1 —71))/2 N1
AATbb | (1= X)2(r + Xo(1 —7))%/4 N2
Aa | BB | (1 —X)(1—X)2(1 = 7)(r+ A (1 —7))/2 ni2
Aa | Bb | (1 =X)(1—=X)[2r(1 —r)( A1 +X2) + 72+ (1 —r)2(2M A2 + 1)] | n1y
Aa [ b0 | (L =X)(r+ X1 =) (1 =7r)(L+ A1 h2) + (A1 + A2)r)/2 n10
aa | BB | (1= X2)%(r+ A1 (1 —1))%/4 no2
aa | Bb | (1—=7r)14+XMA2)+ A+ X)) (r+ (1 —7)(1—N2)/2 no1
aa | bb | (1 —7)(1+ MA2)+ (A + Ao)r)?/4 )

The expected numbers of recombinants within each cell in the table above are
expressed as

BB Bb bb
AA | 0 ¢1 299
¢3 204 @5 |,
206 ¢7 @8
where
by = r(l—r)
T =)+ A(1 = )2
T
SR}
bs = r(1—r)
T A=) (=)
b4 = r(1—7)( A1+ Ag) + 12
612) T A=A ) 2 (1= )220 A+ 1)

bs = 22\ 4 A2) + (A3 + 2\ h + 1)r(1 —7)
T IA =)+ M) + )+ (1 —1)

b6 = TTaMA=
by = 2r2( A1 4+ A2) + (A2 +2X 00 + D)r(1 — 1)

T [(T=7)(1+XMA2) + A1+ X)) (r+ A (1 —7))’
b = 2(A1 4+ Xo)r

(1 — T’)(l + )\1)\2) + ()\1 + )\2)7"

The recombination fraction can be estimated using equation
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P= %(qﬁlnm + 2¢2n20 + P3n12 + 2¢04m11

(6.13) +o5n10 + 206102 + 7101 + P8N00)-

The EM algorithm is formulated to estimate r. In the E step, the expected number of
recombinants for each genotype is calculated using equations (6.12). These expected
numbers are used to update the estimate of r with equation (6.13) in the M step.
These two steps are iterated until r converges to a stable value.

Again, for two misclassified markers, the estimate of r is not affected by the
estimate of A, although the former is affected by the degree of misclassification A.
The MLEs of A\; and A in the Fy are given by solving the third-order polynomial
equations

ni N2 ns ni1

= T + 1—r4+Xar + r24(1—r)242X27r(1—71) ?
- M+ M+ Tomdetr Mt 2,((1,:))+2,\2(1£T);)

mi ma ns ni1

- r + 1—r+XMir + r24(1—r)24+2X\1r(1—r) "’
1-X A2 + 1—r AQ + (I=7r)A1+r A2 + 21((1_74))_;,_;)\1(115”2 )

where

n1 = 2(na2 + n21 + n2o) + N1z + N1 + nio,
ng = niz + 2ng2 + no1,
ng = nio + 2ngo + No1,
my = 2(ng2 + n12 + No2) + n21 + N1t + Nots

mo = na1 + 2ngp + nig.
The sampling variances of the MLEs of r, A1, and Ay are

var(f) = {(1 = 7)[24(1 + MA3 + A3 — 20301 — 21 — 225 + AT + 4h h — 202 0)r?
+(100A2 — 5622 + 100A; — 56A7 — 2401 Ay — 44 — 84A2NZ + 1403 \g + 140A30 )3
F(—144X3N 1 + 4202 + 4222 4+ 110A202 — 14403 0\g + 34 — T6)p + 2120\ Ay — 76 )72
F(59NZA; — 12+ 59INZ Ny — 64XNZA2 + 27X — 112 — 821 \g — 1173 + 27\o)r
F(24 A3 — TA3N — TATA: — 3A1 + 140303 — 3o + 14N X + AD)]}/
{2n(1 = XA2)(1 = A1) [6(A1 A2 + 1 — A1 — Aa)r? 4+ 2(3A1 — BAtAe — 3+ 3X2)r
+4MA — A1 = Ao +2]}>

. 1— )2
var(A1) = Tl’
. 1— )2
var(Ag) = 7)\2

2n
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6.5 Simulation

The influence of marker misclassification on the estimate of the recombination frac-
tion is investigated through simulation studies. Two markers are simulated for both
the backcross and Fo with different degrees of marker misclassification (A1, Az). The
sample sizes considered are 80 and 200, and there are degrees of linkage (r = 0.05
and 0.35). The simulated data are analyzed by both the model (1) that incorporates
marker misclassification and the model (2) that does not.

Table 6.3. The MLESs of the recombination fraction between two misclassified markers in the
backcross progeny. The sampling errors (SE) of the estimates are given from 100 simulation
replicates.

Model 1 Model 2
(A1, Aa, 1) 7 + SE A £ SE X2 £+ SE fo + SE
n =80
(0.0, 0.0, 0.05) 0.060 +0.107 —0.020 £0.119 —0.0194+0.116  0.054 + 0.026
(0.0, 0.0, 0.35)  0.349 £ 0.060 0.014 £ 0.098 0.003 £0.121  0.354 £ 0.052
(0.0, 0.1, 0.05)  0.040 + 0.095 0.004 £0.109 0.109 £0.106  0.099 £ 0.032
(0.0, 0.1, 0.35)  0.351 £0.059 —0.015+£0.102 0.107 £0.108  0.366 £+ 0.051
(0.2, 0.3, 0.05) 0.033 +0.124 0.198 £ 0.107 0.304 £0.096  0.215 £ 0.047
(0.2, 0.3, 0.35)  0.339 £ 0.090 0.208 £ 0.106 0.311 £0.103  0.382 £ 0.048
n = 200
(0.0, 0.0, 0.05)  0.043 4 0.069 0.002 £0.077 0.002 £0.075  0.050 £0.015
(0.0, 0.0, 0.35)  0.353 £ 0.040 0.001 £ 0.070 0.001 £0.071  0.354 £0.034
(0.0, 0.1, 0.05)  0.041 4 0.069 0.005 £0.073 0.098 £0.072  0.093 £0.021
(0.0, 0.1, 0.35)  0.350 £0.040 —0.006 £ 0.062 0.090 £ 0.067  0.363 £ 0.034
(0.2, 0.3, 0.05)  0.043 +0.073 0.206 £ 0.064 0.310 £0.068  0.220 £ 0.028
(0.2, 0.3, 0.35) 0.347 £ 0.062 0.201 £ 0.069 0.302 £0.069 0.385 £ 0.035
When A\; = Xy = 0 (i.e., there is no marker misclassification), models 1 and

2 provide similarly good results (Tables 6.3 and 6.4). When one of the markers is
misclassified to some extent, model 1 quickly ill-behaves, and its estimate is very
biased, especially for a tight linkage. For example, when A\; = 0.1, model 1 estimates
the true r = 0.05 as over 0.09. This is not improved when the size of the sample
is increased. Model 1 can generally provide good estimates of r even when both
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Table 6.4. The MLEs of the recombination fraction between two misclassified markers in
the F2 progeny. The sampling errors (SE) of the estimates are given from 100 simulation

replicates.

Model 1 Model 2
(A1, Aa, 1) 7 + SE A + SE X2 £+ SE 7o + SE
n = 80
(0.0, 0.0, 0.05) 0.050 +0.049 —0.045+0.183 —0.033 +£0.169 0.048 +0.018
(0.0, 0.0, 0.35)  0.3524+0.049 —0.000£0.082 —0.005=+0.073 0.354 +0.044
(0.0, 0.1, 0.05)  0.053 +0.052 —0.005 + 0.064 0.100 £ 0.065  0.098 £ 0.024
(0.0, 0.1, 0.35)  0.369 +£0.060 —0.014 £0.077 0.111 £0.078  0.385 £ 0.053
(0.2, 0.3, 0.05) 0.073 4 0.063 0.196 £ 0.079 0.296 +£0.071  0.225+£0.034
(0.2, 0.3, 0.35) 0.341 +0.085 0.193 £0.075 0.296 £0.084  0.372 £0.047
n = 200
(0.0, 0.0, 0.05)  0.050+0.040 —0.002 £0.045 —0.003 4+0.046 0.049 £ 0.012
(0.0, 0.0, 0.35) 0.350+£0.030 —0.005+0.048 —0.0054+0.046 0.349 £ 0.028
(0.0, 0.1, 0.05)  0.049 £+ 0.036 0.001 £ 0.042 0.102 +0.041  0.097 £0.015
(0.0, 0.1, 0.35)  0.356 & 0.034 0.001 £ 0.051 0.096 £0.045 0.371 £ 0.030
(0.2, 0.3, 0.05)  0.053 4+ 0.045 0.201 £ 0.045 0.292 +0.048 0.215+£0.021
(0.2, 0.3, 0.35)  0.350 & 0.056 0.200 £ 0.051 0.293 +0.045 0.373 £ 0.030

markers are misclassified. The estimation accuracy of r by model 1 can be dramatically
increased with increasing sample size. Because model 2 has fewer parameters to be
estimated than model 1, the former displays superior estimation precision over the
latter. But this advantage of model 1 is not useful given its large biased estimate. The
estimation precision of model 1 is increased with increasing sample size.

The backcross and Fo display similar trends for parameter estimation. But it is
observed that the Fy (Table 6.4) is better in terms of estimation accuracy and precision
than the backcross (Table 6.3). This may be because the Fy contains a larger amount
of information than the backcross.

6.6 Exercises

6.1 One-gene model in the F»
In a mapping experiment, one wishes to estimate the linkage between two markers, A and
B, in the Fa2. One of the markers (A) is distorted due to gametic viability disturbance,
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but the other marker (B) is normal. The nine genotypes in this F2 progeny are observed
as follows:

BB Bb bb
AA Noo = 111 na1 = 32 no2o = 1
Aa nie = 56 ni1 = 123 nio = 13 .
aaq no2 = 7 nor = 32 noo = 25

Derive the EM algorithm to calculate the recombination fraction, r, between the two

markers based on the matrix above in the following cases.

(a) Markers A and B are both codominant. Show why the estimation of r is not depen-
dent on the viability disturbance of marker A.

(b) The distorted marker A is dominant.

(¢) The normal marker B is dominant.

(d) Both markers A and B are dominant.

(e) Show why the estimation of r is affected by the viability disturbance of a marker
when at least one of the markers is dominant.

Two-gene model in the F,

For two markers A and B distorted due to gametic viability, the observations of the

nine genotypes are obtained for the Fs as follows:

BB Bb bb
AA [nos =265 na1 = 33 n2o = 3
Aa nig = 48 nip = 39 nio = 21.
aa no2 = 2 no1r = 6 noo = 2

Derive the EM algorithm to calculate the recombination fraction, r, between the two

markers based on matrix (6.2) in the following cases.

(a) Markers A and B are both codominant.

(b) The distorted marker A is dominant.

(¢) The normal marker B is dominant.

(d) Both markers A and B are dominant.

(e) Show why the estimation of r is affected by the viability disturbance of a marker
when at least one of the markers is dominant.

Do the same things as required in Exercises 6.1 and 6.2 if one or two markers are

distorted due to zygotic viability, respectively.

If the matrices in Exercises 6.1 and 6.2 contain the results for the misclassification of

one marker (e.g., marker A), perform the following.

(a) Calculate the coefficient of marker misclassification and test its significance.

(b) Estimate the recombination fraction and test its significance.

(c) Based on the conclusions of simulation studies, analyze the possible accuracy and
precision of your estimate of r.

Do the same thing as Exercise 6.3 if both markers are misclassified.
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Special Considerations in Linkage Analysis

7.1 Introduction

In the preceding chapters, we discussed linkage analysis for a single controlled cross
derived from inbred lines or outbred lines. We described a general framework for
performing linkage analysis with any type of marker, fully or partially informative,
that is qualitatively scored on the presence or absence of a DNA band for an allele.
For an outbred cross, the procedure was given to simultaneously estimate the linkage,
parental diplotype, and gene order. However, there are many situations in practice in
which the strategies for linkage analysis described thus far cannot be appropriately
used. In this chapter, we will consider two important issues that have been common
or are becoming increasingly common in linkage analysis. The first concerns linkage
analysis in a complicated nuclear pedigree, whereas the second deals with linkage
analysis based on quantitative marker information.

7.2 Linkage Analysis with a Complicated Pedigree

The prerequisite for the use of a single cross in linkage analysis is the availability of a
sufficiently large sample size. Although this can be easily met in plants, the generation
of too many offspring from a single cross is difficult or even impossible for most an-
imals and humans. For these organisms, the method for performing linkage analysis
is to combine all possible individuals (including parents) derived from multiple re-
lated or unrelated families. In this section, we will introduce an approach for linkage
analysis in a structured multigeneration pedigree initiated with multiple parents (or
founders). Because the diplotypes of each founder are unknown, this approach should
be implemented with the estimation of parental diplotype probabilities.

7.2.1 A Nuclear Family

To understand the principle of linkage analysis for a complicated pedigree, we start
with a simple nuclear family. Assume that two parents generate three offspring. All
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these individuals, designated by 1-5, are genotyped for two markers A and B
(Fig. 7.1). Marker A has two different alleles, whereas marker B has four alleles.
Note that, although the genotypes of each individual can be known from a gel analy-
sis, the linkage phase between the two markers cannot be measured. In this example,
the linkage phases of both parents and offspring 5 are unknown, but they should be
correctly estimated because different linkage phases for these individuals affect the
inference and estimation of the recombination fraction (r) between the two markers.

Marker A 1 2 % 1 2
Marker B 1 2 3 4
L

1 1 1 1 1 2

1 3 1 3 1 3

3 4 5

Fig. 7.1. A nuclear family with three offspring

Each of the three phase-unknown individuals has two possible phases; that is,

12 _ 12
A = or A= for parent 1,
12 2/1
12 - 12
Ay = or Ag= for parent 2,
314 413
1|2 _ 1|2
As = or As= for offspring 5,
1(3 3|1

which form eight possible diplotype combinations. Traditional linkage analysis as-
sumes equal probability, i.e., 1/8, for these combinations. Table 7.1 tabulates possible
numbers of recominants (R) and nonrecombinants (NR) for each of the three offspring
and the resulting likelihood under different diplotype combination.

Based on the likelihood for each diplotype combination, we construct an overall
likelihood for this family as
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Table 7.1. Number of recombinants (R) and nonrecombinants (NR) for three offspring
derived from a family shown in Fig. 7.1 under different diplotype combinations for parents
1 and 2 and offspring 5. The likelihoods for each diplotype combination are also given.

Diplotype Combination Offspring

Proba- Parent Parent Offsping

bility 1 2 5 3 4 5 Likelihood
=i M As As NR,NR NRNR NRR L;=r(1-r)°
p=l A As As NR,NR NRNR NRR L=r(l—1)°
=1 A As As NR.NR NRR NRR Lj=r(1—r)
p=t A As As NR.R NRR RR  Ls=ri(1—r)?
=1 A As As RNR RNR RR  Ly=r*(l—r)?
pe=1 M Ao As RNR R,NR NR,NR Lg=r*1-r)!
pr=1 A, As As R,R R,R RNR Lr=7"(1-7)
ps=1 A As As R.R RR NRR Lg=r°(1-r7)

L(r) = %(Ll +...+Ls)
= é [2r(@ =7 + (1 =r)* + (1 —r)? + 17 (1 —1)]
(7.1) = ir(l —7r)[1=3r(1—r)]

By maximizing the likelihood (7.1), the MLE of the recombination fraction, r, is
obtained as 7 = 0.21. An approximate approach for estimating r with a complicated
likelihood (7.1) is to calculate the likelihood for a grid of fixed r values, such as r =
(0.00,0.01,0.05,0.10,0.15, ...). The r value that leads to a maximal likelihood value is
considered as the MLE of the recombination fraction (Fig. 7.2). Asymptotically, the
likelihood curve approaches a Gaussian shape (Ott 1991).

The procedure for a linkage analysis described above assumes an equal probability
for all eight possible diplotype combination. But this may not be true. The most likely
diplotype combination can be determined from the data by calculating the MLE of r
with the likelihood listed in Table 7.2. The results for each diplotype probability are
presented below.

It can be seen that the optimal diplotype combination with the largest likelihood
is A1-Ao-As or Aj-Ag-As, whose probability is estimated as

prorpy = — 21O L2 orgr
Li+...+Lg
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0.045 T T T T T T T T T

0.04

0.035

0.03

0.025

Likelihood

0.02 r=0.21 R
0.015
0.01

0.005

0 L L L L L L L L L
0 005 01 015 02 025 03 035 04 045 05
r

Fig. 7.2. The profile of the likelihood calculated for a nuclear family in Fig. 7.3

Table 7.2. The MLE of the recombination fraction and the plugged in likelihood values
under different diplotype combinations.

Diplotype Combination

Probability Parent 1 Parent 2 Offspring 5 7 Log-Likelihood

1 = 0.2787 Ay Ag As 1/6  logL, = —2.7034
P2 = 0.2787 Ay Ao As 1/6  log Ly = —2.7034
ps = 0.0913 Ay As As 1/3  logLs = —3.8191
pa = 0.0650 Ay Ao As 1/2  log L4 = —4.1589
Ps = 0.0650 Ay Ao As 1/2  logLs = —4.1589
pe = 0.0913 Ay As As 1/3  logLs = —3.8191
p7 = 0.0650 Ay As As 1/2  log Ly = —4.1589

ps = 0.0650 Ay As As 1/2  log Ly = —4.1589
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An alternative to determining the optimal diplotype combination is to construct a
mixture likelihood of all diplotype combination weighted by the assumed probability.
An algorithm can be derived to provide simultaneous estimation of r and p’s. But this
approach needs a larger sample size than currently used because more parameters are
estimated.

7.2.2 Multipoint Estimation of Identical-By-Descent Sharing

Two alleles at a single locus are identical by descent (IBD) if they are identical
copies of the same allele on the maternal and paternal chromosome, both copies that
arose by DNA replication from the same ancestral sequence without any intervening
mutation. The concept of IBD is of great use to understand population genetics and
also shows a great utility for linkage analysis and genetic mapping. The estimation of
IBD probabilities can be obtained from linkage analysis when genotypes at multiple
linked markers are available. For a family as illustrated in Fig. 7.3, the mean IBD
sharing for the siblings would be 0.25 at marker A and 0 at marker B if the two
markers are unlinked.

Marker A 11 1 2
Marker B 12

Fig. 7.3. Genotypes at two adjacent markers in a nuclear family

The IBD estimation for the less informative marker (A) can be obtained through
the joint likelihood of the two markers if they are linked. Let r be the recombination
fraction between the two markers. For marker A, it is not possible to determine the
parent of origin of two identical alleles, 1, carried by parent 1. Thus, the linkage
phase of parent 1 cannot be determined. We arbitrarily assume one allele derived
from the paternal parent (denoted as 1P) and the other from the maternal parent
(denoted as 1™). Two possible phases of parent 1 are expressed as

1P|1" . 1P|1"
A1 = or A1 = .
112 21
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Similarly, parent 2 has two possible phases as follows:

1(2 _ 1{2
AQZ or A2= .
3|4 4|3

Offspring 3 has two identical alleles for marker A, but one and only one of them,
either 1™ or 1P, comes from parent 1. Thus, its possible linkage phase should be

1P]1

"1
AR = n_

or A§= .
113 113
It is not possible for offspring 3 to have

1P|1 ™1
or ,
31 31

because the gametes that form these genotype configurations do not exist. For the
same reason, offspring 4 has only two possible phases as follows:

1P|2

1|2
AR = n

or A} = .
2 |4 2 |4

Combining all the four individuals, we will have 16 diplotype combinations with
likelihoods and IBD probabilities for each marker are given in Table 7.3. By assuming
the same probability of the 16 diplotype combinations, we construct a joint likelihood
to obtain the MLE of . With 7, the IBD sharing for each marker can be calculated,
which is

0.5[4r(1 —r)3 +4r3(1 — )] r(1—r)3+r3(1—r)

201 — )4 +4r(1 —7)3 +4r2(1 — )2 +4r3(1 —7) + 2r% 1—2r(1—r) ’

for marker A and 0 for marker B.

When many markers are included for IBD analysis, the likelihood can be factored
out in terms of a Markov model incorporating the IBD at a marker, along with the
transition probabilities from marker to marker.

7.2.3 A Complex Pedigree

Because members from different families can be related by their common ancestors,
the pedigree we are considering forms a complicated network. Figure 7.4 is a diagram
illustrating such a complicated pedigree that can be used in many different species.
Suppose there are a total of ten individuals that are genotyped at two multiallelic
markers A and B and one biallelic marker C. Alleles at each of these markers are
symbolized by Arabic numerals. Individuals 1, 2, and 3 are the founders whose parents
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Table 7.3. Likelihoods and IBD probabilities for each marker under 16 possible diplotype
combinations for the pedigree shown in Fig. 7.3.

Phase Combination Offspring
Probability 1 2 3 4 3 4 Likelihoodex IBD(A) IBD(B)
pL= 1= A1 Ay A} A} NRNR RNR  r(l1-7)° 0.5 0.0
p2= 1= A A AR A} NR,NR NRNR  (1-r)* 0.0 0.0
ps = 1= A A AF AR RNR RNR 72(1—7)? 0.0 0.0
pi= 1= A Ax AR AY R,NR NRNR r(1-—7)? 0.5 0.0
Ps = 15 A A AR A, NRR  RR r3(1—r) 0.5 0.0
Pe = 15 A Ax AR OAR NR,R NRR r%(1—r)? 0.0 0.0
pr=15 Ar Ao AR AR RR RR = 0.0 0.0
ps = 1= A A AR OAG R,R  NRR  r*(1—r) 0.5 0.0
po = & A Ax AR A RNR NRNR 7(1-7)3 0.5 0.0
po=15 A Ay A5 AT RNR RNR r*(1-7)° 0.0 0.0
P11 =& Ar As A5 AR NRNR NR,NR (1 —7)* 0.0 0.0
pr2=15 A Ay A5 A5 NRNR RNR r(1-7)° 0.5 0.0
P13 = = A As AR A RR NRR (1 -r7) 0.5 0.0
pa=1 A Ay A} A} R,R R,R r? 0.0 0.0
P15 = &= A Ar AF AR NR,R NR,R 73(1—r)? 0.0 0.0
P16 = 15 Ar Ay AR AG NR,R R,R (1 —7) 0.5 0.0

cannot be identified, whereas individuals 5-10 are the non-founders that are derived
from parent-known individuals. The cross of individuals 1 and 2 leads to 4, which is
crossed with 3 to produce 5. Individual 1 is crossed to 5 to produce 6, which is self-
crossed to produce 7. Individual 8 is generated by crossing 7 and 3. The cross of 8 and
5 produces 9, which is crossed to 2 to produce 10. These pedigree relationships are
further described in Table 7.4. Column 1 contains the identifications of all individuals
studied, columns 2 and 3 are their parental origins (note that the parental information
of the founders is missing), and columns 4-6 display genotypes of three markers A,
B and C, respectively, for each individual. In this example, the linkage phase of each
individual across these markers is unknown.

Likelihood Formulation

A prerequisite for linkage analysis is a known linkage phase between two markers
considered for the founders that produce segregating progeny. In the example shown
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Fig. 7.4. A hypothesized pedigree structure.

in Table 7.4, which is likely to be an actual case in practice, marker data for non-
inbred founders only present genotypes (designated as G) but provide no information
about linkage phase configuration or diplotype. However, one can always assume a
possible diplotype for a founder. For the first two markers, each of the three founders
has two alternative diplotypes (designated as A or A), which forms eight different
combinations, shown in Table 7.5.

Let us consider the first diplotype combination. Founders 1 and 2 are crossed
to generate individual 4, which has genotype 13 at marker A and genotype 12 at
marker B based on gel observations. The alleles of the two markers may be arranged
in individual 4 in two linkage phases:

1(3 . 13
(72) A4 = or A4 = .

2(1 1{2
Yet, based on the assumed linkage phases of founders 1 and 2, the second arrange-
ment does not exist because neither of the founders provides gamete 32. The only
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Table 7.4. Observed genotypes for three hypothesized markers in a structured pedigree
shown in Fig. 7.4.

Individual Parent Parent Marker genotype
ID 1 2 A B C
1 - - 12 12 12
2 - - 34 13 12
3 - - 13 12 12
4 1 2 13 12 12
5 3 4 11 22 12
6 1 5 12 12 12
7 6 6 12 12 12
8 3 7 13 12 22
9 5 8 13 12 12
10 2 9 14 23 11

possible arrangement is the first one, whose formation is due to the combination of
recombinant gamete 12 from founder 1 and recombinant gamete 31 from founder 2.
Let r be the recombination fraction between these two markers, P(A(¢)|A(t — 1)) be
the conditional probability of the diplotype of an individual (generation t) given its
parents’ diplotypes (generation ¢t — 1), and P(A(t — 1)|G(t — 1)) be the conditional
probability of the diplotype of a parent (generation ¢t —1) given its observed genotype.
Thus, the possibility of generating the observed genotype of individual 4 should be

P(Ga|A1, Ag) = P(Ay|Ay, Ag) 4+ P(A4|Ay, Ag)

= P(12/A1)P(31|As)

(7.3) =12
where P(A4|A1,As) = 0. For individual 5 derived from founder 3 and hybrid 4, its
only possible diplotype is

11
As= | |.
2|2

Thus, the genotype probability of individual 5 is expressed as
P(Gs|A3,Gs) = P(Gs| Az, Ay) P(A4]Gy)
= P(As5|A3, Ay) P(A4]Gy) 4+ P(As|Az, Ay) P(A4]Gy)
(7.4) =Ir(l—r),
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Table 7.5. Eight diplotype combinations for the founders.

Diplotype Founder  Founder  Founder
Combination 1 2 3 Probability
112 314 113
1=A1AA
123 119 3| 119 p1p2p3
~ 112 31| 4 113
2 =A1A2A 1-—
1A2As 119 3|1 5| 1 pip2(1 — p3)
~ 112 314 1|3
3 = A1A2A5 1—
14423 119 113 119 P1( P2)p3
o 1|2 314 1|3
4 = A1 A 1-— 1-—
10273 119 113 211 p1( p2)( p3)
B 112 3|4 113
5= A1 A2 1—
R 9 301 12 (1= po)peps
B B 1|2 314 113
6 = A1 A2A: 1-— 1 — p:
10273 9|1 301 9|1 ( p1)p2( P3)
o 1|2 314 1|3
7= A1A2A 1-— 1-—
17203 5| 1 113 1o (1 =p1)(1 —p2)ps
o 112 3|4 113
8 = A1 A2 A 1-— 1-— 1-—
1273 9|1 113 2|1 ( P1)( p2)( p3)

Note: Two possible linkage phases for each founder are designated by A or A, whose subscripts
stand for different individuals.

where P(A4|G4) = 1 and P(As|A3, Ay) = 0. For individual 6 derived from individuals
1 and 5, we observe alleles 1 and 2 at marker A and alleles 1 and 2 at marker B.
Although this individual may have allelic arrangements

2|1 - 2|1
A6: or A6: y
211 1|2

only the latter is possible given individual 5’s genotype. Thus, the genotype proba-
bility of individual 6 is

(7.5) P(Gs|A1,Gs) = P(Ag|Ar, As) = &
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The selfing of individual 6 produces double heterozygous individual 7 with two
possible diplotypes,

12 - 112
A7: or A7: 5
112 2|1

whose overall genotype probability should be

P(G7|Gs) = P(A7|Gs) + P(A7|Gs)
= P(A7|A6)P(Ao|Gs) + P(A7|A¢) P(Ag|Go)
+P(A7|Ag)P(Ag|Gs) + P(A7|A6) P (Ag|Gs)
= P(A7|A¢)P(A6|Gs) + P(A7|As) P(Ag|Gs)
(7.6) = %7‘2 + 31— r)?,
where P(Ag|Gs) = 0 and P(Ag|Gs) = 1. Individual 7 is crossed with founder 3 to

produce individual 8 with observed alleles 1 and 3 at marker A and alleles 1 and 2
at marker B. It is possible that individual 8 has one of the two diplotypes

113

113
Ag = =

or 8 — .
211 12

The overall genotype probability of individual 8 given its parents’ genotype is ex-
pressed as

P(Gs|As, G7) = P(As|As, G7) + P(As|As, Gr)
= P(As|As, A7) P(A7|G7) + P(As|As, A7) P(A7|G7)
+P(As|A3, A7) P(A7]G7) + P(As|As, A7) P(A7|Gr)
rird 4+ (1—7)3+ (1 —7)?

(7.7) B R

where
P(AS‘A3aA7) = %727

with haplotypes 12 and 31 of Ag derived from A7 and Ag, respectively, each with
a probability of %r (note that A7 is only derived from Ag so that the haplotype
frequency of 12 is 1r):

P(A8|A3,/_\7) = ir(l —),
P(As|As, A7) = 2(1—1r)?,
P(Ag|As, A7) = iT(l =),
P(AdlGr) =

(1—7)2 472’
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(1-r)?
(1—7r)2 472

Given its own genotype as well as the diplotypes of individuals 8 and 5, individual
9 should have only a possible diplotype like

P(A7|G7) =

1
2

3

A9: )
1

with a probability of

P(G9|Gs,Gs) = P(A9|Gs,Ts)

= P(Ag|As, As)P(As, As|Gs, Gs) + P(Ag|As, As)P(A5, As|Gs, Gs)
+P(Ao|A5, Ag) P(A5, Ag|Gs, Gs) + P(Ag|As, Ag)P(As, Ag|Gs, Gs)

= P(Ag|As, As)P(A5]Gs) P(As|Gs) + P(Ag|As, Ag) P(A5|Gs) P(As|Gs)
+P(Ag|As, As)P(A5|G5) P(As|Gs) + P(Ag|As, As) P(A5]Gs) P(As|Gs)

= P(Ag|As5, As)P(A5|G5)P(As|Gs) + P(Ao|As, As) P(A5|Gs) P(As|Gs)
PPl —r)+r(l—r)2+1-r)

(7.8) PP (1-r7
where
P(AS‘QS) = 17
P(As5]Gs) =0,
1
P(A9|A5,A8) = 5(1 — 7"),
1
P(Ag|A5, Ag) = Pl
P(Ag|A3,Gr)
P(As|s) = P(Gs|As,G7)
_ P(As|As, A7) P(A7]Gr) + P(As|As, A7) P(A7|Gr)
P(Gs|As,Gr)
r+(1-r)3

o3 (L—r)pB+(1-1r)?
P(Ag|Gs) = 1 — P(As|Gs).

For the last individual, we have only one possible phase,

Ao =

2 )

3

and its genotype probability is
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(7.9) P(Gio|A2,Go) = P(Gio|A2, Ag) = §r(1— 7).

With the forming probability of each of the seven nonfounders under diplotype
combination A;AsA3, we can formulate the likelihood of the unknown recombination
fraction given the markers (M) by

L, asns (/M) = P(Ga|A1, A2)P(G5|As, Ga) P(Gg| A1, Gs) P(Gr|Gs)
P(Gs|A3,G7)P(Gy|Gs,Gs)P(Gio|A2, Go)

1 (1 =231 =) +r(1 —7)% + (1 —7)Y.

A grid approach over a range of r can be used to obtain the MLE of the recombination
fraction. Based on equation (7.10), we attempt to draw a profile of likelihood from
r = 0 to 0.5 (Fig. 7.5). But it turns out that the optimal estimate of r under the
first diplotype combination among the three founders (Table 7.5) is 0.715. Obviously,
this estimate is not the best given the data in Table 7.4 because it is beyond the
limit of the recombination fraction. This also indicates that we need to search for the
estimate of r under the seven other diplotype combinations. It should be noted that
because only the first two markers were considered for this analysis, the conclusions
will be completely identical for a pair of diplotype combinations 1 and 2, 3 and 4, 5
and 6, and 7 and 8. Each pair is different because of different diplotypes of the third
marker, which was not considered. A final MLE of r was estimated as 0.285 under
diplotype combination 3 or 4, which corresponds to the largest likelihood.

EM Algorithm

Based on the likelihood (7.10), we can derive a closed form for the EM algorithm
to estimate the recombination fraction. In this likelihood, the last term contains a
mixture of recombinants and nonrecombinants, in which the expected number of
recombinants should be the sum of two probabilities,

r3(1—r)

(7.11) ¢ = PA—r)+r(l—r)B3+ (1 —r)t
and
(7.12) P2 = =)

r(l—r)+r(l—rP+1-r)*

The EM algorithm is implemented to obtain the MLE of r. In the E step, the
expected number of recombination events is calculated by equations (7.11) and (7.12).
In the M step, r is estimated using

(7.13) P

5 (64 31 + ¢2).

TIterations among equations (7.11)—(7.13) are continued until a stable estimate of r is
obtained. Initiated with » = 0.5, r converges to 0.715 after ten iterations, which is
consistent with the estimate from the grid approach. The optimal MLE of r is found
to be 0.285 under diplotype combination 3 or in Table 7.5.
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Fig. 7.5. The profile of the likelihood calculated for a complex family in Fig. 7.4.

Simultaneous Analysis of the Recombination Fraction and Diplotype
Probability

A joint likelihood can be formulated to simultaneously estimate the recombination
fraction and diplotype for each founder. Consider the marker data described in Table
7.4. Although the diplotypes of founders 1-3 are unknown, we can assume a proba-
bility for each of them to bear a particular diplotype. Let p; be the probability for
founder 1 to have diplotype A1, and thus the probability with diplotype Ay is 1 — py.
Similarly, po and p3 are defined as the diplotype probabilities for founders 2 and 3,
respectively. Thus, diplotype combination A;AsA3z has a probability of pypaps. The
diplotype probabilities of the other combinations can also be defined (Table 7.5).

Individual 4, offspring of founders 1 and 2, has a two-marker genotype 13/12 for
markers A and B. Individual 4 has two diplotypes, A4 and A4 (7.2), whereas founders
1 and 2 may have the diplotypes defined in Table 7.5. The genotype probability of
individual 4 given its parents, founders 1 and 2, is expressed as
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P(G4|G1,G2)
= P(A4|G1,Ga) + P(A4|G1, Go)
= p1p2[P(A4]A1, Ag) + P(Ag|Ar, Ay)]
+p1(1 = p2)[P(A4]A1, Ag) + P(Ay|A1, Ag)]
+(1 = p1)pa[P(Aa|A1, Ag) + P(Ag|Ar, Az)]
(7.14) +(1 = p1)(1 = p2)[P(As|A1, Ag) + P(Aa[Ar, Ag)],

where the probabilities of the two diplotypes, A4 and Ay, of individual 4 derived from
each of four possible diplotype combinations of founders 1 and 2 are tabulated below:

Parental diplotype Offspring 4
1 2 Probability Ay Ay
A A P1p2 P(A4]A1,A2) =0 P(A4]Ar, Ag) = 72
A A p1(1 —p2) P(A4|A1»]\2) =0 P([\4|A1»]\2) = iT(l —)
A Ay (1 —p1)p2 P(A4|A1,A5) =0 P(Ag|A1,Ao) = 2r(1—7)
Ay Ay (1—p)(1—po) P(A4|A1,A2) =0 P(Ay|Ay, Ag) = $(1 —1)?

Unlike in equation (7.3), the genotype probability of individual 4 given its parents’
genotypes, when all possible diplotype combinations are considered, is derived as

P(Ga|G1,G2) = §lp1por® + (p1 + p2 — 2pip2)r(1 — ) + (1= p1)(1 = p2) (1 = 7)°].

Using a similar approach, the genotype probabilities of the other offspring are also
derived. Ultimately, we formulate a joint likelihood expressed as

L(r|M) = P(G4|G1,G2)P(G5|G3,G1)P(Gs|G1, G5) P(G7|Gs)
(7.15) P(Gs|Gs,G7) P(Go|Gs, Gs) P(G10|G2, Go)-

By maximizing the likelihood (7.15), the recombination fraction  and diplotype prob-
abilities of three founders (pi, p2, and p3) can be estimated.

Three-Point Analysis

The idea of linkage analysis proposed for a complex nuclear family can be extended
to three-point analysis. Recall Table 7.4 in which three markers A, B and C are
genotyped. Let goo, go1, 910, and g11 be the probabilities with which there are no
recombinants over both marker intervals A—B and B—C, only one recombinant over
B-C, only one recombinant over A-C and two recombinants each over a different
interval, respectively. The three-marker genotype of individual 4 is 13/12/12, which
may have four different diplotypes; that is,
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13 13 1(3 13
Aj=1l2|, Af=1l2|, A}=21|, Al=21
12 211 112 211 .

Because individual 4 is derived from founders 1 and 2, the diplotypes above must
be determined by the diplotypes of the two founders. Each of the founders has 4
diplotypes, forming a total of 16 diplotype combinations. Assume one of the parental
diplotype combinations is

1|2 3|4
Ay = 1]2| (for founder 1), Az = 1|3| (for founder 2).

1|2 1|12

It can be seen that the parental diplotypes above cannot generate diplotypes A} and
A2, but it is possible to generate A3 and A}, with a probability of g11901 and g10900,
respectively. This can be expressed by a conditional probability

P(G4|A1, A2) = P(A}|A1, As) + P(A4|A1, As)
= g11901 + g10900-

Similar expressions for other offspring from 5 to 10 can be derived. All these are used
to construct a likelihood from which parameters ggo, go1, 910, and g11 are estimated.
The recombination fractions, raB, rBc, and rac, between the three markers can then
be estimated by
TAB = J10 + J11,
BC = Jo1 + 911,
rac = Jo1 + g0,
under an assumed founder diplotype combination.
As in two-point analysis, the diplotype probabilities for the three founders can be
incorporated into the likelihood and estimated simultaneously with the recombination
fractions. The advantages of three-point analysis as compared with two-point analysis

lie in the precise estimation of the recombination fractions and more power to detect
significant linkage. Its drawback is that more computing resources are needed.

7.3 Information Analysis of Dominant Markers

7.3.1 Introduction

In many situations, codominant markers are preferable to dominant markers due to
their larger information content. A codominant molecular marker allows the unequiv-
ocal distinction of homozygous and heterozygous genotypes on an electrophoretic gel.
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By contrast, for dominant markers, dominant homozygous and heterozygous individ-
uals cannot be distinguished on the basis of the presence or absence of bands on a
gel. However, dominant markers, like AFLPs, continue to be very useful because of
their low cost and simple molecular characterization. For this reason, the possibility
of extracting codominant information from easily characterized dominant markers
deserves exploration.

7.3.2 Segregation Analysis
Mixture Models

Suppose a PCR-based dominant marker system is used to score a population for
their genotypes at a marker locus. Instead of scoring the presence or absence of a
band, we use fluorescence techniques to quantify the band intensity of the degree of
amplification of a fragment on an electrophoretic gel. Thus, for dominant homozygous
individuals, the intensity is expected to be higher than for heterozygous individuals
since for the latter the amount of PCR products is only that of homozygotes. However,
because the distinction in band intensity among the genotypes is blurred, the band
intensity measured varies among individuals from the same genotypes. This is mainly
due to random variation that occurs during marker assays. A mixture model was
developed to assign each individual to one of the genotype classes and estimate the
segregation patterns of the genotypes in a progeny (Piepho and Koch 2000; Jansen
et al. 2001).

Let us consider a family in which a dominant marker is segregating. The band
intensity (y;;) measured for an individual ¢ from a genotype class j (j = 1,..., k) can
be expressed using a linear model as

(7.16) Yij = pj + €ij,

where p; is the expected mean band intensity for genotype j and e;; is a residual
error, assumed to be normally distributed with mean 0 and variance o2.
To further account for the genotype variation, we assume that each observation

y; comes from a mixture model,
k
yi ~ il Wil o),
Jj=1

where ~1,...,7% are the unknown (prior) mixing proportions satisfying 0 < ~; <
1,5 7y; =1, and f(-|uj,0?) is the normal density with mean u; and variance o.
From a sample y = (y1, ..., yn), the likelihood function is given by

n k

(7.17) L(Qlyi;) = [ vifiwilus, o),

i=1j=1

where Q = (u7,02,7v;)T, and the log-likelihood is
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n k
(7.18) log L(Q) = > log | Y ;1 (ilus, 0
< .

Differentiating with respect to an unknown of €2, (2, we have

0 'Yja_q fJ yzlu], )
log L(2 L
PI ;; Z; 1 Vifi(Wilwg, 0?)

7jfj yz|lffgv ) 0
= log f; (yilp;, %)
;; Zg 17]f](yz|/1']70'2) a‘Q ! !

(7.19) _er”an log f;(yilus, o%),

i=1 j=1

where we define
Ty = k%fj(yduja o?) 7
> =17 fiWilws, 0?)
which could be thought of as a posterior probability that progeny ¢ has marker geno-

type j. We then iterate between equations (7.19) and (7.20) with the expanded pa-
rameter set {Q,T'}, Where I ={Iy;,j =1,..,k;i = 1,..,n}. Conditional on I', we

(7.20)

solve for the zeros of 55~ log L(€2) to get our estimates of Q:
1 n
=1
. >ie1 Dy
J n )
XLy

n

k
o = %erij(%
j=1i=1

The estimates are then used to update I', and the process is repeated until conver-
gence. The values at convergence are the MLEs. The posterior probability of the
marker genotype of an individual, given its phenotypic value y;, can be evaluated
by replacing parameters with their MLEs. On the basis of their estimated posterior
probabilities, individuals may be assigned to one of the k& genotypes.

For a segregating Fy family, the mixing proportions will be known a priori, i.e.,
v = 1/4 for AA, v = 1/2 for Aa, and 3 = 1/4 for aa. In this case, the full model for
estimating all six free parameters Qp = (u15,02,7;)T is changed to a reduced model
in which only four free parameters are estimated, Qr = (p;,0%)". Thus, to test for
significant departure from the 1:2:1 segregation ratio, we calculate the log-likelihood
ratio test statistic

LR = —2[log L(Q2r) — log L(£2r)],



7.3 Information Analysis of Dominant Markers 163

which is asymptotically distributed as x? with three degrees of freedom (the difference
in the number of free parameters between Qp and Q). If the test is not significant,
we conclude that the dominant marker follows 1:2:1. The departure from 1:2:1 in the
F5 initiated with two inbred lines may be due to many factors, such as more than one
marker locus, differential survivals, etc.

The linear relation between the copy number of a dominant allele and the quanti-
tative measurement can also be tested. The reduced model for this test corresponds
to the mean values (1) of three marker genotypes following 0 (aa) : 1 (Aa) : 2 (AA),
whereas the full model is formulated to estimate these mean values.

Correct Allocation Rate

The use of the estimated posterior probability to determine the genotype class of an
individual is not error-free. In this section, we describe how to compute the correct
allocation rate (CAR), i.e., the probability that a randomly selected individual is
correctly classified (Piepho and Koch 2000). Suppose the classification limits are yr,
and ygr so that individuals are classified as follows:

Classification Condition for Value y
Genotype = AA y <YL
Genotype = Aa yr <y <yp
Genotype = aa Yyr <Y

The classification limit y;, is the point of intersection between i f1(y;|u1,0)
and o fo(yilpe, o) for pu1 < yr < po; that is, the point at which ~q f1(yi|p1,0) =
Yo fa(yi|pa, o) for pu1 < yr < po. The classification limit yp is the point of intersection
between o fo(y;|u2, 02) and v3 f3(yiluns, o) for pe < yr < ps. Because the residual
variance is assumed homogeneous,

_o?log(vi/y2) | p2+m
L= +

H2 — H1 2
_0%log(y2/y3) | pa+ o
R = + .

M3 — ph2 2

Let F(-) denote the cumulative distribution function of the standard normal and
CAR; denote the correct allocation rate for the jth component. Then, we have

CAR; = F (yL _‘“> :

g

CARQ:F(M) _F<M>

(2

CARgzl_F(M).

g
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The overall correct classification rate is

k
CAR =) +,CAR;.

Jj=1

We estimate the CAR by plugging in sample estimates for parameters. This ap-
proach provides a rough assessment of the true CAR.

Data Transformation

The mixture model derived above for classifying the marker genotypes of a dominant
marker is based on the assumption of normality of the data. In practice, this assump-
tion may not always be met, and the band intensity data may be brought closer to
normality through transformations.

Typical transformations include the logarithm and the square root, where in most
cases their actions are similar. They work to bring the data closer to symmetry if
skewed and to produce more homogeneous variances. Specifically, the logarithm is
appropriate when the mean is proportional to the standard deviation, and the square
root is appropriate when the mean is proportional to the variance.

Gutierrez et al. (1995) discuss the application to normal mixtures of a more general
family of transformations, the Box and Cox (1964) power transformations. This family
of transformations is very flexible and includes the logarithmic transformation as a
special case. It is given by

yr—1

if A\#0
f(y7 )\) —_ y) —_ 2\ 1 #
log(y) it A=0.

Note that taking A = 1 is equivalent to not transforming the data. The simplest way
to obtain an MLE of X is by a grid search (Gutierrez et al. 1995). Other possible
transformation approaches include square-roots, which can lessen the heterogeneity
of residual variance due to scaling (Jansen et al. 2001). Once an appropriate trans-
formation has been found, a normal mixture may be fitted to the transformed data.

Ezample 7.1. (F5 Progeny in Tomatoes). Jansen et al. (2001) reported an example
of codominant analysis of a dominant AFLP marker in 87 tomato plants from a
segregating Fo progeny. A histogram of band intensities of these progeny is shown in
Fig. 7.6, in which a trimodal distribution can be seen. It appears that band intensity
is linearly related to copy number and that variance increases linearly with the mean.
A square-root transformation is used to remove the heterogeneity of the variance
across different genotypes.

A normal mixture model is used to fit the square-root transformed data. The data
can be well fit by three mixture distributions, as plotted over the histograms (Fig. 7.6).
There is some overlap between the distributions of Aa and AA. The individuals with
band intensities in the overlapping regions are not recommended for classification.
The CAR for correctly classifying a marker genotype is more than 98 percent.
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Fig. 7.6. Mixture distributions of band intensities in 87 F» tomato plants. The distributions
of the three genotypes aa, Aa and AA are identified, but there is some overlap between the
distributions of aa and Aa (not AA) and between the distributions of Aa and AA (not aa).
Adapted from Jansen et al. (2001).

7.3.3 Linkage Analysis

Dominant markers, such as AFLPs and RAPDs, are usually analyzed based on the
presence or absence of a band on an electrophoretic gel. This type of analysis does
not allow a distinction among dominant homozygotes and heterozygotes. Such a dis-
tinction can be made possible if band intensities are quantitatively measured. In
Section 7.3.2, a statistical mixture model implemented by the EM algorithm (Piepho
and Koch 2000) was described to distinguish between dominant homozygotes and
heterozygotes for single markers based on quantitative intensities. This model can
extract more informative codominant information for linkage analysis from any dom-
inant markers as long as their band intensities are quantified.

In this section, a similar normal mixture model is proposed for simultaneous esti-
mation of quantitative codominance and the linkage between two dominant markers.
Our analysis will be based on Piepho’s (2001) work but extended for a three-point
analysis.

Suppose there are n F5 plants derived from a doubly heterozygous F1 AaBb from
two contrasting inbred lines. Two markers, A and B, generate a total of nine genotypes
in the Fo population, AABB, AABb, AAbb, AaBB, AaBb, Aabb, aa BB, aaBb, and
aabb, with respective frequencies as a function of the recombination fraction r between
the two markers that can be described in matrix form. For dominant markers, AA
and Aa, as well as BB and Bb, cannot be distinguished because they both produce a
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band on the gel. However, if the band intensities of these two markers are measured,
we can expect that AA or BB will have a larger value than Aa or Bb. However, such
a difference may be blurred due to random errors that can be assumed to follow a
normal distribution.

The quantitative value of band intensity at the jith genotype of marker A for
the ith Fy plant includes two components, mean value p1;, and variance ijl. The
marginal distribution of y; = (y1; y2:) for the two markers A and B is a mixture of
nine bivariate normal distributions,

2 2
(7.21) f(yil€2) = Z Z ’7j1j2f(y1i‘,uflj1aU%jl)f(y2i|ﬂ2j27 Jgjz),

Jjo=172=0

where Q = (v}, /., M1, U%jl, H2js 5 J%h) are the unknown parameters to be estimated,
J1,j2 = 0 for aa or bb, 1 for Aa or Bb, and 2 for AA or BB, respectively, and v;, ;, is
the genotype frequency of the jith genotype at marker A and the joth genotype at
marker B. The model can be simplified by assuming variance homogeneity at different
levels; e.g.,

2 _ 2 2 _ 2
(7.22) O1j, = 01,025, = 02,
or

2 _ 2 _ 2
(7.23) 014, =035, =0".

Whereas model (7.23) is simpler in computation, model (7.22) may be closer to reality
because the type and quantity of product measured at a band position vary among
markers.

Let zj,4,; be a random variable with z; ;,; = 1 for an observed marker genotype
and zj,;,» = 0 otherwise. We have that z; = (z00i,..., #22;) follows a multinomial
distribution with a constant 1 and cell probabilities of «;,;,. While y; is observed,
z; 1s not observed (missing). Both y; and z; constitute the complete data. Thus, the
EM algorithm can be used to provide the estimation of € (McLachlan and Krishnan
1997). The likelihood for the complete data is

n 2 2
IOgL(Q) = Z Z Z Zj1ja2i IOg [,lejz f(y1i|p“1j17U%j1>f(y2’i‘/u2jza O-gjg)] .

i=1 j1=0 j2=0

The conditional expectation of the complete-data log-likelihood, given the observed
data y;, using the current estimates for the parameter Q(*), may be expressed as

(7.24) Q") = Ege [log LIQV)ly:|

Since Q(Q; QM) is linear in 2, ,:, Q(2; QM) is computed by replacing 2, j,; by its
expectation, given y;, in the complete-data log-likelihood evaluated at Q(€2;Q®);
i.e., zj, 4,4 is replaced by
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t) 2t 2(t
’lejzf (yll‘/u‘gj)l s 013(1)> (y Z|/“l’2j2’ 0252))

(125) 1 =
2(t
Zgl 02]2 07j1j2f(y11|uljlv01§l)) ( |/’L2]270-2J(2))

J1J21

In the E step, FJ(; ; is updated using the current parameter estimates, and, in the

M step, Q(Q;Q(t)) is maximized with respect to the parameters. The estimating
equations for the means and variances have explicit solutions, whereas the equation
for r is a third-degree polynomial, which may be solved numerically or by explicit
formulas. The equations for estimating the means and variances in the M step are
given as follows:

n 2 (t)
O 2oim1 2ja=0 ju‘az’yli
1510 — )

Zz 12]2 0 j1j21

) Zi:l Zjlzo jleini

H2j, 2 ®
Z:L*l 2]170 F]1j21

)

(7.26)
n 2
L Z Z Z ]1]22 (yli o ug?l) )
i=1 j1=0j2=0
1 & 2
> Z S, (92 — 1))
=1 j1=0j2=0

Update 7(!) by the noncomplex root of

() n
0QEQY) S S 10 s, -0

i=1 71=0j2=0

where
1 arj 172

S- L=
J1J2 )
Fjljz ar

that maximizes Q(£2;Q®). If the solution of this equation is larger than 0.5, set
r(t+1) = 0.5. If the solution is smaller than 0, set #(*+1) = 0.

Piepho (2001) performed a simulation study to compare the estimator of the
recombination fraction by treating dominant markers as quantitative codominant or
band presence/absence. It was found that the quantitative method displayed more
precise estimates of r than the qualitative method consistently for different r values,
different means and variances, and different sample sizes.

The EM method described above can be used to simultaneously estimate marker
codominance and the linkage among three dominant markers, A, B, and C, whose
band intensities are quantified. Simultaneous consideration of three markers may in-
crease the precision of linkage analysis and provide information about marker order.
Assuming that the three markers are ordered as A-B-C, the frequencies of 27 dif-
ferent marker genotypes AABBCC, AABBCec, ...,aabbcc in an Fy population can be



168 7 Special Considerations in Linkage Analysis

expressed as a function of the recombination fractions, rag, rac, and rgc, between
the three markers; that is,

Hagc =

AA Aa aa
BBCC | 11 -rap)’(1 —rBc)® $raB(l —ram)rec(l —rBC) LraBTBC 7
BBCe 11 —ram)’rec(l —rec) 3raB(l —raB)¢BC iragrec(l — rBC)
BBee (1 —raB)’rie 3raB(l —rap)rec(l —rBC) iras(l —rBC)?
BbCC tras(l —raB)(l1 —r8c)? 3daBrBC(l — TBC) Lras(l - raB)rac
BbCe raB(l —ras)rec(l — rec) 1daBdBC ras(l - ras)rec(l - rec) |
Bbee LtraB(l —raB)ric i¢aBrec(l —rec) L(raB)(1 —raB)(1 —ree)?
bbCC iras(l —rBC)? 3raB(l —rap)rec(l —rBC) $(1—ras)’rie
bbC'ec iraprec(l — rBc) iras(l —raB)¢BC 11 —rap)?rBc(l — rec)
bbee iTiBr%C %'I’AB(l —ra)rec(l — rec) %(1 — rAB)2(1 — ’I"Bc)2
(7.27)

where pap =1 — 2rap + 27“3“3 and ¢gpc =1 —2rgc + 27"}230. Two similar matrices
of the genotype frequencies Hacp (in terms of rac and rgc) and Hgac (in terms
of rap and rac) can also be derived for marker orders A-C-B and B-A-C.

Since a correct marker order is not known, an algorithm should be formulated
to estimate the most likely marker order for linkage analysis. Let ¢; and g2 be the
probabilities of order A-B-C and A-C-B. Thus, the probability of order B-A-C is
(1 —¢1 — ¢q2). In the 27-normal mixture model, the frequency of each component is a
weighted mean of the frequency of a genotype under three different orders. In other
words, the matrix for the frequencies of 27 genotypes at the three markers can be
written as

H = ¢ Hagc + @2Hacs + (1 — ¢1 — ¢2)Hpac-

The elements in this matrix represent the a priori genotype frequencies m;, ;,;,, where
j1,J2,J3 are the genotypes of each of the three markers.

Using a similar principle for two-point analysis, we can formulate the marginal
distribution of y; = (y14, Y2i,y3:) in terms of a mixture of 27 trivariate normal dis-
tributions. The EM algorithm is developed to estimate the recombination fractions,
rAB, "AC, and rgc, the probabilities of marker order, ¢; and g2, and the three means
and residual variance at each marker. The estimates corresponding to the highest
probabilities of marker orders are regarded as the optimal estimates.

7.4 Exercises

7.1 Based on the genotypic information provided by Table 7.4, prove equation (7.5); that
iS, P(QG|A1,Q5) = P(/_\6|A1,A5) = %T.

7.2 Recall Table 7.4. We describe the procedure for linkage analysis between markers A
and B. Show a similar procedure with which linkage analysis can be performed between
markers B and C.
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(a) Write the likelihood and estimate the recombination fraction, rac, under an optimal
founder diplotype combination.

(b) Write a joint likelihood that incorporates the founder diplotype probability and the
recombination fractions.

7.3 Morton (1956) reported a complicated pedigree for linkage analysis of familial elliptocy-

7.4

tosis (Fig. 7.7). This is extremely rare, with the population frequency of the disease allele
being very low. Investigations of this pedigree and others show that the inheritance of
this disease is consistent with fully penetrant autosomal dominance inheritance. The low
disease-allele frequency and its dominant inheritance allow scoring each affected person
as Dd and each unaffected person as dd and taking each D allele as being identical by
descent (IBD). Show that the likelihood function of this family can be expressed as

L o 810r(1 — )" 4 324r(1 — r)'® + 180r(1 — 7)'" + 72r(1 — )% 4+ 907 (1 — )7
+72r%(1 =)' +40r°(1 = 7)"® + 247° (1 — )" 49074 (1 — )" 200" (1 — 1) "?
+90r° (1 — )" +4327° (1 — )™ +20r°(1 — )" + 1047° (1 — 1) *?
+1800r° (1 — 7)™ 4+ 558r° (1 — r)™® 4 440r°(1 — )" + 1765 (1 — 1)
+90r" (1 — )" 4+ 32477 (1 — )" + 12077 (1 — )" + 360r°(1 — )*?
+378r%(1 — )" 4+ 80r%(1 — )" + 76r,°(1 — 7)° + 4r®(1 — 7)* + 18077 (1 — 1)

+ 5227 (1 = )" + 8077 (1 — ) +100r°(1 — r)® + 1077 (1 — 7)® + 180r"°(1 — 7)*°
+846r'°(1 — 7)° +40r'°(1 — ) + 2167 (1 — )" + 1870 (1 — )" + 4701 —7)?
+ 11707 (1 — ) + 3787 (1 — 7)® + 2607 (1 — )" + 72 (1 = 1)°

+ 457" (1 —7)® 418072 (1 — ) + 39672 (1 — )7 + 4072 (1 — r)® + 18r'2(1 — 1)?
+ 27073 (1 r) 423473 (1 = 7)® 4407 (1 — 7)° + 527" (1 — )" + 1807 (1 — 7)°
+1087" (1 = r)® +80r" (1 — ) + 167" (1 — 1) + 907" (1 — r)® 41627 (1 — 1)*
+ 20" (1 = ) +180r' (1 — ) + 7270 (1 — )% + 9017 (1 — 7).

The peak of the likelihood profile over a range of r values is found as 3.31 at the

recombination fraction of 0.05.

We have introduced two approaches for linkage analysis of dominant markers. The first

is based on the “qualitative” observations of band presence or absence, whereas the

second makes use of the “quantitative” measurement of bands based on fluorescence

techniques. It is important to compare how these two different approaches work in a
real example, which can be investigated through simulation studies as follows.

We simulate normally distributed “quantitative” values of band intensity by assuming
that two linked markers are each segregating 1:2:1 in an F» population. The statistical
method described in this chapter is used to estimate the recombination fraction between
two hypothesized markers. The simulated “quantitative” markers are then treated as
(1/0)-dominant markers. The EM algorithm introduced in Chapter 4 is employed to
estimate the recombination fraction of dominant markers. Compare the results of the
estimates from these “quantitative” and “qualitative” treatments.
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Fig. 7.7. A complicated pedigree in humans. Adapted from Morton (1956).
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Marker Analysis of Phenotypes

8.1 Introduction

In the preceding chapters, we described numerous statistical issues related to linkage
analysis of molecular markers and the construction of genetic linkage maps. One of
the most important aims of these marker analyses is to provide ordered hallmarks
on chromosomes with which one can map functional quantitative trait loci (QTLs)
determining complex phenotypic variation to particular genomic regions. The genome-
wide identification of QTLs, their locations and effects, is of fundamental importance
for agricultural, evolutionary, and biomedical genetics.

A variety of methods have been developed for QTL mapping (Hoeschele et al.
1997; Lynch and Walsh 1998). These methods can be classified as t—tests and analy-
sis of variance, least—squares analysis (LS), maximum-likelihood analysis (ML), and
Bayesian analysis. These methods differ in computational requirements, efficiency
in terms of extracting information, flexibility with regard to handling different data
structures, and ability to map multiple QTLs. The simple LS method is efficient in
terms of computational speed but cannot extract all information from the data and
is restricted to specific mating designs. The technique of ML interval mapping (Lan-
der and Botstein 1989) is one of the most widely used methods for QTL analysis in
controlled crosses or structured pedigrees. The interval mapping method has been
extended to composite interval mapping (Zeng 1994) and multiple interval mapping
(Kao et al. 1999).

In this chapter, we will discuss t—test, analysis of variance, and regression analysis
of multiple markers and perform statistical tests based solely on single DNA marker
information. For single-marker analysis, no genetic map is required and the calcu-
lations are based on phenotypic means and variances within each of the genotypic
classes. Marker analysis can be extended to include all markers of the genome (Xu
2003). Although single marker analyses, as shown later in this chapter, confound the
QTL effect and the QTL location, they provide preliminary results that facilitate the
use of more advanced interval mapping to detect QTLs within a genomic interval
bracketed by two linked markers (Routman and Cheverud 1997). ML interval map-
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ping and its extension, composite interval mapping, will be presented in Chapters 11
and 13.

8.2 QTL Regression Model

Prior to the introduction of an advanced statistical method for QTL mapping, we first
consider a hypothetical example of a backcross design for mice shown in Table 8.1.
This example contains ten mice phenotyped for body weight, ¢, and a QTL with two
known genotypes, Qq (indicated by 1) and ¢q (indicated by 0). It appears that the
mice that carry QTL genotype Qg tend to be heavier than those that carry genotype
qq, although the mice that carry the same genotype do not have exactly the same
body weight. To test whether this is actually the case and estimate the effect of a
QTL on body weight, we formulate a simple regression model as

(8.1) Yi = p+ za+ e,

where y; is the phenotypic value for mouse i, u is the overall mean, z; is the indicator
variable that specifies the QTL genotype of mouse ¢ and is defined as

1 if QTL genotype is Qq
zi = . .
0 if QTL genotype is qgq,

a is the additive effect of the QTL, and e; is the random error, typically assumed to
be normally distributed as N (0, 0?).

The linear model (8.1) can be extended to estimate and test the genetic effects
of a QTL in an Fy population with three QTL genotypes, QQ (indicated by 2), Qq
(indicated by 1), and ¢q (indicated by 0). The model for the Fy is written as

(82) Yi = W+ 2150 + 29;d + e;,

with an additional parameter, d, that is the dominance effect of the QTL, and indi-
cator variables z1; and zs; expressed as

1 if QTL genotype is Q@
21 = . .
! —1 if QTL genotype is qq

and
] if QTL genotype is QQ or qq
2= 1 if QTL genotype is Qq.

Standard least squares (LS) approaches can be used to estimate the unknown
model intercept, u, and regression coefficients, a and/or d. Thus, by directly testing
the significance of a and/or d, one can determine whether this QTL triggers an effect
on body weight.
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Example 8.1. Assume a small population of ten backcross mice. Each mouse was geno-
typed for two markers and measured for body weight as well. The marker and phe-
notypic data are given in Table 8.1. With this table, we provide a procedure for the
estimation and test of the genetic effect, a, of the QTL on mouse body weight. Let

30 11 €1
32 11 e
28 11 e3
29 11 €4
29 11 es
Y=o 2= 10| ¢ |e |
20 10 er
21 10 €g
20 10 €9
21 10 €10

and b = (1, a)T. We then have y = Xb + e. The LS estimates of the parameters are
b= (XTX)"'(X"y) = (20.8,8.8)T
and

521 (y — Xb)T(y — Xb) = 1.2.

n

Table 8.1. Data structure for two genotyped markers and mouse body weight in a backcross
design.

Marker Body
B Weight
1 30
32
28
29
29
22
20
21
20
21

Sample

© o0 N O Ot ke W N
S O © O O = = = = = |
—_ =

o O O O = O =

—_
o
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With these estimates, we calculate the total sum of squares (SST),

10

Z(y, — 1)? = 205.6,

i=1
and the residual sum of squares (SSE),

10

Z(yi — 1 — za)? =12.0.

i=1
The significance of the QTL genetic effect (a) is then tested by calculating the F-value,

SST — SSE)/(2 — 1)

_
F= SSE/(10 — 2)

= 129.07.

Compared with the critical value Fy g5 (2,8) = 4.46, we conclude that this QTL exerts
a significant effect on body weight in the backcross population of mice.

8.3 Analysis at the Marker

A QTL statistical model assumes that the QTL genotypes can be observed in a
mapping population. This is not possible in practice. What we can do is to use
observable markers to predict such unobservable QTLs through the linkage between
markers and QTLs. Thus, by performing the association analysis between the markers
and phenotypes, we can still infer the effect of a putative QTL on phenotypic variation.

The use of a single-marker is limited for QTL identification since it cannot deter-
mine at which side of the marker, left or right, the QTL is located. However, single
marker analyses are useful for a preliminary test of the existence of a QTL, although
they cannot estimate the QTL location. Below, we introduce two testing approaches
for marker analysis based on the ¢t and F' test statistics.

8.3.1 Two-Sample t Test

The mouse backcross data in Table 8.1 are genotyped for two linked molecular markers
A and B and are given in Table 8.1. Two genotypes at each marker are denoted by
1 and 0. The linkage between these two markers can be seen from the consistency
of their genotypes among the samples, except for mice 5 and 6. The recombination
fraction between the two markers is r = 2/10 = 0.2. We will analyze these two markers
separately.

Looking at marker A, it seems that the two groups of marker genotypes differ in
body weight. A question arises naturally about whether this difference in body weight
between genotypes 1 and 0 at marker A is statistically significant. This can be tested
by a two-sample ¢ test. Let pq and pg be the true trait means of two different groups
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of mice with genotypes 1 and 0, respectively, and let m; and mg be the corresponding
sample means. The hypotheses for the test can be formulated as

Ho : p1 = po,
Hy o # po-
The ¢ test statistic used to test for the significance of the difference between the
two means is

mi — Mo

SZ(L + L)

ni no

(8.3) t=

where s? is the pooled sampling variance given by

2 _ (m—1st+(ng —1)sg
ni+ng—2

)

with n1, ng and s?, s3 being the sample sizes and variances in two different marker
groups, respectively.

The null hypothesis Hy will be rejected if the ¢ test statistic calculated is larger
than or equal to the critical value to be obtained from the ¢t—distribution. If we denote
the upper « critical point by ¢ (), we reject the hypothesis at o = 0.05 if ¢ > £(¢.025,,),
the two-tailed ¢ value for the 0.05 significance level, with v = n; + ng — 2 degrees of
freedom.

Ezample 8.2. In the example with ny = ng = 5 provided in Table 8.1, we calculate
m1 = 29.6, mg = 20.8, s; = 0.8367, sp = 1.5166, and s = 1.50 for marker A. We
further calculate t = \/2%% = 11.3608. Compared with the critical value of
£(0.025,54+5—2—8) = 2.3060, we conclude that marker A is significantly associated with
body weight.

In this example, we also find that genotype 1 for each of the two markers tends to
be heavier than genotype 2. Since the conclusion from the t—test is only that there is
a difference, we cannot make a formal statement about the direction of the difference
(we could have if a one-tailed test were done, but typically a two-tailed test is carried
out). However, most would be comfortable with the informal conclusion that genotype
1 at each marker tends to be heavier than genotype 2.

Ezample 8.3. (Tomato Plant Heights). We again look at the data of Example 2.1,
but now introduce marker data. Suppose that we have the following data y on heights
(in ¢cm) of 12 tomato plants of a particular species grouped into two marker classes

MM :y = (79,82, 100, 102, 124)
MM, : y = (85,87,101,103, 125,126, 127).

The observed means and variances of the marker classes are

v vy = 974 Yn v, = 10171
Sapynv, = 18.10 spp, v, = 18.33
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To test Hp, is would seem natural to use a two-sample t-test, and this has been
one of the first approaches. The t-statistic to test Hy is

r— YMy My — YMy Mo
- b

1 1

where s? is the pooled variance of the two groups and n; and no are the sample sizes
in each group.

A problem with using this statistic to test Hy is that, due to the underlying mixture
distribution, this statistic does not have the usual Student-¢ null distribution. Hence,
calibrating this statistic, that is, computing a p-value, will not give a valid inference.
One way around this is to use a permutation test, and to get the null distribution of
the test statistic based on permutations.

In this situation, the permutation test is quite simple. The data are assigned
at random into one of the two groups, and the resulting t¢-statistic is calculated.
The premise is that under H( there is no difference in the two marker groups, and
hence the observation could have just as likely been from either group. This random
assignment is repeated many times, and the resulting t-statistics and made into a
histogram which serves as the null distribution.

Ezample 8.4. (Tomato Plant Heights-Continued). For the data of Example 8.3,
the t statistic of the observed data is -.965, and a histogram of 5000 permuted
t-statistics is given in Figure 8.1 with the program that generated the histogram
given in Appendix B.2. The upper and lower 5 percent cutoff points from the permu-
tation distribution are 1.97 and —2.11, respectively. Based on this null distribution,
we make the conclusion that there is no QTL near this marker.

8.3.2 Analysis of Variance

For an Fy population, there are three different groups of marker genotypes, which
can be denoted by 2, 1, and 0, respectively, at each marker (see Table 8.2). To test
the overall difference among the three genotypes, a traditional analysis of variance
(ANOVA) can be used. The mean square due to the difference among the three marker
genotypes reflects the degree to which the marker is associated with a putative QTL
for a particular trait, while the mean square due to the difference within the genotypes
reflects the residual variance. The ratio of these two mean squares, the F-value, is a
test statistic used to test for the significance of the difference among the three marker
genotypes.

The calculated F-value is compared with the critical value obtained from the F
distribution, Fp g5, (2,n—3)- The genetic variance due to a significant marker can be
estimated by equating the expected mean squares (Table 8.3) to the mean squares
(MS) and solving the resulting equation:

2 MS; — MS,

(8.4) o, ?



Fig. 8.1. Null distribution of the t-statistic of Example 8.4 based on permutations.
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The proportion of the phenotypic variance in a quantitative trait explained by the
marker, the broad-sense heritability, is estimated by

0.2

8.5 R?P=—9
(8.5) 03—1—02

This proportion is widely used as a parameter to assess the contribution of the A

marker to the phenotypic variation.

Table 8.3. Summary of ANOVA for the difference among three genotype groups in an Fo
population.

Mean Expected
Source of Variation df Square F-value Mean Square
Among marker genotypes 2 MSq MS1/MS, ag + kag
Within marker genotypes n—3 MS, o2

Note: k = 3/(n—12 + n—ll + n—lo) is a harmonic mean, with ns, n1 and ng standing for sample
sizes of the three different marker genotypes in an F3 population.

The overall difference among the three marker genotypes in the Fs population
may be due to either the additive or dominance effect, or both. The significance of
these two effects can also be tested by using the ¢ test. To test the marker’s additive
effect, we have the test statistic
(8.6) t = M7

SZ(L + L)

na no

with

2 (2 — 1)s3 + (no — 1)s3
N no +ng — 2

7

and to test the marker’s dominance effect, we have the test statistic

my — %(m2 +mg)

Vo o)

(8.7) ty =

with
&2 (ng —1)s3 4 (n1 — 1)s7 + (no — 1)s

o n2+n1+n0—3

9

where 57, 57, and s3 are the sample variances in three different marker groups of the

Fs, respectively.
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Ezample 8.5. Table 8.2 provides an example for the Fo population with ten mice,
each measured for body weight and genotyped for two codominant markers A and
B. We compute the mean squares for among- and within-genotype differences MS; =
65.47 and MS; = 10.67 for marker A, from which the F-value is calculated as 6.14.
Compared with the critical Fy g5,(2,10-3 = 7) = 4.7374 value, this marker is thought to
be significantly associated with body weight. The genetic variance due to this marker
is calculated as 03 = 5.0233 with equation (8.4), and the heritability is then estimated
as 0.3202.

For marker A, three genotype groups contain ny = 3, n; = 4, and ng = 3, and
the three sampling means are calculated as mo = 30, m; = 25, and mg = 20.67
and three sampling variances calculated as s3 = 4, s? = 22, and s = 0.3333, re-
spectively. We calculate the ¢ test statistics for the additive and dominant effects,
respectively, with equations (8.6) and (8.7), as t; = 7.7658 and t5 = —0.1220. Com-
pared with the critical values t(0.025,, = 343-2 = 4) = 2.1318 for the additive test and
£(0.025,0 = 3+44+3-3 = 7) = 1.8946 for the dominance effect, we conclude that marker
A displays a significant additive effect, but an insignificant dominance effect on body
weight.

A similar computing procedure is taken for marker B. This marker has the F-
value 0.85, suggesting it has no significant association with body weight in mice. The
t—values for testing additive and dominance effects are calculated as t; = 1.2264 and
to = 0.5635, respectively. It can be seen that both the additive effect and dominance
effects are nonsignificant.

8.3.3 Genetic Analysis

Why can we infer the existence of an underlying QTL for a quantitative trait via
a simple ¢ test or ANOVA on marker means? Consider a putative QTL linked to a
marker with a recombination fraction of . The conditional expected genotypic values
associated with each marker genotype are calculated from the conditional probabilities
of the QTL genotypes given a marker genotype and from the genotypic values of
different QTL genotypes. Given known marker genotypes, Aa (1) and aa (0), we can
derive the conditional probabilities of two QTL genotypes, Qg (1) and gq (0), for the
backcross as

Marker QTL Genotypic Value
Genotypic Value 1 1o
mq 1—1r r
mo T 1—r

The genetic values of these two backcross QTL genotypes can be denoted by
p1 = p+ za and po = p — 5a,

respectively. For each marker genotype, two different QTL genotypes are mixed,
weighted by the conditional probabilities. Thus, the conditional expected genotypic
values associated with different marker genotypes can be calculated as
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mi=1=r)+rpo=0-7)(p+2a) +7(p—3a) =p+ 3(1—2r)a,

mo=rp +(1—r)po=r(p+3a)+ (1 —r)(p—3a) =p—3(1—-2ra.

Thus, the difference of the two marker means is
(8.8) i — o = (1 —2r)a.

If a is not significantly different from zero, the ¢ test statistic based on equation (8.3)
will be smaller than the critical value. In this sense, the ¢ test can provide information
about the significance of the QTL effect. But a nonsignificant ¢ value may also be due
to nonlinkage between the marker and QTL (r = 0.5) according to equation (8.8).
Therefore, the t test only gives a composite test for the QTL effect and QTL—marker
linkage.

For an Fy population, three marker means can be similarly derived by conditional
probabilities expressed as

Marker QTL Genotypic Value
Genotypic Value 2 1 1o
mo (1—7r)2 2r(l—r) r?
my r(l—r) (1—7r)2 412 r(l—r)
mo r? 2r(1 —r) (1—7)2

and the assigned QTL genotype values. These marker means are written as
my = (1 —=7)2pg +2r(1 = r)u +r2po
=pu+(1-2r)a+2r(l—r)d,
my =r(1=r)pz +[(1=r)? + 7w +r(1 = r)uo
= p+ (1 —2r+2r?)d,
mo = r2us +2r(1 — r)py + (1 —7)2u0
=p—(1=2r)a+2r(l —r)d.

The tests for the additive effect (a) from equation (8.6) and dominance effect (d) from
equation (8.7) are equivalent to testing whether composite parameters

3(ma —mp) = (1 —2r)a=a—2ra

and
my = H(my +mo) = (1 - 2)%d = d— 4r(1 = r)d

are equal to zero, respectively.
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From the analysis above, although the ¢ test and ANOVA can be used to test
the significance of marker differences, they cannot separate QTL genotypic means
and the recombination fraction between a single marker and a QTL. If the marker
difference is significant, as shown for the two markers in mouse body weight, we still
do not know whether this difference is due to a tight linkage (small ) between the
marker and a QTL of small effect or a loose linkage (large r) between the marker
and a QTL of large effect. In fact, the additive and dominance effects of QTLs are
underestimated by 2r and 4r(1 —r), respectively, from a simple comparison of marker
means. Also, the t test and ANOVA cannot separate the effects of individual QTLs
on the phenotype if there are two or more QTL on the same chromosome. The two
confounded parameters, QTL genetic means and the recombination fraction, can be
separated using the approaches explained below.

8.4 Moving Away from the Marker

We now illustrate a single-marker analysis where we do not assume that the QTL
is at the marker. Following Doerge et al. (1997), we illustrate the technique with a
backcross design in which there are two genotypes at each marker or QTL.

8.4.1 Likelihood

Realize that the observed genotype will either be M;M; or M;Ms, but given this
observed genotype, the QTL genotype will either be Q1Q1 or @Q1(Q2 with probabilities
given below

MM, | MM,
Q101 Lo
Q1Q2

where 7 is the recombination fraction between the marker and QTL. Assume that a
phenotypic trait (y) follows a normal distribution. Relating the phenotypes of the trait
to the respective phenotypic means for the marker genotypes, we have the following
mixture model:

observe My M; — y ~ (1 —r)N(u1,0%) + rN(uz,0?),
observe My My — y ~ rN(pu1,02) + (1 — )N (2, 02),

o=

1—7r
2

SRS

(8.9)

where p1 and ps are the phenotypic means (or genotypic values) of the trait for QTL

genotypes (Q1Q1 and Q1Q2, respectively.
Under model (8.9), the mean and variance of the distributions are (Exercise 8.3)

pan v, = (L —r)pr + 2
(8.10) par vy =1+ (1= 7)p2

Ornan = Oanas, =00 + (1 —7) (1 — p2)”
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Note that is there is no linkage between the markers and the QTL, that is, if r = %,
then par, ar, and pas, ar, are equal. Thus, the hypothesis of no linkage is

1
Hy:r= 5 Ot Ho : poaeyvy, — pevsov, = (1 —2r) (1 — po) =0,

and it is important to note that under Hy, we cannot tell whether r = % or [t = 3.
In either case, however, there is no practical phenotypic variation detectable.

If we assume that y, ..., yn, are from marker group M; M; and that yn,+1,...,Yn
are from marker group M; Mo, then the likelihood function based on model (8.9) is

L(,UI,MQ,O'Q,T“/) = H(l - r)f(yi\m,oz) + Tf(yi|:u27o'2)
i=1
(8.11) < T rfwilim, o) + (0 =r) f(yilp2, 0%).
i=ni+1

To test the null hypothesis of no linkage, Hp : no QTL, we could use the likelihood
ratio statistic

mMax,, —us,02,r L(Mla M2, 02; T|y)
max,,, pus,02,r L(/”'h H12, 027 T‘y)

(8.12) A=

The test statistic A would reject Hy if it is too small; alternatively we could trans-
form to —2log A\, which would reject if it is big and often has an approximate x?
distribution. However, the mixture model invalidates the x? assumption, and what is
typically done is a permutation test on —2log A or its variant, the LOD score.

Likelihood Ratio Test

To calculate the test statistic A, we have to maximize both the numerator and denom-
inator of (8.12). The numerator is easy since under the null hypothesis 1 = p12 = p,
the likelihood (8.11) becomes

n

(8.13) L(pa, o, 0°,rly) = L(p,0®,rly) = [ [ fwilu, o),
=1

with MLEs i = § and 6% = (1/n) >_,(y; — 9)? (Exercise 8.5).

To maximize the denominator of equation (8.12), we need to maximize the likeli-
hood (8.11). To do this, we differentiate the log, set it equal to zero, and solve. We
show some of the details here and leave the rest to Exercise 8.6. Differentiating with
respect to py gives
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3/811 log L(p1, pi2, 027 rly) = 8?“ ;1% ((1 - r)f(yilul,UQ) + Tf(yi|u2702))

+@i Z log (rf(yilp1,0®) + (1 = 7) f (yilua, 0%))

i=ni+1
o (1= 1) 52 f(wilm, 0?)
(5.14) = T @l o® ¢ e

1=1

n 0 . 2
s - o f Wil o)

= T Wil %) 4 (=) f (yilp2, o)

Now take the derivative using Exercise 8.4 and define
(1 —7)f(yilu,0%)
(1 =) f(yilur, 0?) + 1 f(yilpz, 0?)’

7 f(yilpa, 0%)
rf(yilps, 0%) + (1 =) f(yilpz, 02)

Py(y:i) =

(8.15) Pa(yi) =

to get

a ni n
(8.16)  5o-log L, a0 rly) = 3 Py s —m) + 3 Palyi)(yi = ).
i=1 i=ny1+1

Setting this equal to 0 and solving for p; yields

(817) ﬂl _ Z?:ll Pl (yl)yl + Z?:n1+1 Pg(y’b)yl )
Yoty Palyi) + Z;L:nl_H P (y;)
We can similarly solve for us and o2 to get
= S = Pu(yd)lyi + 2o, a1 = Pa(yi)lyi
2 — n n
doim [l = Pi(vi)] + Zi:n1+l[1 — Py(ys)]
o 1 A )
(8.18) 6° = - (Z[Pl(yi)(yi —in)* + (1= Pu(a) (i — fi2)’]

i=1

+ Z [Po(yi)(yi — f1)? + (1 — Pa(ys)) (yi — ﬂ2)2]) .

i=ni+1

Of course, equations (8.17) and (8.18) do not solve the likelihood for all its parameters
because P (y;) and P»(y;) depend on the parameters and also depend on r. We have
part of an iteration scheme to find the parameters. After estimating yi1, f1o, and o2 we
use the current values to update r and then P, and P,. We iterate until convergence.
Specifically:

(1) Fix r.
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(2) Use equations (8.17) and (8.18) to estimate jy, po and o2.
(3) Using the current estimates fiy, fi2, and 62, maximize

ny
log Ly, pia, 0%, rly) = log (1= r)f(yiliin, 62) + rf (yiljia, 5%))
i=1

+ > log (rf(yilpa, o) + (1= 1) f(yilpa, 0%))

i=ni1+1

(4) Tterate between (2) and (3) until convergence.

For the maximization of (3) see Exercise 8.7. We illustrate it in the following example.

Ezample 8.6. (MLEs for Tomato Plant Heights). Suppose that we have the fol-
lowing data y on heights (in cm) of 12 tomato plants of a particular species grouped
into two marker classes

My M« y = (79,82,100, 102, 124)
MM, : y = (85,87,101, 103,125,126, 127).

The observed means and variances of the marker classes are yas, v, = 97.4, Yar, M, =
101.71, sparnr, = 18.10, and sp,n, = 18.33. We further calculate the MLEs of
K1y 2, 027 and r:

1 =92.169, ji2 =124.561, ¢ =38.08, 7+ = .409.

See Fig. 8.2 for the convergence of the estimates, and see Appendix B.2 for the R
program. The test statistics is calculated as —2log A = 3.539.

To assess the significance of the hypothesis test, we do a permutation test. We ran
5000 permuted samples and calculated —2log A for each. The distribution is shown
in Fig. 8.3. From the 5000 permutations, the .95 cutoff is 5.645, so the statistic is not
significant and we do not have linkage.

8.5 Power Calculation

It is practically important to calculate the minimum sample size required to achieve
a predetermined significance level. The calculation of the power to detect significant
QTLs depends on the type of mapping population. For example, the backcross can
only estimate the additive effect of a QTL, whereas the Fy can estimate both the
additive and dominant effects. Thus, different approaches should be used for power
calculation for these two designs. In this section, we will introduce a general procedure
for calculating the power for QTL analysis in the Fo. From this, interested readers
can consider more complicated designs.

Assume that there is an Fo population in which individual markers are genotyped
to detect their associations with the underlying QTL for a quantitative trait. Three
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Fig. 8.2. MLEs for the tomato data of Example 8.6.

Permutation Distribution

@ —
g
©
<
> -
® <
5 S
o
N
o
o ﬂ_h'lvmm_
S -
T T T 1
0 5 10 15
—2 log lambda

Fig. 8.3. Permutation distribution of the likelihood ratio statistic —2log A under Hy based
on 5000 permutations from Example 8.6.
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genotypes at a marker are segregating in the 1(AA) : 2(A4a) : aa ratio, which implies
that a sample size of n is allocated into n/4, n/2, and n/4 for these three genotypes.
Based on analyses in Section 8.3.3, the difference between the two homozygous marker
genotypes can reflect the additive effect of a putative QTL, although the QTL is
confounded with the QTL location. We rewrite equation (8.6) to test the QTL additive
effect as

Mg — Mo

s2(4 4 4

n n

(1—-2r)2a
V/8s2/n

When n is large, the calculated test statistic, ¢1, follows an approximately normal
distribution, ¢; ~ N(¢1,1). Thus, the power to detect the difference (mg — myg) for a
two-tailed test is expressed as

t1 =

1— 3 = Prob(t; > z4/0)

(8.19) =1—P(z, — 1),

where z, is the critical value of the test with (1 — «) confidence under the null
hypothesis ¢t; = 0, and &(z, — t) is the standard normal cumulative distribution
function.

For a given type I error («) and type II error () in the ¢ test, the sample size n
required for detecting the additive effect of a QTL is determined by

(8.20) nzshff;;ﬁkr.

If the QTL search is performed over the entire genome, then the type I error « for
each test should be substantially lower to account for the increased false-positive
probability for the genome-wide test.

Similarly, based on equation (8.7), we rewrite the test statistic for the dominant
effect as

mi — (m2 + m())/2
#E+i+d)
(1—2r)%d

Vas?/n

From this, the sample size required for detecting the dominance effect is determined by

to =

(8.21) n4hff;;z%r.
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It can be seen from equations (8.20) and (8.21) that the sample size for detecting
a QTL depends on many factors, which are (1) the magnitude of the (additive or
dominance) effect of a QTL (the larger the magnitude, the smaller the sample size
required), (2) the degree of linkage between the marker considered and a putative
QTL (the stronger the linkage, the smaller the sample size required), and (3) the
residual variance within a QTL genotype class (the smaller the residual variance, the
smaller the sample size required).

Example 8.7. A mouse geneticist plans to launch a molecular mapping study for the
identification of QTLs that affect mouse body weight. Although the exact effect of a
QTL is unknown, ¢, = a/s or ¢4 = d/s is used to define the genetic effects relative
to the residual standard deviation. Assume that the significance level for detecting a
QTL is a = .01. The power of (1 — ) = .90 is hoped for the QTL experiment. Using
equations (8.20) and (8.21), the sample sizes required are calculated for a range of
recombination fractions under different levels of the additive and dominance effects
of the QTL, respectively (Figs. 8.4A and 8.4B).

B
1600 1600 : .
——— 9,05
1400 1400
- q)d=1
1200 1200} - — — 6,2
1000 1000 /
/
c 800 < 800 /
/ /
600 600 /
400 400 -
200 200 _ _ -~~~ e

0.4

Fig. 8.4. Sample sizes required under different recombination fractions.

Only a small sample size is needed for a large QTL with (¢,, ¢q = 2) if the QTL
is located exactly at the marker. The required sample size increases exponentially
with the recombination fraction between the marker and QTL, with the extent of
the increase being markedly greater for a small QTL (¢4, ¢4 = 0.5) than for a large
QTL (¢4, dq = 2). The sample size required to detect the dominance effect is larger
than that to detect the additive effect of the same size if there is the same level of
QTL-marker linkage.
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8.6 Marker Interaction Analysis

8.6.1 ANOVA

Genetic interactions between different QTLs play an important role in trait control
and expression. A two-way ANOVA based on different markers can be performed to
estimate and test the main effect of the markers and their interaction effects (Routman
and Cheverud 1997). Consider a mapping population in which there are I genotypes
at each marker. A standard two-way ANOVA approach is used to analyze the two
markers simultaneously, with the results summarized in Table 8.4.

Based on the structure of the expected mean squares due to the main and
interaction effects (assuming that they are all random), we can calculate the F'
test statistics for each effect compared with the critical values Fj o5 1—-1,1—1)2) and
Fy.05,((1-1)2,n—12—1), respectively. The genetic variances for the main effect of markers
A and B and their interaction effect are calculated as

,  MS; — MSs
i
,  MS, — MSs
oB — kg )
MS3 — MSy
G

with harmonic means calculated differently for the backcross and the Fs.

Table 8.4. Summary of two-way ANOVA aimed at detecting the main effects and interac-
tion effect between different markers in a mapping population.

Mean Expected

Source of Variation df Square  F-value Mean Square

Main effect due to marker A -1 MS: MS;1/MS; 02 + ksoap + kioa
Main effect due to marker B -1 MS, MS2/MSs ag + kgoiB + k’2(7123
Interaction effect (1—1) MSs  MSs3/MSy 02 + ksoag

Residual error n—12—1 MSy o?

Note: | = 2 for the backcross and 3 for the Fs.

For the backcross, we have

klzl 1

n1 no

where nq and ng are the observations of the two genotypes at marker A;



8.6 Marker Interaction Analysis 189

where n} and n{, are the observations of the two genotypes at marker B; and

4
L_&_L_FL_’_L’

T11 nio mo1 noo

ks =

where n11, n19, no1, and ngg are the observations of the four genotypes at markers A
and B. For the Fy, we have

i 3
=T 1
no ni no

where no, n1, and ng are the observations of the three genotypes at marker A;

3
k2= = 1 10
TR

where nf, n}, and nj, are the observations of the three genotypes at marker B; and

9
L_FL_FL_’_L_’_L_FL_AFL_’_L_AFL’

n22 n21 n20 ni12 nii m10 no2 mo1 oo

ks =

where n99, ..., ngo are the observations of the nine genotypes at markers A and B.
The proportions of each of these genetic variances over the total phenotypic vari-
ance, the marker-specific heritability, can be calculated by

2
Ry = 7A
- 2 2 2 27
Oa Tt 0B T 03 t0¢
2
g
(8.22) R, = B
B
oA Tt 0g+ oA tod
2
ag
2 _ AB
RAB -

2 2 2 2°
Oa t0g T 0xg t0¢

For the F5, the main effect for each marker, A and B, can be partitioned into
the additive (a) and dominance (d) effect components, whereas the interaction effect
between different markers in the Fy can be partitioned into the additive x additive
(Iaa), additive x dominance (I,4), dominance x additive (I4,) and dominance X
dominance (I44) components. All these component effects can be tested by a ¢ test
statistic, which, along with the corresponding critical value, is expressed sequentially
as

_ (mag +mao) — (mo2 + moo)
tAll - \/ 2( ) t(0.025,1/:n22+n20+n02+n0074)7
S

(8.23)

L+L+L+L)

n22 n20 no2 noo

with
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2 (92 — 1)s35 + (n20 — 1)s3 + (no2 — 1)sg, + (100 — 1)s50

- )

N2 + Nog + No2 + nog — 4

_ (mai2 +mag) — 3 (mag + Mmoo + Moz + Moo)

(8.24) tad = - 0
\/82(4"22 + 4nzo + E + Tm + 4"02 + 4"00)
t(0.025,V:nzz+n20+n12+n10+n02+n00*6)7
with
2 _ (n22 = 1)s3y + (na0 — D)y + (m2 — 1)sty
Nog + Nog + Ni2 + 1o + N2 + 1o — 6
n (n10 — 1)s% + (n02 — 1)s8, + (n0o — 1)s3 .
No2 + Moo + Ni2 + 1o + N2 + 1o — 6
(maz + mo2) — (Mmao + moo)
(825) tBy = 5 t(0.025,y:n22+n20+n02+n0074)a
¢(m+a+@+ﬁ)
with ) ) ) )
§2 — (n22 — 1)s55 + (n20 — 1)s50 + (02 — 1)s55 + (1200 — 1)s60 .
N2z + nag + N2 + noo — 4 7
(8.26) oy — (ma1 +mo1) — 5(maz + mag + moz + moo)
. Bd — )
1 1
\/82(47122 + Tzl + 4nago + 4“02 + E + 47100)
t(0.025,u:n22+n21+n20+noz+no1+ﬂoo—6)7
with
2 (n22 = 1)s3y + (na1 — 1)s3; + (n20 — 1)s3
N2 + N2y + N2g + N2 + N1 + Mo — 6
(no2 — 1)s55 + (no1 — 1)sgy + (oo — 1) .
N2 + no1 + N20 + Moz + Mot + 1o — 6
Mmoo + Mog) — (M2 + Mo2
(8.27)  taa = ( ) ) +1(0.025,v=n25+n20+n02+100—4) 1
VoS A
with ) ) ) 5
2 (n22 = 1)s3, + (n20 —1)s39 + (no2 — 1)s53 + (00 — 1)
N + Nog + No2 + noo — 4 ’
ma1 — 5(maz + mao)| — [mo1 — 5(mo2 + Mmoo
B2) 1o e ] s~ s + )
. ad — )

1
\/ (4’ﬂ22 + TZI + 4n20 + 4”02 + nor no1 + 4”00)
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t(0-0251V=n22 +n214+n20+n02+n01+n00—6)1
with

2 (n22 = 1)s3y + (na1 = 1)s3; + (n20 — 1)s3
N2 + na1 + n2o + No2 + Mot + 1o — 6
(no2 — 1)s8 + (no1 — 1)s8; + (noo — 1) .
N2z + N2y + Nag + N2 + No1 + Moo — 6

[myg — %(mm +mgz2)] — [m10 — %(mm + mgo)]
b
1 1 1 1
\/52(4"22 + 47L20 + E + nio + 4no2 + 4"00)

t(0.025,l/:7122 +n20+n12+n10+n02+n00—6)>

(8.29) tga =

with
2 _ (n22 = 1)s3y + (na0 = D)sfy + (m2 — 1)sty
N2 + Nog + N12 + nig + N2 + ngg — 6
(n10 — 1)s7p + (no2 — 1)s32 + (noo — 1)sdo .
No2 + N2 + N2 + N1o + No2 + 1o — 6

[myy — %(mzl +mo1)] — %{[mu - %(mm + m02)] + [mlo - l(mzo +moo)]}

tdd = i )
\/ (47122 + le + 47102 + 4n21 T nii + 4n01 4TL20 + Tw + 47100)

(830) t(0-025,V:n22+n12+n02+’ﬂ21+’ﬂ11+n01+n20+n10+n00*9)7
with
2 _ (n22 = 1)s3y + (na — V)siy + (n02 — 1)sdy + (n21 = 1)s, + (n11 — 1)sty
N2z + n12 + no2 + na21 + N1t + No1 + N2 + n1g + ngo — 9
(o1 — 1)sgy + (1120 — 1)s3g + (10 — 1)sy + (1200 — 1)
naz + N1z + no2 + 21 + i1 + nor + n2o + nio + noo — 9

where s3,, ..., 83, are the sample variances for nine genotypes at markers A and B.

Example 8.8. Revisit Example 3.2. An Fs intercross population derived from the
Large (LG/J) and Small (SM/J) inbred strains of mice is used to describe marker
interaction effects on adult body weight (Cheverud et al. 1996). A total of 535 F5 mice
were weighed weekly from 1 to 10 weeks of age. The 10-week weight, referred to as
adult weight, will be analyzed. Seventy-six microsatellite polymorphisms were scored
throughout the 19 mouse autosomes. As an example, our analysis will focus on one
marker (D1Mit7) on chromosome 1 and the second marker (D2Mit17) on chromosome
2. Table 8.5 tabulates the estimates of the mean squares, F-values, genetic variance
components, and the proportions of each effect contributing to the total phenotypic
variance.
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Table 8.5. ANOVA results of a two-marker analysis in the F2 population of mice.

Mean Pro-
Source of Variation df Square F-value Pr > F  portion
Main effect due to marker D1Mit7 2 115.20 7.61 < 0.0001 0.026
Main effect due to marker D2Mit17 2 87.40 577  0.0065 0.019
Interaction effect 4 12.25 0.81 0.5195
Residual error 838 15.14

Both markers, DIMit7 and D2Mit17, are significant for their main effects on the
adult body weight of mice, which explain 2.6 percent and 1.9 percent of the pheno-
typic variance, respectively. The interaction effect between the two markers is found
to be nonsignificant. Based on equations (8.23) and (8.24), we calculate the ¢ statis-
tics for the additive and dominance effects associated with marker D1Mit7, which
are ta, = —1.7866 (p = 0.0756) and tag = 1.7232 (p = 0.0857), respectively.
These two effects are not significant compared with the corresponding critical val-
ues t(0.02571/:186) = 1.9728 and t(0'0257u = 378) — 1.9663. The t statistics for the
additive and dominance effects at marker D2Mit17 are calculated as tg, = —3.1693
(p =0.0018) and tpg = —0.2349 (p = 0.8144) with equations (8.25) and (8.26), sug-
gesting that the additive effect is significant based on #(g.025, = 186y = 1.9728 and
that the dominance effect is not significant based on #(g.025,, — 408) = 1.9658.

8.6.2 Genetic Analysis

The main effect of a marker reflects only the additive effect at the marker level
for the backcross, but both the additive and dominance effects at the marker level
for the F5. The interaction effect between two different markers virtually represents
the additive x additive genetic effect at the marker level for the backcross and can
be partitioned into four components, additive x additive, additive x dominance,
dominance x additive, and dominance x dominance genetic effects, at the marker level
for the F5. In practice, it is of great importance to estimate each of these interaction
components (Cheverud and Routman 1995).

As shown for a single-marker case, marker analysis will confound the QTL location
and effect. This is also true for two-marker analysis, but it is interesting to explore
how the QTL locations and different genetic factors are confounded.

Consider two unlinked markers, A (with alleles A and a) and B (with alleles B and
b). Assume each marker is linked with a different QTL, P (with alleles P and p) or Q
(with alleles @ and ¢q), with the recombination fractions of r; and ro, respectively. Let
Wi, js k1 ke D€ the conditional probability of two-QTL genotype j1jz2, conditional upon
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two-marker genotype kiks. If these two markers are located on different chromosomes,
conditional probabilities w;, j, |k, k, can be expressed as follows:

Marker QTL P Marker QTL Q
M | Pp(0) | pp(0) genotype | Qq(1) | qq(0)
Aa(l) [1—1 ™ Bb(1) |1—=ro| 1o
aa(0) ri | 1—mrg bb(0) re | 1—ro
for the backcross and
Marker QTL P Marker QTL Q
M | PP(2) Pp(1) pp(0) genotype| QQ(2) Qq(1) qq(0)
AAQ) | (1 =r)?| 2r(1—7) 7 Q@ BB(2) |(1—r2)?| 2r2(1 — 1) r3
Aa(1) [ri(1 —r)|(1 —r1)? +ri|ri(1 —r) Bb(1) |r2(1 —7r2)|(1 —re)® 4+ r3|r2(1 — ro)
aa(0) rs 2r1 (1 —r1) | (1 —7)? bb(0) 3 2ro(1 — 1) | (1 —172)?

Let 5, (41,j2 = 1,0 for the backcross and 2, 1, 0 for the Fo) and my, , (k1, ke =
1,0 for the backcross and 2, 1, 0 for the F3) be the genotypic values at two QTLs
and at two markers, respectively. The QTL genotypic values can be partitioned into
different components: i.e., the overall mean (1), the additive effects at QTLs P (ay)
and Q (a2) and the additive x additive effect (i,,) for the backcross, or the overall
mean (i), the additive (a;) and dominance effects (d;) at QTL P, the additive (az)
and dominance effects (d2) at QTL Q, as well as the additive x additive (i4q), additive
x dominance (i,4), dominance x additive (i4,) and dominance x dominance (i4q),
for the Fy (see equation (1.9) and matrix (9.9)).

We use a general formula to express the marker genotypic values in terms of the
QTL genotypic values:

2 2

My ky = § § :wj1j2|k1k2/ij1j2’

Jj1=072=0

(8.31)

More specifically, based on equation (8.31), we derive the marker genotypic values in
terms of individual QTL effects for the backcross as

myp = p+ (L —r1)ar + (L —ra)ag + (1 — 1) (1 — r2)iga,

mig = p+ (L —r1)ay + reas + (1 — r1)r2iaq,

mo1 = p+riar + (1 —ra)ag +r1(1 —r2)iga,

Mmoo = p+ r1a1 + reaz + r17200a-

The main effects of markers A and B, respectively, are expressed as

(8.32) Ma =
(8.33) Mg =

(m11 +mio) — %(mm +mgo) = (1 —2r)ar + %(1 —2r1)iaa,
(ma1 +mo1) — 3(mao +moo) = (1 — 2r2)as + (1 — 2r2)iaq,

N[ D=
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whereas the interaction effect between the two markers is expressed as

Ias = (m11 + moo) — (m1o + mo1)

(8.34) =(1—2r)(1 —2r9)igq.

It is interesting to find that for the two-marker analysis the estimate of a marker main
effect is not only confounded by the position of a QTL that is linked with the marker
but also contaminated by the epistatic effect between this QTL and any other QTL
located at a different position. The estimate of the interaction effect based on marker
information is confounded by the additive x additive epistatic effect between the two
putative QTLs and their respective recombination fractions with markers.

The main and interaction effects of two different QTLs in the Fy are shown by
equation (1.9) and tabulated in matrix (9.9), which allows for the characterization of
additive, dominance, and all four possible epistatic effects. Using equation (8.31), we
derive the marker genotypic values in terms of QTL effects for the Fy as follows:

maos = 4 (1 —2r1)ay +2r1(1 —r1)dy + (1 — 2r2)as + 2ro(1 — ro)ds
+(1 = 2r1)(1 = 2r9)igq + 2r2(1 — r2)(1 — 271 )igq
+2r1 (1 = 2r9) (1 — 7r1)igq + 4r1 (1 — r1)r2(1 — 72)ig4a,
maor = p 4 (1 —2r1)ay +2r (1 —r1)dy + (1 — 27y + 2r3)ds
+(1 =279 +2r3) (1 — 271 )iga + 2r1(1 — r1)(1 — 272 + 273)iga,
mog = p+ (1 —2r1)ar + 2r1(1 —r1)dy — (1 — 2r9)ag + 2ro(1 — 19)ds
—(1=2r1)(1 = 279)iqq + 2r2(1 — 72)(1 — 271 )iga
=2r1(1 = 2r9)(1 — r1)igq + 4r1(1 — r1)r2(1 — r2)iqd,
mis = p+ (1 —2r; + 2r%)d1 + (1 —2r3)as + 2ra(1 —ra9)ds
+(1 = 2ry 4+ 2r2)(1 = 279)igq 4+ 2(1 — 271 + 2rD)ro(1 — 79)igq,
miy = p+ (1 —2r1 +2r2)dy + (1 — 2ry + 2r3)ds
+(1 = 2ry 4+ 2r2)(1 — 279 + 2r3)igq,
mio = p+ (1 —2r1 +2r2)dy — (1 — 2r9)ag + 2ro(1 — 72)ds
—(1 = 2r1 + 272) (1 — 2r9)igq + 2(1 — 271 + 2rD)ro(1 — 73)igq,
moz = p— (1 —2r1)ay + 2r1(1 —r1)dy + (1 — 2r9)ag + 2ro(1 — r9)ds
—(1=2r1)(1 = 2r9)ige — 2r2(1 — 72)(1 — 211 )igq
+2r1(1 = 2r2) (1 — 71)tgaq + 4r1(1 — r1)7r2(1 — 72)i4a,
mor = p— (1 —2r1)ay + 2r (1 —r1)dy + (1 — 2ra + 2r§)d2
—(1=2ry +2r3)(1 — 2r1)iqq + 2r1 (1 — r1) (1 — 2ra + 273)iqa,
moo = 1 — (1 —2r1)ay +2r1 (1 —r1)dy — (1 — 2r3)as + 2ro(1 — ro)ds
+(1 = 2r1)(1 = 2r9)igq — 2r2(1 — r2)(1 — 271 )igq
—=2r1(1 = 2r9)(1 — 71 )iga + 4r1(1 — r)ra(1 — ro)igq.

The marker additive and dominant effects for A and B are derived, respectively,
as
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Aa = 1(maz 4+ mag) — 1 (mo2 + moo)
(

1—2r1)a; +2(1 — 2r1)ro(1 — 7r2)iqd,
%(mm +mig) — i(mm + mag + Moz + Moo)
(1 —2r1)2%dy +2(1 — 2r1)?ro(1 — 13)iga,

Ap = i(mm + mo2) — %(mm + moo)

(1 —=2r9)ag + 2r1(1 —r1)(1 — 272)i4q,

%(mm +mo1) — i(mzz + mag + Moz + Moo)
= (1 —=2r1)dy 4+ 2r1(1 — r1)(1 — 272)%igq.

-
>
[ T |

Dy

The additive x additive (I,,), additive x dominance (I,4), dominance x additive
(I4a), and dominance x dominance (I44) epistatic effects at the marker level can be
expressed as

Toa = (maz + moo) — 1 (mao + mo2)
= (]. — 27’2)(1 — 2T1)iaa,
Lo = 3[ma1 — §(maz + ma0)] — §mo1 — 5(moz2 + moo)]
= (1—2r2)%*(1 — 2r1)iaq,
Tia = 3[maz — §(maz + mo2)] — 5[mao — 3 (mao + moo)]
Tgq = [m11 — %(mm +mo1)] — % [miz — %(mn + mo2)] + [m10 — %(mzo + moo)]}
mi1 — 5(maz +mio)] — {[ma1 — 5(mas +mao)] + [mor — 5(mo2 + moo)]}
= (1—2r1)*(1 — 2r9)%i4a.

From the analysis above, we can see how much the estimates of each marker effect
are contaminated by the QTL locations and QTL-QTL interaction effects.

8.7 Whole-Genome Marker Analysis

The purpose of constructing a genetic map is the identification of the QTLs that affect
a quantitative trait, their number, genomic distribution, genetic effects, and sensitiv-
ity to various environmental signals. Separate analyses of individual markers are not
adequate for precisely capturing all the information about QTL because their inter-
acting network cannot be systematically identified. Xu (2003) proposed a method for
simultaneously estimating marker effects of the entire genome. This method assumes
that the marker density is relatively high, and thus marker effects approximately
represent the QTL effects associated with markers.

Consider a backcross in which a quantitative trait is measured for individual ¢,
denoted as y;. The statistical model for y; at a total of m markers, each with two
genotypes 1 and 0, in the entire genome is written as

(8.35) yi =bo+ Y wirby + e,
k=1



196 8 Marker Analysis of Phenotypes

where by is the overall mean, x;; is a dummy variable indicating the genotype of the
kth marker for individual i, b, is the effect of the kth marker, and e; is the residual
error following N(0,0?%). The dummy variable is defined as z;, = 1,0, depending on
marker genotype. Equation (8.35) is the multiple regression model, with the partial
regression coefficient by being the effect of marker k associated with the trait.

How to estimate partial regression coefficients in equation (8.35) is statistically a
challenging issue because the number of markers in the linear model may be larger
than the number of individuals and because the effects of many markers actually are
close to zero. Xu (2003) implemented a Bayesian approach for parameter estimation.
Within the Bayesian context, everything, including the parameters, is treated as a
random variable with a particular distribution. For example, each by is assumed to
be sampled from a normal distribution with mean zero and variance U,%. All variables
are sorted into observables and unobservables. The observables are phenotypic values,
vy = {v;}, and marker data, whereas the unobservables include b = {b;} and v =
{02,602} (k=1,...,m). The Bayesian framework is composed of three elements, the
prior distribution, likelihood, and posterior distribution. The prior distribution is the
distribution of the unobservables. The likelihood is the distribution of the observables,
expressed as a function of the unobservables. The posterior distribution, which needs
to be inferred from Bayesian analysis, is the conditional distribution of the parameters
given the observed data.

The Markov chain Monte Carlo (MCMC) method makes Bayesian analysis trac-
table. The MCMC-implemented Bayesian analysis does not need an explicit form of
the posterior distribution; rather, it draws a sample of the unobservables from the
joint posterior distribution. From the joint posterior sample, the desired Bayesian
estimates, such as the posterior means and posterior variances, can be obtained. The
subsequent description of Bayesian analysis will be based on the idea of Xu (2003),
who chose the following prior distributions:

P(bo) X 1,

P(o?) x1/0?,
P(by) = N(0,07),
P(0}) x 1/0%.

The joint prior distribution of the unobservables P(b,v) takes the product of the
priors of individual parameters. The likelihood is

n

P(Y|b7v) - Hp(yl‘bvgz)

i=1

1
21—n/2 -
(8.36) x [oF] exp | —3

n

o N

i=1

m 2
(yi —bo — Z%k%)
k=1

The joint posterior distribution has a form of
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(8.37) P(b,vly)  P(ylb,v)P(b,v).

For the MCMC-implemented Bayesian analysis, the unobservables are sampled from
the joint posterior distribution above. The sampling is performed in the following
steps.

(1) Determine initial values for all unobservables denoted as

(bgo), bﬁo), ce béo), 03(0), a%(o), el 02(0)).
Parameters b are all initialized with zero value and the scale parameters v initial-
ized with a positive number.
(2) Update the population mean bg. The conditional posterior distribution of by is

normal with mean
n

bo = 7112; (yz - ;xikbg))
= —1

and variance
2 _ 20
52 = 06( )7

from which we sample a new by, denoted as bél), which replaces b(()o) in all subse-
quent sampling processes.

(3) Update partial regression coefficients by for k = 1,...,m. The conditional poste-
rior distribution for by is normal with mean

n 2(0) -1 5 m
_ Oe 0 0
b = [ E a3, + 2(0)] E i | yi — b)) — E b
i=1 O i=1 1#£k

and variance

n 520 -1
5% = [Z x'LQk + 2(0)‘| 03(0)7
i=1 O

which are used to sample by to generate b,(cl) which replaces bgco) in all subsequent
sampling processes.

(4) Update the residual variance o
inverted y2-square distribution,

2(0) | The residual variance is sampled from a scaled

1 n m
ot = > "wa [ vi— by — inlbl(o) ,
Xn i 17k

where 2 is a random number sampled from a y?—distribution with n degrees of
freedom. The variance oe ) i immediately updated by ag(l).
(5) Update the variances of partial regression coefficients 0,3 for k =1,...,m. They

can be sampled from a scaled inverted x2?—distribution,
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2(1) _ by
O'k = X% 5

where x? is a random number sampled from a x? distribution with one degree of
freedom.

(6) Repeat steps 2-5. At this point, one sweep of the MCMC is complete, and sampling
for the next round can be continued. The sampled parameters will follow the joint
posterior distribution when the chain converges to the stationary distribution.

Ezample 8.9. Xu (2003) used the Bayesian approach to detect marker effects through-
out the entire genome in barley (Tinker et al. 1996). The mapping population is
composed of n = 145 DH lines for which the model developed for the backcross can
be used directly. A total of m = 127 molecular markers constructed seven linkage
groups, covering 1500 cM of the barley genome. The study material was planted in
a range of environments. Several agronomic traits were measured for each plant and
analyzed on the basis of across-environment means, but only results for kernel weight
are shown here.

Figure 8.5a illustrates the marker effects across the seven ligated linkage groups.
Four candidate regions were detected to show significant associations between markers
and kernel weight, which were consistent with those by single-marker analysis (Fig.
8.5b). The significant difference between the two approaches is that the marker effects
detected by multimarker analysis are more sharply contrasting than those by single-
marker analysis. This may suggest that multimarker analysis has identified fewer
spurious significant associations, compared with single-marker analysis.

Xu (2003) also did an interesting test for the distribution of marker effects over
the genome. The marker effects detected by multimarker and single-marker analyses
can be fit by the Gamma distribution with the estimated scale (0.0579 vs. 0.1134)
and shape parameters (0.2233 vs. 1.1396) dramatically different between the two ap-
proaches. Thus, multimarker analysis generated an L-shaped distribution (Fig. 8.6a),
whereas single-marker analysis generated a bell-shaped distribution (Fig. 8.6b). Mul-
tiple analyses implemented within the Bayesian context provide a powerful tool for
studying the overall genetic architecture of a quantitative trait.

8.8 Exercises

8.1 Referring to the data in Table 8.1, for marker B test whether the difference in body
weight between genotypes 1 and 0 is statistically significant.

8.2 Referring to Example 8.5, construct the ANOVA table for marker B and perform any
subsequent t—tests. What can you conclude about this marker?

8.3 For the backcross model (8.9), note that if genotype M;M; is observed, the density of
y is given by

(1-r) (y—m)’ r (y — p12)?
WQXP{ 207 }*We"p{ 902 }

Use this fact to verify the means and variances in equation (8.10)



8.8 Exercises 199

021

Marker effect

034
044}

054!

06 4 ; ; : : ; S
0 212 48 658 Bad 1044 1229 1408

Genome location (cM)

Marker effect

T T T
0 212 468 653 844 1044 1229 1498

Genome location (cM)

Fig. 8.5. Marker effects of kernel weight in barley across different markers on the genome.
(a) Multimarker Bayesian analysis; (b) single-marker regression analysis. The seven linkage
groups are separated by dotted vertical lines. Adapted from Xu (2003).

8.4 If f is the normal density f(y) = \/% exp { (y2_;;)2 }, show that:
(a) 2 =(y—mw}.
22
b) 52 f = (45272) .
8.5 . Referring to (8.13), verify the expressions for the likelihood and the MLEs.

8.6 Verify equations (8.17) and (8.18).
8.7 For the log-likelihood in part (3) of the iteration in Section 8.4.1, show that

0 NN . o1 1— Pi(y; P (ys - P (yi L= Po(yi
5logL(m,ul2702aT|)’)=Z ( Tl(y ) - 11£l/r)>+ Z ( 2£y ) - = _27(}/ )>
i=1 i=ni1+1
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Fig. 8.6. Gamma approximation of marker effects for kernel weight in barley. (a) Multi-
marker Bayesian analysis; (b) single-marker regression analysis. Adapted from Xu (2003).

and setting this equal to zero yields

n

r:% ZlfPl(yi)wL Z Ps(yi)

i=n1+1

8.8 In Section 8.6.2, we assumed that two markers are independent from each other. But if
the markers are linked on the same genomic region, do the following things separately
for the backcross and Fa:

(a) Derive the conditional probabilities of QTL genotypes given marker genotypes.

(b) Express the marker genotypic values in terms of the QTL genotypic values.

(¢) Show how the interaction effects at the marker level are underestimated when they
are used to represent QTL interaction effects.
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8.9 Doebley et al. (1995) genotyped two markers as the candidate QTL for the average
length of vegetative internodes in the primary lateral branch in an F2 population of
183 corns derived from inbred lines, T'eosinte-M 1L x Teosinte-M3L. The observations
and trait values for each genotype at these two QTLs are given below (see Kao and

Zeng 2002)

Q
P 2 1 0 Total
Observations

2 8 22 3 33

1 20 42 24 86

0 11 21 10 42

Total 39 85 37 161
Phenotypic values Mean
2 101.60 66.50 61.11 74.52
1 83.62 47.55 40.94 54.09
0 47.80 54.57 17.98 44.08
Total 77.21 54.19 36.37 55.67

) Test whether these two candidate QTLs are linked.
b) Estimate the additive effects of each candidate QTL.
¢) Estimate the dominant effects of each candidate QTL.
d) Estimate the epistatic genetic effects between the two QTL.

) If these two candidate QTLs are viewed as markers, discuss how the estimates of

the marker additive, dominance, and epistatic genetic effects are confounded by the

QTL positions and epistatic effects.

8.10 Missing marker data in whole-genome marker analysis.

It is common for genotypic data to be missing at some markers. Genotypes of missing
markers can be generated randomly on the basis of the probability inferred jointly
from the nearest nonmissing flanking markers and the phenotype (Xu 2003). The
probability from the markers is treated as the prior probability. After incorporation
of the marker effects through the phenotype, the probability becomes the posterior
probability, which is used to generate the missing marker genotype. Show the algorithm
for sampling missing data within the MCMC framework as shown in Section 8.7.
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The Structure of QTL Mapping

9.1 Introduction

In the previous chapter, statistical approaches were described for evaluating associ-
ations between markers and phenotypes. Such an association analysis can provide
evidence for the genetic control of trait variation but is not very precise because the
genetic effects associated with marker genotypes are confounded by the position of a
functional QTL and its actual effect. Of course, if markers are so highly dense that
they are generated at QTL positions, a simple marker-phenotype association analysis
may be useful. The generation of such high-density maps is not possible for a major-
ity of species in practice. Powerful analytical techniques are needed to separate the
effects of a QTL from its location.

Unlike molecular markers, the genomic locations of QTLs are unknown and should
be inferred on the basis of the association analysis of the phenotypes and markers.
The role of statistical methods is in the identification, mapping and estimation of
functional QTLs using location-known, neutral markers. Starting in this chapter, we
will systematically introduce the genetic principles behind QTL mapping strategies
and statistical methods proposed to estimate the locations and effects of QTLs based
on genetic linkage maps. All of these issues form the core of this book.

One of the most important statistical foundations for QTL mapping is laid out in
the mixture model (McLachlan and Peel 2000), in which each observation is assumed
to have arisen from one of g unobservable QTL genotype groups, each group being
suitably modelled by a density from some parametric family. This model provides
a framework by which observations may be clustered together into genotype groups
for discrimination. QTL mapping methods based on the mixture model include three
tasks:

(1) Model the full mixture for possible phenotype-genotype correspondence.
(2) Characterize the types of QTL effects, random or fixed.
(3) Estimate the unknown QTL parameters using statistical methods.

In this chapter, we will introduce several fundamental genetic and statistical issues
related to the characterization of mixture models for QTL mapping. The exploration
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of these issues helps us to better interpret the results and develop novel statistical
models for new problems.

9.2 The Mixture Model

9.2.1 Formulation

The genetic foundation of statistical mapping methods is that a QTL being iden-
tified is segregating to form two or more different genotypes in a mapping progeny
population. Thus, QTL mapping can be performed using any segregating population.
The statistical models for studying QTL effects can be specified most precisely by
assuming that the underlying QTL is known using equation (8.1) for the backcross
or equation (8.2) for the Fy. Table 9.1 gives the examples for the data structure of a
backcross design that corresponds to this so-called QTL regression model.

In practice, the QTL genotypes for a trait are unobserved, although they actually
determine the genetic variation of the trait. For a mapping population, the pattern of
QTL segregation can be predicted; for example, a 1:1 ratio for the backcross (BC) and
1:2:1 ratio for the F5. Randomly selecting a mouse, i, from Table 9.1, the probability
that this mouse will carry QTL genotype Qq (1) or gq (0) is 1/2 and 1/2, respectively.
Similarly, we have such probabilities 1/4 for QQ (2), 1/2 for Qq (1), and 1/4 for ¢q
(0) in the F3 design (Table 9.2). Thus, each mouse can be assumed to arise from one
and only one of these QTL genotypes with a probability specified above for different
designs.

Table 9.1. Mouse body weight (y) and a putative QTL in a backcross design.

Sample QTL genotype Body weight

(2) )
1 Qq (1) 30
2 Qq (1) 32
3 Qq (1) 28
4 Qq (1) 29
5 Qq (1) 29
6 qq (0) 22
7 qq (0) 20
8 qq (0) 21
9 qq (0) 20

(0)

21

—_
o

)

=)
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For mouse i, a likelihood function of its phenotype, y;, can be formulated in the
mixture model context, expressed as

5.1(ys d1,m) + 5 fo(yis do,m) for BC
1 f2(yis d2,m) + 5 f1(yis d1,m) + 1 foyis do,m) for Fa,

where f;(y:;¢5,n) is a type of probability density function with ¢; specific to each
component (i.e., genotype) and  common to all components. The mixing proportions
of each component in mixture model (9.1) are the genotype frequencies in the entire
mapping population.

(9:1) yi ~ p(bj,nly:) = {

Table 9.2. Mouse body weight affected by a putative QTL segregating with different prior
probabilities in a backcross or Fa design.

Body Backcross Fa
Sample ~ Weight Qg (1) qq (0)  QQ (2) Qg (1) qq (0)
1 30 3 3 i 3 i
2 32 3 3 i 3 i
3 28 3 3 i 3 i
4 29 3 3 i 3 i
5 29 3 3 i 3 i
6 22 3 3 i 3 i
7 20 2 2 i 2 i
8 21 3 3 i 3 i
9 20 3 3 i 3 i
10 21 3 3 i 3 i

Model (9.1) can be used to diagnose the existence of a segregating QTL in a
mapping population but is unable to localize the chromosomal location of the QTL.
The QTL location can be estimated by inferring the QTL genotypes from the seg-
regation pattern of markers that are linked with the QTL. The raw data for QTL
mapping consists of the ordered marker information and measured phenotypes of dif-
ferent individuals (Tables 8.1 and 8.2). With additional marker information (M), the
likelihood function of mouse ¢ for the backcross, as described by equation (9.1), can
be rewritten as

(9.2) yi ~ p(oj,mlyi, M) = wii f1(ys; d1,m) + woji fo(yi; do, ),
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where w;; is the conditional probability of QTL genotype j given marker genotypes
for mouse 1.
Similarly, the likelihood of a mouse for the Fo can be written as

yi ~ p(oj,nly:, M)
(9.3) = wo)i f2(yi; D2,m) + w1 f1(Yi; d1,m) + woyifo(yis o, m).

The conditional probability matrices for the backcross and Fy are provided in Chap-
ter 10.

9.2.2 Structure, Setting, and Estimation

Finite mixtures of distributions can be used to model a wide variety of random phe-
nomena (see McLachlan and Peel 2000) and can provide a sound statistical approach
for distinguishing unknown QTL genotypes. With an approach based on a normal
mixture model for separating QTL genotypes for a general mapping population, it
is assumed that each observation, which includes the phenotype (y;) and marker in-
formation (M), is from a mixture of a specified number (J) of probability densities
expressed as

(9.4) p(Qy;, M) = wiif1(ys; M1702) + ot wgfr(ys pg, 02),

where Q = (wyj;, -, Wypis i1, ,ty,0?) is the vector of unknown parameters, the
wj|;'s are the mixing proportions, summing to 1, which are the conditional probabili-
ties of the QTL genotypes given the marker genotypes, and f;(vi; 15, 0?) is generally
assumed to be a normal density for a particular QTL genotype j with mean p; and
variance o2, expressed as

)2
(9.5) filyisng,0%) = ﬁew [—(y%/jj)} :

All the component distributions are assumed to be from the same parametric family.
With basic knowledge about a mixture model, the development of a statistical
method for QTL mapping contains three major tasks:

(1) Derive the structures of the mixture model including the mixture proportions (de-
noted as the frequencies of QTL genotypes) and the density functions (expressed
in terms of QTL effects and residual variance).

(2) Optimize the setting of QTL mapping from an experimental design perspective
by specifying QTL effects and other model effects as fixed or random.

(3) Develop a statistical technique for the estimation of the unknown parameters
defined in the mixture model.

The first task needs the formulation of thorough genetic models based on different
mating designs, different marker types, different population structures, and different
genetic effects. The second task is relevant to the modeling and analysis of a mapping
experiment according to particular sampling strategies and the manner in which
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results from QTL mapping are explained and utilized. The third task depends upon
statistical and computational algorithms with the aid of computer techniques. All
three tasks are coupled under the mixture model framework to efficiently solve for
the unknown parameters of interest.

In practice, some statistical mapping methods focus on the structure of the mixture
model by deriving genetic models that better reveal the genetic architecture of a
complex trait in a particular population. Some methods attempt to examine the
setting of the mizture model based on different experimental designs so as to make
better use of mapping results. Others may focus on the estimation of the mixture model
by implementing a more efficient computational algorithm for a complicated pedigree.
We will describe these three aspects of QTL mapping from genetic, experimental, and
statistical perspectives.

9.3 Population Genetic Structure of the Mixture Model

As described above, a given normal mixture model contains two different structures,
mixture proportions w = (wq;, - ,w ng) and normal distributions determined by
model parameters €, = (u1,- - , s, 0°). The mixture proportions are actually the
frequencies of QTL genotypes at a putative QTL in a population. For an entire map-
ping population initiated with two inbred lines, the frequencies of QTL genotypes can
be predicted on the basis of the first Mendelian law. For example, the frequencies of
QTL genotypes are 1/2 and 1/2 for the backcross or 1/4, 1/2, and 1/4 for the F.
However, when marker information is associated with a putatively linked QTL, the
frequencies of QTL genotypes given a particular marker genotype (i.e., conditional
probabilities) will not obey the Mendelian law but rather depend on the recombina-~
tion fraction or linkage disequilibrium between the marker and QTL. The conditional
probabilities of QTL genotypes upon the marker genotypes are the “bridge” associ-
ating the known marker information with unknown QTL information. Below, we will
give the procedure for deriving these conditional probabilities in different mapping
populations.

9.3.1 Backcross/F»

Two different inbred lines are crossed to generate the heterozygous F;. When the F;
is backcrossed to the original parents, or selfed or sibling-mated, different genes will
be cosegregating, which leads to nonparental, recombinant types whose proportion
depends on the degree of linkage between different genes. By observing the number
of recombinant types, we can then estimate the linkage. However, the recombinants
between a marker and QTL are not observable because the QTL position is unknown,
and we need to derive the conditional probabilities of QTL genotypes given known
marker genotypes in terms of their recombination fractions. The advantage of the
backcross or Fy as a mapping population lies in the clear linkage phase between all
genes, from which the parental origin of alleles can be precisely determined. In Sections
10.3 and 10.4, we provide the procedure for deriving these conditional probabilities
for the backcross (Table 10.3) and Fy populations (Table 10.6).
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9.3.2 Outbred Crosses

Many species, such as forest trees, cannot generate inbred lines because of their com-
plicated biological features, but they can be crossed to generate a segregating progeny
population, called an outbred cross. It is possible to use outcross progeny as an out-
bred population because crossover events occur during meioses. In fact, outbred lines
as parents can be homozygous at some loci but are heterozygous at many loci, and
thus their controlled crosses can be backcross-like for some loci, Fo-like for other loci,
or present new cross types. The QTL genotypes in outbred crosses can be inferred
by their conditional probabilities given marker genotypes expressed as a function of
the recombination fraction. A procedure is necessary to determine a correct linkage
phase prior to the estimation of linkage. A detailed description of QTL mapping in
outbred populations is given in the last chapter.

9.3.3 Recombinant Inbred Lines

Recombinant inbred lines (RILs) are powerful material for genetic mapping. They
can be derived either by repeated selfing or by repeated brother—sister mating of the
progeny from an F; cross between two inbred lines. RILs can serve as a permanent
mapping population for multiple uses because they are fixed and homozygous for two
alternative alleles at all genes. Some lines are the same as parental (nonrecombinant)
types, whereas the others are recombinant types. The conditional probabilities of
QTL genotypes given marker genotypes are derived in terms of the proportion of
recombinant zygotes (see Table 10.7).

9.3.4 Natural Populations

For some species in which crosses are not possible, the cosegregation between the
marker and QTL can be specified by linkage disequilibrium (LD). The LD repre-
sents nonrandom associations between different loci in a population and can be used
to analyze an unstructured population. Linkage analysis has been widely used for
genetic mapping by detecting the degree of LD between the marker and QTL. Un-
like controlled crosses, the conditional probabilities of QTL genotypes given marker
genotypes are expressed in terms of LD values (Lou et al. 2003).

9.4 Quantitative Genetic Structure of the Mixture Model

It is generally assumed that a quantitative trait (y) of interest at a putative QTL is
normally distributed with expected mean p; and variance o2. The genetic contribu-
tions of the QTL to the trait phenotype are reflected in the mean or variance of the
normal distribution. For a given QTL genotype j, we can partition its expected mean
(p;) into the different components: overall mean (p), additive effect (@), dominance
effect (d), and additive x additive (i4q), additive X dominance (i,q), dominance X
additive (i4q), and dominance x dominance (i44) epistatic effects. If we assume that
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these effects are fixed, they can be directly estimated in the mixture model. As the
variances of the fixed effects are viewed as zero, the variance contains only the residual
variance o2 within a particular QTL genotype. The major task of a fized-model-based
mapping approach is to specify the genetic components of j1; based on different genetic
problems or mapping purposes.

9.4.1 Additive-Dominance Model

In many cases, it is reasonable to assume that there are no nonallelic interactions
(epistasis) between different QTLs. Consider a QTL of three possible genotypes whose
values and residual variances are defined as

Genotype QQ (2) Qq (1) qq (0)
Overall mean I I o
(9.6) Effect a d —a

Genotypic value po=p+a pw=p+d po=p—a

Residual o2 o2 o?

In most situations, the residual variance is assumed to be identical among the
three groups of QTL genotypes for the sake of computational simplicity. Statisti-
cal techniques are also available when the residual variances are genotype-specific
(heteroscedasticity).

When two or more QTLs are fit, we will have more QTL genotypes included in
the mixture model. For an Fy population, the genotypic values, p;,;, (j1,j2 = 0,1,2),
of nine QTL genotypes for two given QTLs, P and Q, under the additive-dominance
model can be defined as

Q
P 2 1 0
2 |poe=p+ar+ar por=p+ar+ds oo =p+ay—as
Mijo = 1 |po=p+dy+ax pi=p+di+do pro=p+d —a|,
0 [po2=p—ar+ay por=p—ar+dy foo=p—ay —az
(9.7)

where a; and as are the additive effects and d; and dy are the dominance effects of
these two QTLs, respectively.

Ezample 9.1. In mapping body weight for an Fy progeny of mouse, joint genotypic
values at two QTLs, P and Q, are estimated. Genotypic values at individual QTLs
are then calculated as marginal means. The estimates of joint or marginal genotypic
means are given in Table 9.3. The additive and dominance effects of individual QTL
can be estimated on the basis of marginal means using equation (9.6) or joint geno-
typic values using equation (9.7).
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Table 9.3. Joint genetic values and marginal means at two QTLs for body weight in the
F2 progeny.

Q
P 2 1 0 Marginal
2 p22 = 30 o1 = 32 oo = 28 o = 30
1 p12 = 29 pi1 =29 pio = 21 pi. =25
0 po2 = 21 fo1 = 20 foo = 21 to. = 20.67
Marginal .2 = 26.67 pa =27 po = 22.75

Let m be the genotypic mean vector, a be the effect vector, and D be the design
matrix that relates m and a. The relationship m = Da leads to

(9.8) a=D 'm.

For the marginal means, we have m = (ug, 1, 10)", a = (y,a,d)T, and

1 10
D=1 01
1-10
For joint genotypic values, we have m =
(uzz,/121,M20,M12,M11,M10,H02,M017u00)T, a= (N,al,dl,az,dz)T7 and
(1 1 0 1 0]
1 1 0 0 1
1 1 0-1 0
1 01 1 0
D=|1 0 1 0 1
1 0 1-1 0
1-1 0 1 0
1-1 0 0 1
_1 -1 0-1 ()_

Using the data in Table 9.3, the genetic effects are estimated as p = 25.335 and
24.71, a = 4.665 and 1.96, and d = —0.335 and 2.29 for P and Q, respectively, from
the marginal means, and as p = 24.56, a; = 4.67, d; = 0.357, ay = 1.99, and dy = 2.32
from the joint genotypic values.

9.4.2 Additive-Dominance-Epistasis Model

If two or more QTLs interact to affect a quantitative trait, their epistatic effects should
be modeled in the QTL genotypic values within the mixture model. We use Mather
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and Jinks’ (1982) notations to describe the epistasis under which the genotypic values
are expressed, such as when two QTLs are assumed,

Q
2 1 0

P
Mjjo = 2 |p+ar+az+ica p+ar+de+iga H+0a1— 02—
1 |p+di+ax+isze p+di+de+iga p+di—az—ide )
0 |[p—a1+az—iqe p—ar+dy—tiqqg f—a1— a2+ e
(9.9)

where 444, iqd, ida, and igq are the additive x additive, additive x dominance, domi-
nance x additive, and dominance x dominance epistatic effects, respectively.

Ezxample 9.2. Revisit Example 9.1. Based on Table 9.3, we can also estimate the four

kinds of epistatic effects. At this time, a = (u, a1,d1, az, da,iaa; iad, ida, @qq)” and
(1 1.0 1 0 1 0 0 0]
1 10 01 0 1 0 O
1 1 0-1 0-1 0 0 O
1 01 1.0 0 0 10
D=1 01 01 0 0 01
1 0 1-1 0 0 0-1 O
1-1 0 1 0-1 0 0 O
1-1 0 01 0-1 0 O
(1-10-10 1 0 0 0]

Using equation (9.8), we estimate the genetic effects as p = 25, a1 = 4, d; = 0,
as =0.5,doy =1, 440 = 0.5, iqq = 2, 14q = 3.5, and iqq = 3.

9.4.3 Multiplicative-Epistatic Model

The physiological basis of epistasis has been studied by modeling the relationship
between genes and their products in many plant and animal experiments. Minvielle
(1987) showed, from a theoretical perspective, that multiplicative interaction between
a pair of loci may be an important form of epistasis for controlling complex traits, as
anticipated by Arunachlum (1977). The multiplicative-epistasis model assumes that
genotypes at a pair of loci have genotypic values equal to the product of genotypic
values at the two different loci (Schnell and Cockerham 1992; Li and Wu 1996; Otto
and Feldman 1997). For example, if genotypic values are uo for P genotype 2 and i),
for Q genotype 2, then the value of joint QTL genotype 22 is ji99 = paph. Under the
multiplicative-epistatic model, the genotypic values of two QTL can be modelled by

Q
2 1 0
Moo = Hafly P21 = Hofly Moo = Hafl
M2 = pafly a1 = gy B0 = HRo
Moz = Hofy Mol = Hofy oo = Moty

(9.10)

Hj1jo =

OH[\')hU
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Although multiplicative interactions between a pair of QTL are considered, two
special cases, completely multiplicative action (both between and within loci) and
pure additive action (without dominance), can also be manipulated by setting re-
strictions.

Ezample 9.3. Revisit Example 9.1. Here, we attempt to estimate the genetic-effect pa-
rameters using the data in Table 9.3 under the multiplicative-epistasis model. We use
a nonlinear least squares approach to estimate three genotypic values for each QTL
based on matrix (9.10). These estimates are o = 5.6954, u1 = 5.0308, o = 3.9065,
wh = 5.4624, p) = 5.5649, and pj = 4.755.

Schnell and Cockerham (1992) proposed an analytical model for estimating addi-
tive, dominance, and epistatic effects of various kinds due to the two multiplicative—
interacting QTLs. The estimators of these effects are expressed as

pw=uu, a1 =au,dy =ou',as = ua’,ds = ud’,

(911) . ;. ;7 - VA /
laa = @ igq = b igq = 00/ igq = 00,

where u = (fpo+gp+p0),w' = (Gub+3u1+14H0), @ = 3(pa—pm)+3 (1 —po), o =
$(uh — ph) + 3(ph — 1), 0 = po — 21 + o, and & = ph — 24 + pufy.

We further estimate the genetic effects as p = 26.2349, a1 = 4.7736, d; =
—2.45331, as = 1.73856, dy = —4.48501, ipq = 0.31634, ing = —0.816074, ige =
—0.162578, and i4q = 0.419407.

9.4.4 Mechanistic Model

The genotypic values of QTLs contained in the mixture model can also be modeled
on the basis of the mechanistic principles causing them. For example, the genotypic
value of a QTL genotype Q@ for a quantitative trait can be expressed as a function
of other independent variables, time, or environmental factor,

f(x) for allometric laws
(9.12) y =< g(t) for growth models

h(z) for reaction norms

where y is the biological trait of interest, x is the body size, t is the age, and z is an
environmental variable such as temperature, nutrition, or light intensity. The forms
of mathematical functions f(z), ¢g(t), and h(z), which can be linear or nonlinear, are
generally different, depending on specific questions of interest. Generally, the estab-
lishment of appropriate mathematical functions is based on the goodness of fit to
observational data (Niklas 1994). Alternatively, these mathematical functions are de-
rived from an optimality perspective. For example, West et al. (1997, 1999) proposed
a fractal-like network system for the absorption and internal distribution of metabo-
lites to explain quarter-power scaling laws pervasive in the living world. In addition,
West et al. (1997, 1999, 2001) explained why the growth of an organism follows a
sigmoid curve based on fundamental principles for the allocation of metabolic energy
between the maintenance of existing tissue and their production of new biomass.
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So far, we have discussed two key structures in the mixture model: mixing pro-
portions and genetic-effect models. As can be seen, the conditional probabilities are
related to allele frequencies and the linkage or association between the markers and
QTL (the theme of Mendelian or population genetics), whereas the normal distrib-
utions concern the quantitative effects of QTL on traits (the theme of quantitative
genetics). Depending on the nature of the question considered, the complexities of
these two structures will be different. Some methods stress the derivations of the
conditional probabilities, such as linkage disequilibrium-based mapping or polyploid
mapping. Yet, other methods stress genetic-effect models that can be used to approx-
imate a biological phenomenon. These two structures determine the originality of a
new statistical method for QTL mapping.

9.5 Experimental Setting of the Mixture Model

In the mixture model (9.4), we assume that different normal components are charac-
terized by a known or unknown number of QTL genotypes. Genetic effects of putative
QTLs on the phenotype, which are embedded within normal distributions, can be di-
rectly estimated by incorporating the fized model approach. The fixed model approach
is useful if the underlying genetic effects can be readily specified, as in the case of
controlled crosses derived from homozygous inbred lines (Lander and Botstein 1989;
Haley and Knott 1992; Zeng 1994) or outbred lines (Lin et al. 2003).

The progeny from a controlled cross should be grown in a regular experimental
design for phenotypic data collection for quantitative traits of interest. The mixture
model allows the estimation of the experimental effects due to any covariates such as
sex or discrete environments and the interaction effects between QTL and treatments.
Two experimental designs are used to estimate QTL x environment interactions. In
design 1, the same set of genotypes recorded for markers are grown in different envi-
ronments. Such a design is possible for species that can generate genetically identical
individuals, such as clones and RILs. In design 2, only different sets of individuals
from a mapping population are reared in different environments, but for these sets the
same marker systems are genotyped. This design is used for many species in which
genotypes cannot be duplicated.

The same genotype may perform differently across a range of environments. Ge-
netic variation that underlies such phenotypic plasticity provides the organism with
the capacity to buffer against environmental fluctuations (Schlichting 1986). This role
is thought to be affected by allelic sensitivity and gene regulation (Via et al. 1995).
The concept of allelic sensitivity proposes that plasticity arises from differential effects
of loci directly contributing to variation in plastic traits. The gene regulation hypoth-
esis states that specific loci influence trait changes between environments without
altering the means within a given environment. These hypotheses are not mutually
exclusive, but their difference lies within the effect of the environment on the expres-
sion of the genes underlying the trait: either directly for allelic sensitivity or indirectly
for regulatory loci (Schlichting and Pigliucci 1998).
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These two general hypotheses can be tested within the mixture model context for
QTL mapping (Wu 1998; Leips and Mackay 2000). Allelic sensitivity says that alleles
have varying effects on the phenotype in different environments, which implies that
the QTL affecting the sensitivity of a trait to environmental changes should map to
the same regions as those that explain the genetic variation in the trait within an
environment. Differential expression of alleles in these QTL regions across environ-
ments would explain the covariation between trait performance and the environment.
Gene regulation states that special regulatory genes respond to the environment by
turning on or adjusting the expression of structural genes that directly influence the
trait. Thus, according to this hypothesis, the QTL regions that explain the genetic
variation in phenotypic sensitivity will be distinct from those that contribute to the
variation within a given environment.

9.6 Estimation in the Mixture Model

The mixture model (9.4) lays a statistical foundation for mapping QTLs in a segre-
gating population. The estimation of unknown parameters contained in the mixture
model is an important next step for a mapping project. There are many statistical
methods that can provide estimates of unknown parameters under the mixture-model
framework designed to map QTLs. In this section, we detail the method of maximum
likelihood; a discussion of other methods is given in Section 9.7.

The maximum likelihood approach to parameter estimation in mixture models
obtains point estimates (Wi, fLi, -+ ,@sis b1 52) of the parameters

2
Q= (w1|ia,u1a"' yWJlis s O )

by maximizing the likelihood. The unknown parameters €2 contain the mixture pro-
portions w = (wy;,--- ,wy);) specifying the QTL locations and model parameters
Q. = (11, -+, g, 02) specifying the QTL effects and residual variance.

An observed data set in a mapping project (see, for example, Tables 8.1 and 8.2)
includes the phenotypes of a quantitative trait (y) and marker genotype (M) for all
genotyped individuals. A complete data set is composed of these observations, along
with the QTL genotypes (g) and the locations of the QTL (d), which are missing
data.

The likelihood of the unknown model parameters # and the unknown mixture
proportions w (and therefore the unknown QTL locations d) for individual ¢ can be
expressed as

J
(9.13) p(d, 0ly;, M) = ij\i(gi|dv M) fi(vilgi, 0),

j=1

with the sum over all possible QTL genotypes for individual 7, and we explicitly show
the dependence of the weights on g;,d, and M;.
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Suppose there are n independent offspring in a mapping population. The likelihood
function of the mixture model (9.13) for the parameter vector £ can be formed by
taking the products of the log mixture densities at each y; to give

L(d, 0]y, M) = [ [ p(d, ]y;, ML)
i=1
It is almost always easier to work with the log-likelihood

logL(d, 0y, M) = log | [ p(d, 0ly;, ML)

i=1

(9.14) = Z og p(d, 0y, ML)

J
Z Wijli (gild, M, )f](yz|gz, )] .

Il
T M: g

The maximum likelihood estimate of €2 is obtained as an appropriate root of the
log-likelihood equation

0 ~ 0
(9.15) m@wm,zg%ﬁwmmw.

To ease notation, we write w;|;(9:) = w;ji(g9:|d, M;) and f;(y:) = f;(yi|gi, Qm) and
note that

0 5
logaiﬂp(daekylaMz) - Wiﬂ z:: jIZ gl f] yl
J
_ S eanlafitw) o
- ; o(d. O]y, M) 95y 08lili (9:) fi ()]
J 9 ; ,
(916) = J; J\Za logw_]\z g’L + ZH]“ logfj(yz),
where we define
w;ii(9i) fi(yi)
o I p(d, Oy, M)

which could be thought of as a posterior probability that individual ¢ has a QTL
genotype j. We then implement the EM algorithm with the expanded parameter set
{Q, 11}, where IT = {Il;;;5 = 1,--- , Jyi = 1,--- ,n}.

To solve equations (9.15), we iterate equations between (9.16) and (9.17). Assum-

ing that we know I1;|;, we solve for the zero of equation (9.16). Using those values of
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w and 6, we update Il;|; and continue the iterations until convergence. This scheme
can be thought of as an implementation of the EM algorithm (Dempster et al. 1977;
Meng and Rubin 1993; see also Section 9.7.1).

Once the mixture model has been fit, a probabilistic clustering of the data into
g clusters can be obtained in terms of the fitted posterior probabilities of compo-
nent membership for the data, Hj|i(yi|ﬂ), where € denotes the maximum likelihood
estimate of €. An outright assignment of the data into J clusters is achieved by
assigning each data point to the component to which it has the highest estimated
posterior probability of belonging.

9.7 Computational Algorithms for the Mixture Model

In this section, we review some of the options in solving the likelihood equations of
Section 9.6, and also discuss some other aspects of fitting mixture models.

9.7.1 EM Algorithm

FEach iteration consists of two steps. First, in the E step, the complete-data log-
likelihood is averaged over the conditional distribution of the indicator variables
given the observed data using the current estimate of the parameter vector. Since
the complete-data log-likelihood is linear in these indicator variables (a result of the
normality assumption), the E step of the EM algorithm simply involves replacing
them by the current values of their conditional expectations; that is, the posterior
probabilities of component membership expressed in equation (9.17). Next, in the M
step, conditional on IT, we solve for the zeros of equation (9.15) (likelihood equations)
to get our estimates of 2. The likelihood equation can be split into the two terms of
equation (9.16). The first term refers to the genetic linkage between loci as specified
in a controlled cross or the genetic association as specified in a natural population,
and the second term refers to the phenotype—genotype relationship. The estimates are
then used to update IT in the E step, and the process is repeated until convergence.
The values at convergence are the maximum likelihood estimates.

The EM algorithm has reliable convergence in that, regardless of the starting
point, the likelihood (9.15) is increased after each EM iteration and that convergence
is to a local maximum (or a stationary point).

9.7.2 Monte Carlo EM

In each cycle of the EM algorithm, the likelihood equation can be estimated using a
number (N) of Monte Carlo realizations

) 1h 8 1L 9
~ k k
g 08 L(d. Oy, M)= " 22> Tlogm (9:) + 5 5 oY £ 31,
k=1

=1 k=1 i=1
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where in the k& Monte Carlo samples, QTL genotypes j are generated given y, M,
and the current parameter estimate. For sufficiently large genotype samples, Monte
Carlo EM will inherit the properties of exact EM. The Monte Carlo samples can also
be used for likelihood-ratio estimation in the final EM step.

9.7.3 Stochastic EM

In each cycle of the EM algorithm, the likelihood equation can be estimated by using
a single Monte Carlo realization

0 L9 N ) O Xy (k)
2 logL M)=-"1 ) (g) + —$ " log f*) (y;
50 108 L(d, 0ly, M)=5 log ;ﬂ:%u (9:) + 50 ;:1 og f;" (yi),

where in the kth EM cycle a single QTL genotype j is generated given y and m
and the current parameter estimates by using the distribution II®). This expression
can be treated as a standard likelihood equation. The posterior distribution of para-
meter estimates obtained over many EM cycles and after a suitable burn-in period
is approximately centered at the maximum likelihood estimate, and the mean of the
distribution can be used as an ML estimate (Celeux and Diebolt 1985). This posterior
distribution can also be plotted for parameters of interest. Also, a preliminary short
stage of stochastic EM can be run to get starting values for Monte Carlo EM.

9.7.4 An EM Algorithm/Newton-Raphson Hybrid

For some QTL parameters being estimated using the EM algorithm, the maximum
likelihood equations obtained by setting the scores to zero may not be easily solvable
because of complex nonlinear structures. These parameters can be estimated by in-
corporating other numerical methods. The most direct method is simply to evaluate
the likelihood for a range of values of the parameters to be estimated and choose the
value that gives the largest likelihood. This grid search procedure can be made quite
sophisticated—the range of parameter values could be divided into tenths, and then
the tenth that appears to contain the maximum likelihood estimate itself could be
divided into ten parts. As many rounds of the search could be performed as significant
digits are required in the solution. It is helpful to plot the likelihood to show how it
is responding to changes in parameter values and to guard against a local maximum
being confused with a global maximum.

An alternative approach is given by Newton-Raphson iterations, the incorpora-
tion of which into the EM algorithm forms a hybrid method for estimating those
parameters expressed in nonlinear log-likelihood equations. Briefly, some initial value
is chosen for the estimate and then this value is modified by using the score function.
The modified value is modified in turn, and the process continues until successive
iterates differ by less than some specified amount (see Weir 1996 for an excellent
description).

For a parameter ¢, denote the required MLE as ¢ and the initial value, or guess,
as ¢'. The score S, the derivative of the log-likelihood with respect to ¢, is to be
zero at ¢, and that score can be expanded by Taylor’s theorem as
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. oS
5¢=0=Seo'+(‘%’_‘p/)[3w} ’
P lo=¢
where higher-order terms in ($—¢’) are ignored. Rearranging this expression provides

an approximation value ¢” for ¢,

o5
o= =Sl || = st
P o=y

where I(p) = [%‘iﬁ’kpiw is the information matrizx.

The initial value ¢’ is modified by adding to it the score divided by the information,
with both evaluated at the initial value. The new value then serves as an initial value
for a further modification,

" =" +5(")/1(¢"),

and the iteration continues until convergence.
Since the information I(y) is typically a matrix, the iteration procedure requires
matrix inversion:
o' = ¢ +I71()S(¢).
Obviously, the method breaks down if the information is zero, or the information
matrix is singular.

9.7.5 Some Cautions

There can sometimes be problems when the maximum likelihood method is used for
QTL mixture models. First, for some choices of parametric families, the likelihood
can be unbounded. Second, in complex situations, the likelihood function can have
many local maxima, each of which may give different (and possibly reasonable) plug-
in estimates for quantities of interest. In these cases, it could be difficult to choose
one of these point estimates of the parameters above the others.

Third and most importantly, when a QTL mapping strategy is incorporated by
population genetic properties of genes, we will encounter an increased dimensional
space for the unknown parameters. Although the mere existence of a high-dimensional
parameter space is not necessarily detrimental, extra care must be taken in searching
for the ML estimator. An extra complication (not only of ML) is that the uncertainty
about the actual number of QTLs for a quantitative trait results in extra difficulty in
model fitting and selection.

9.7.6 Bayesian Methods

The use of a Bayesian approach can avoid some of the problems related to the max-
imum likelihood approach. In maximum likelihood, the unknown parameters are
treated as unknown variables (unobservables) and the likelihood function is maxi-
mized in these variables. In the Bayesian paradigm, each unobservable parameter is
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given a prior distribution, and we then infer the posterior distribution of each un-
observable conditional on the data (the observables). The summary statistics of the
posterior distribution (e.g., the mean, the mode, or the median) can be regarded as
Bayesian estimates of unobservables (Carlin and Louis 1998). An interval estimate
can be obtained by examining the posterior distribution.

Using the same notation as in the maximum likelihood analysis, denote the observ-
ables by y (phenotype data) and M (marker data) and the unobservables by 6 (model
parameters), d (QTL locations), g (QTL genotypes) and €, = (1, ,prs,02),
specifying the QTL effects and residual variance. The posterior distribution of the
unobservables is given by

m(y, M, d, Qy,, 9)

_ p(y; Mg, @n)7(g|d)7(d, 2rn)
m(y)
x 7(y, M|g, Q)7 (g|d)7(d, ),

(9.18)

where 7(+) is a generic expression for a probability density, p(y, M|g, £2,,,) is the data
probability mass given the QTL genotypes, m(g|d) is the probability mass of the
QTL genotypes of all the observations given their locations d, and w(d, Q,,) is the
prior probability distribution of the unobservables. Because the denominator is not a
function of the parameters, it can be ignored.

We assume prior independence of the parameters:

7
7(d, n) = w(d)m(u)m(o?) [ Ir(ar)n(de)].
k=1

Note that k denotes the kth QTL and n denotes the number of QTLs rather than the
number of QTL genotypes. The extent to which the choice of the prior distribution
over the parameter space affects the final inference is a measure of robustness and
requires checking in each application. The prior distribution could be chosen based
on related studies or information from the literature. In general, when no information
regarding the locations is available, a natural choice for the prior of d is the uniform
distribution. Specifying a conjugate prior for u, ax, di, and o makes its form simple,
while increasing diffuseness decreases the influence of the prior.

In the Bayesian approach, we infer the genetic parameters based on their mar-
ginal posterior distribution, which can be obtained from the joint posterior (9.18) by
integrating over the other unknowns. We partition the vector @ = (d, g, Q,,) into
Q = [ Q_y], where ©; is a single element of the unobservables and £2_; is the rest
of the unobservables that exclude €2;. The marginal posterior distribution of €2; is
expressed by

(919) H(Q”y) :/W(Ql,ﬂ_l|y)dﬂ_l O(/W(y|ﬂl,Q_Z)W(Ql,ﬂ_l)dﬂ_l.

The mean of this marginal posterior distribution is a candidate Bayesian estimator of
;. This marginal distribution rarely has an explicit form, and numerical integration is
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often prohibitive because the dimensionality of 2_; may be high. But the distribution
(9.19) can be approximated by constructing it using a Markov chain Monte Carlo
algorithm (such as a Gibbs sampler) over the product space of the parameters.

The Markov chain is a random sequence of states

{(d°, 9% Q%) (d", ¢", QL),....d"Y, ¢V, Q)

started at an arbitrary point (d°, g%, QY ) having positive posterior density and pro-
ceeding by simple rules that modify the three unknowns d, g, and €2,,. Each step in
this chain is a cycle of three smaller steps, first updating d, then g, followed by €2,
The step updating d is typically a Metropolis-Hastings step (Hastings 1970), while
the steps updating g and Q,,, are Gibbs sampler steps (Geman and Geman 1984). See
Robert and Casella (2004) for a full treatment of these Markov chain Monte Carlo
(MCMC) algorithms.

The MCMC algorithm is justified by the fact that if h is any function of the
unknowns that is square-integrable with respect to the equilibrium distribution m,
then

Z h(d', g', Q) — Ex[h(d, g, m)|y],
(9.20) almost surely as N — oo,

where (d', g*, Q) are samples from the Markov chain. The empirical means of the
MCMC samples from equation (9.20) can be used to obtain a Bayes estimator of the
unknown parameters (d, g, €2,,). The marginal posterior densities of the parameters
can also be obtained from the sample values.

9.7.7 Estimating the Number of Components in a Mixture Model

In many practical situations, the number of QTL genotypes (and therefore the num-
ber of QTLs) in a mixture model is unknown. The estimation of the number of QTLs
included in a quantitative trait is an important issue in quantitative genetic research.
Statistically, testing the number of QTLs is equivalent to testing the number of com-
ponents in a mixture distribution. This difficult problem has not been well solved yet
in the statistical literature (see the review by Lo et al. 2001).

From the viewpoint of a likelihood analysis, the determination of the number of
components in a mixture model can be based on a formal test of the null hypoth-
esis that a random sample is from a Jp-component mixture versus the alternative
hypothesis that the sample is from a Jj-component mixture, where J; > Jy. It is
tempting to use the likelihood ratio test with an asymptotic chi-squared null refer-
ence distribution. However, the classic asymptotic chi-squared theory does not hold
for the likelihood ratio test in the context of mixtures. Lo et al. (2001) suggested the
use of a likelihood ratio test procedure based on the Kullback-Leibler information cri-
terion with a theorem proposed by Vuong (1989). These authors showed that, under
certain regularity conditions, the limiting distribution of the likelihood ratio statistic
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is a weighted sum of independent y# random variables when the competing models
are nested or overlapping and a normal distribution when the competing models are
nonnested.

An alternative approach for detecting the number of QTLs is based on Bayesian
model selection criteria. This approach uses the samples from Markov chains to cal-
culate Bayes factor (Jeffreys 1961; Kass and Raftery 1995).

Let us compare two models, M; and My, that are postulated to fit two different
numbers of QTLs within a mixture model context. The posterior odds in favor of My
over My for data y can be expressed, using Bayes’ theorem, as

Pr(M,ly) _ Pr(M,) Pr(y|M)
Pr(M,ly) — Pr(M,) Pr(y[Ms)’

where the first factor is the prior odds and

_ Pr(Miy)

B=_"9/
Pr(Mzly)

is the ratio of marginal probabilities of y given the two models and is called the Bayes
factor. Newton and Raftery (1994) and Kass and Raftery (1995) discuss approaches
to estimate the marginal probability of the data under any two given models.

Green (1995) and Richardson and Green (1997) proposed a reversible jump MCMC
method for simulating the posterior distribution of the number of components. This
method has been applied to estimate the number of QTL in a mapping experiment
(Stephens and Fisch 1998). Reversible jump methods allow the construction of an
ergodic Markov chain with the joint posterior distribution of the parameters and
the model as its stationary distribution. Moves between models are achieved by pe-
riodically proposing a move to a different model and rejecting it with appropriate
probability to ensure that the chain possesses the required stationary distribution.
Ideally, these proposed moves are designed to have a high probability of acceptance,
so that the algorithm explores the different models adequately, though this is not
always easy to achieve in practice.

9.8 Exercises

9.1 What are three major tasks for mixture-model-based QTL mapping?

9.2 Referring to Example 9.1, use equation (9.8) and the data in Table 9.3 to verify the
effect estimates given in the example. Use both D matrices, doing the calculations for
both the marginal means and the joint means.

9.3 Similar to Exercise 9.2, verify the values of the effect estimates given in Example 9.2.

9.4 How can you determine the number of QTLs for a complex trait in the mixture model
context?
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Interval Mapping with Regression Analysis

10.1 Introduction

The genetic analysis of quantitative traits includes two major tasks: (1) identifying
the location of QTLs affecting a quantitative trait using a genetic linkage map con-
structed from molecular markers, and (2) estimating the genetic effects of the QTLs
on the phenotype. If the genotypes of a putative QTL were known for all individuals,
its genomic location could be readily determined using a marker linkage analysis. Fur-
thermore, the genetic effects of the QTL could be precisely estimated and tested by
simple ¢ tests or ANOVA. However, it is not possible for the genotypes of QTLs to be
directly observed; instead they should be inferred from observed marker and pheno-
typic information. As was seen in Chapter 8, a marker analysis cannot unambiguously
separate the genetic effects of a QTL from the recombination fraction between the
markers and QTL.

To rule out the genetic effect and position of a QTL, a more advanced statistical
analysis should be adopted. The central idea of individually estimating the QTL effect
and position is to formulate a statistical model for observed marker and phenotypic
data in terms of the underlying QTL that is located between two flanking markers.
This so-called interval mapping approach can overcome the confounding problem of
the marker—-QTL recombination fraction and QTL effects through the conditional
probabilities of unknown QTL genotypes given observed marker genotypes. The QTL
and the two markers that bracket it allow the application of three-point analysis to
derive the conditional probabilities for a particular segregating population, such as
the backcross, RIL, or Fs.

Models for interval mapping can be formulated within the context of regression
or maximum likelihood (ML) theories. Through analytical and numerical approaches,
Kao (2000) compared the differences between regression- and ML-based interval map-
ping models in terms of the mean squared errors of parameter estimates and the power
of QTL detection. These differences increase when the following are truce: (1) there
is a large proportion of the variance explained by the QTL, (2) the QTL is located in
the middle of the marker interval, (3) the marker interval is wide, (4) there is epistasis
between different QTLs, (5) the QTLs differ in their effects, and (6) different QTLs
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are linked. In practice, the regression method is computationally more efficient than
the ML method, especially when the number of QTLs considered is large.

In this chapter, we will introduce the principles of the regression-based interval
mapping methods, their statistical inferences about parameter estimation and hypoth-
esis testing, and the procedure for their practical application. Examples will be used
to demonstrate the usefulness of QTL mapping by a regression analysis. In Chapter
11, the approaches for QTL interval mapping based on maximum likelihood will be
described.

10.2 Linear Regression Model

A QTL linear model conditional on marker interval genotypes for the backcross can
be expressed as

(10.1) Yi = [+ Tja + €,

where a is the true effect of the QTL, and x|, is the indicator variable that is defined as
the conditional probability of QTL genotype j given the marker genotype of progeny .
According to equation (10.1), as long as the indicator variable is determined, the QTL
effect (a) can be estimated.

The conditional regression model for the F5 should be formulated as

(102) Yi = u+x1j‘ia+x2ﬂid+ei,

where y;; and z;); are the indicator variables that specify conditional probabilities
of QTL additive and dominance genetic effects given the marker interval genotype of
progeny 1.

The regression approach for mapping QTLs is to regress the phenotypic values
of a quantitative trait on the conditional expected genotypic values and estimate
the unknown parameters by using a classic least squares approach. The conditional
expected genotypic values associated with each marker genotype are calculated from
the conditional probabilities of the QTL genotypes given a marker genotype and from
the genotypic values of different QTL genotypes.

10.3 Interval Mapping in the Backcross

10.3.1 Conditional Probabilities

While Table 9.1 is a QTL table and Table 8.1 is a marker table for a backcross
population with ten mice, Table 10.1 integrates information from the two tables.
Suppose there is a putative QTL that is bracketed by two linked markers M and
N. For an observable marker genotype, there are two possibilities to carry a QTL
genotype, Qg (1) or ggq (0). Table 10.1 also provides possible marker-QTL-marker
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Table 10.1. QTL genotypes, marker interval genotypes, joint marker-QTL genotypes and
mouse body weight in a backcross design.

QTL  Interval M-N  M-QTL-N  Prob(QTLlinterval) Body Weight

Mouse (zi) (x7) Genotype (1) (i)
1 1 11 111 wWil11 30
101
2 1 11 111 w111 32
101
3 1 11 111 w111 28
101
4 1 11 111 w111 29
101
5 1 10 110 w1|10 29
100
6 0 01 001 22
011 w0|01
7 0 00 000 20
010 Woloo
8 0 00 000 21
010 u)0|00
9 0 00 000 20
010 UJO|00
10 0 00 000 21
010 Woloo

Note: The first column stands for QTL genotypes, the second column stands for interval
genotypes for two markers M and N that bracket the QTL, and the third column stands
for three-point (marker-QTL-marker) genotypes.
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genotypes. Let wy); and wg); be the conditional probabilities of two QTL genotypes
given a two-marker genotype for mouse i.

The values of wy|; and wg; depend on the recombination fractions between the
two markers (r), between marker M and QTL (r), and between QTL and marker
N (rg). A triply heterozygous F; backcrossed to a parent will generate eight three-
point (marker-QTL-marker) genotypes: 111, 101, 110, 100, 011, 001, 010, and 000. As
shown by three-point analysis in Chapter 4, these genotype frequencies are derived
under the assumption of no double crossover and are expressed in Table 10.2. Thus,
the conditional probabilities of the QTL genotypes given the marker genotypes of
the interval in the backcross can be derived according to Bayes’ theorem, and are
expressed in Table 10.3.

If the two markers are highly linked, we make the simplifying assumption that

(10.3) rit+re T,

which follows from the fact that » = r1 +r9 — 2r;79 and the assumption that r179 =~ 0
and Table 10.3 can be approximated by Table 10.4. For three loci in the order M-
QTL-N, we use g11 (see Section 3.6) to denote the frequency of double recombinations
(a recombination in each of the two intervals M-QTL and QTL-N). As shown by
equation (3.19), g11 = %(r1 4+ ro — 7). Thus, if there is no double recombination, we
have equation (10.3). In other words, for a highly dense map, we can assume that no
double recombinations occur between the adjacent intervals.

Table 10.2. Joint marker-QTL-marker genotype frequencies in the backcross.

Marker Interval QTL Genotype

Genotype Frequency 1 0
11 %(lfr) %(177’1)(177“2) %7‘17’2
10 %r %(1 —71)r2 %7‘1(1 —7r2)
01 %r %7“1(1 —72) %(1 —71)T2
00 1(1-r) irirg 11 —r)(1—r2)

10.3.2 Conditional Regression Model

By substituting the conditional probabilities of Table 10.3 or Table 10.4 into Table
10.1, we can construct the dependent variable x;); for conditional regression model
(10.1). In general, for the backcross of size n, we write equation (10.1) in matrix
notation as

(10.4) y = Xb +e,
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Table 10.3. Conditional probabilities of QTL genotypes given the marker interval genotype
in the backcross.

Marker Interval QTL Genotype
Genotype 1 0
11 (1 —-Tl)(l —-TQ) T172
1—r 1—r
10 (1—7”1)7‘2 T‘1(1—7”2)
r r
01 Tl(l A'TQ) (1 4’T1)T2
T T
1-— 1-—
00 T17T2 (1—r)(1—r2)
1—r 1—r

Table 10.4. Approximate conditional probabilities of QTL genotypes given the marker
interval genotype in the backcross, assuming no double recombination.

Marker Interval QTL Genotype
Genotype 1 0
11 1 0
10 1-0 0
01 0 1—-0
00 0 1

Note: The ratio 0 =r1/r and 1 — 0 = ra /7.

where y = (4i)nx1, b= (i1, a)T, e = (¢;)nx1, and

nx2

with, when matrix (10.3) is considered,

X, = (1 (1—?)(710—%)) :
’I’L1><1

1 (1 ’I“l)TQ)
n2><2’

2=
gl M)nsxl’

rirs
1—r

)
nax1
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where n1, ng, ng, and ny are the sample sizes for four different marker genotypes, 11,
10, 01, and 00, respectively. In the specific example in Table 10.1, these observations
are 4, 1, 1, and 4, respectively.

10.3.3 Estimation and Test

If ry or ro is known, it would be possible to substitute these values into equation
(10.3) and then solve it as a simple linear regression with p as the y-intercept and a
as the slope. In fact, even if 71 or ro is unknown, we can compute the design matrix
X by assuming the position of a QTL at several positions (e.g., every 1 or 2 cM)
between the two markers.

Note that when a QTL is scanned at every 1 or 2 ¢cM from marker M to N, we
need to use a map function to convert the map distance to the recombination fraction.
Given a point x, we have

1 1
ri(e) =51 —eM), r= (1),

and

where the Haldane map function is assumed and d(x) and d are the map distances
(in Morgans) between the left marker M and QTL and between the two markers,
respectively (Fig. 10.1).

ry=0.5 (1-e720M)

-
|
I

|

|
M X
|

I

—1 Z__

r=0.5 (1-e2(N-W)

Fig. 10.1. Illustration of QTL interval mapping based on two flanking markers M and N.

Linear regression is then used to fit 4 and a for each assumed QTL position. This
provides the least squares estimates of the vector b and the residual variance with

(10.5) b= (X'X)"'(X'y),

(10.6) 5% = 2(y — Xb)T(y - Xb),

n
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as well as giving regression and residual sums of squares and mean squares to allow
the calculation of the regression variance F' ratio and thus a test for a. The position
that gives the best-fitting model (i.e., produces the smallest residual mean square)
gives the most likely position of a QTL and the best estimate of its effect.

More specifically, the hypothesis test for the existence of a QTL at a given position
within a marker interval (i.e., the significance of @) can be formulated by

Hop:a=0vs. H :a#0.
The model under H; is a full one with a QTL, expressed as
Yi = [+ xj)a,

whereas the model under Hy is a reduced one without a QTL, expressed as

Yi = fb-
The total sum of squares (SST) is the sum of (y; — 1)?, whereas the residual sum of

squares (SSE) is the sum of (y; — 1 — z;;a)%. To test Hy, we can construct an F' test
statistic as

(SST — SSE)/(2 — 1)

(107) F=""5sE/m-2)

By comparing the I value with Fj o5 (1,,—2), the existence of a QTL can be tested.

Example 10.1. Revisit Example 3.1. A DH population that is equivalent to a backcross
was founded using two inbred lines, semi-dwarf IR64 and tall Azucena (Huang et al.
1997). This DH population contains 123 lines, each genotyped for 135 RFLP and 40
isozyme and RAPD markers and phenotyped for various phenotypic traits. In this
example, the phenotype chosen for QTL mapping is plant height measured at 10
weeks after rice was transplanted to the field. Arranging the marker and phenotypic
data in the form shown by Table 8.1, we wish to use LS-based least squares regression
approaches to map a QTL for plant height using a genetic linkage map constructed
from these genotyped markers (Fig. 3.3).

Figure 10.2 illustrates the profile of the F-values, calculated by equation (10.7), at
different positions across a linkage group of chromosome 1 constructed by 18 markers.
There is a clear peak at 199 ¢M in the marker interval [RZ730-RZ801], whose F-value,
88.02, is largely beyond the critical F{ o5,(1,85) = 3.95 (87 rice left due to missing data
in these two markers). This suggests the existence of a significant QTL around that
position.

The LS estimates of the model parameters, i, a, and o2, are obtained at the
peak of the F-value profile. They are i = 86.9, a = 42.9, and 6> = 268.6. The
genetic variance of plant height due to this detected QTL is calculated as 0’3 =271.8
with equation (8.4). This allows the calculation of the proportion of the phenotypic
variance explained by this QTL (R? = 0.50) with equation (8.5).
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Fig. 10.2. Profile of the F-value across chromosome 1 for the test of QTL that controls
plant height at age 10 weeks in a rice DH population (Huang et al. 1997). The marker names
and distances are given below the profile.

10.4 Interval Mapping in an F,

A similar strategy can also be used to map a QTL segregating in an Fy population
based on equation (10.2). As shown for the backcross, we need to derive the condi-
tional probabilities of QTL genotypes given marker intervals. Table 10.2 gives the
frequency matrix for three-point (marker-QTL-marker) genotypes for the backcross,
which is equivalent to one for three-point gamete genotypes generated by the double
heterozygote F;. Since the Fy is derived from the combination of F; gametes, the
frequency matrix for three-point genotypes in the Fs is the Krockner product of two
matrices of (10.2), each for a different parent with the same genotypes collapsed to
become a (9 x 3) matrix. The same genotypes may be produced by different gamete
combinations. For example, marker-QTL-marker genotype 12/12/12 in the Fy can be
produced by four different combinations:
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[111] x [222]
[121] x [212]
12/12/12 = [112] x [221]
[211] x [122]

The joint probability of this triply heterozygous genotype is thus the sum of the
probabilities of these four combinations. A collapsed (9 x 3) matrix is expressed in

Table 10.5.

Table 10.5. Joint marker-QTL-marker genotype frequencies in the Fa.

Marker Interval

QTL Genotype

Geno-

type Frequency 2 1 0

22 %(171"1)2(177"2)2 2rira(1—r1)(1 —r2) %r%r%

21 1ra(1—r1)?(L—r2) 2ri(1—r1)(1—2r2 +2r3) Lrira(1—ra)

20 : 1(1=r1)°r3 trira(1—r1)(1 —r2) 1ri(1—rp)?

12 irl(l—rl)(l—m)2 %rz(l—rg)(1—2r1+2r1)2 im(l—m)r%

11 grire(1—r1)(1 —r2) %i:ﬁ:gfg) arir2(l—r1)(1 —r2)
10 iri(l—ri)r3 Ira(l—r2)(1—2r_2r7) Iri(1—r1)(1—r2)?
02 %r%(l 7r2)2 %7‘17"2(1 —7r1)(1 —1r2) %(177“1)27"5

01 1rire(1—r2) (1 —r)(1—2r2 4+ 2r3) 1r2(1—711)*(1 —r2)
00 1rirg Trira(1—r1)(1 —r2) 1(1=r1)*(1 —r2)?

From Table 10.5, the coefficients associated with the additive effect (a) and domi-
nant effect (d) of the QTL in the Fy (Table 10.6), which are the explanatory variables,
can be derived in terms of the genomic position of a QTL described by the recombina-
tion fraction between the QTL and markers. Because the QTL position is unknown,
a grid search strategy, in which a QTL is assumed at every position between two
markers, is used to regress the trait value on the explanatory variable to calculate
1, a, and d and the F—statistic for the significance of the regression and identify the
position with the largest F-value for the regression as the most likely position for

a QTL.

Ezample 10.2. Revisit Example 3.2. Cheverud et al. (1996) constructed a linkage map
using 75 microsatellite markers in a population of 535 Fy progeny derived from two
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Table 10.6. Coefficients for the additive (a) and dominant effects (d) of a QTL for all
possible flanking marker genotypes in the Fs.

Marker Coefficients of

Genotype a d

99 (1 —r)?(1 =) —rirs 2r1(1 —r1)r2(1 —r2)
= -2

o1 (1 —71)ra(1 —7r2) —rira(1 —r2) r1i(l—r1)(1 —r2)® + 71 (1 —r1)r3
r(l—r) r(l—r)

20 (1 —71)%3 —r2(1 — 12)? 2r1(1 —ri)ra(1 —r2)

2 2

1 ri(1—r)(1—r2)> —ri(1—r)rs (1—r1)’ra(1—r2) +rira(1—r2)
r(l—r) r(l—r)

1 0 (1 —2r +73)(1 — 2r2 +73)

r24+(1—r)?

10 ri(L—r)rs —rm(1—r)(1 —r2)® (1 —71)%ra(1 —7r2) +rira(1l —ra)
r(l—r) r(l—r)

02 (1 —r2)? — (1 —71)%r3 2r1(1 —ri)ra(1 —r2)

2 2

o1 rira(l1—7r2) — (1 —7r1)?r2a(1 —7ra) ri(1—r1)(1—72)> + 71 (1 —ri)r3
r(l—r) r(l—r)

00 rirs — (1 —71)%(1 —r2)? 2r1(1 —r1)r2(1 —r2)
(1—r)? (1—r)?

strains, the Large (LG/J) and Small (SM/J). The Fs progeny were measured for body
mass at 10 weekly intervals starting at age 7 days. The raw weights were corrected
for the effects of each covariate due to dam, litter size at birth and parity but not for
the effect due to sex. We use chromosome 1 composed of nine markers to map a QTL
affecting body weight at age 10 weeks with LS-based regression approaches.

Figure 10.3 illustrates the profile of the F-values calculated by equation (10.7) at
different positions across a linkage group of chromosome 1 constructed by 18 markers.
There is a clear peak at 46 ¢cM in the marker interval [D2MIT389-D2MIT17], whose
F-value, 16.434, is largely beyond the critical Fy g5, (1,451) = 3.862. This suggests the
existence of a significant QTL around that position.

The LS estimates of the model parameters, u, a, d, and o2, are obtained at the
peak of the F-value profile. They are i = 23.0, @ = 1.6, d = 1.4, and 62 = 21.7. The
genetic variance of plant height due to this detected QTL is calculated as O'g =15
with equation (8.4). This allows the calculation of the proportion of the phenotypic
variance explained by this QTL (R? = 0.06) with equation (8.5).

Compared with the backcross, the Fo population is more informative because it
allows the significance test of both the additive and dominance effects of a detected
QTL. The full model with the additive effect is written as
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Fig. 10.3. Profile of the F-value across chromosome 1 for the test of a QTL that controls
body weight at age 10 weeks in a mouse F2 population (Cheverud et al. 1996). The marker
names and distances are given below the profile.

Ui = b+ 2150 + a5,
whereas the reduced model with no additive effect is written as

Ui = [i + x25);d.

With these two alternative models, we calculate the total sum of squares (SST) and
residual sum of squares (SSE) and ultimately the F-test statistic (see equation (10.7)).
The reduced model with no dominant effect is formulated as

Ui = [i + x50,

from which the test statistics can be similarly calculated.

10.5 Remarks

The simple regression method of mapping a QTL has been investigated in comparison
with the mixture-model-based maximum likelihood method to be described in the
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next section. No significant difference between the two methods is detected in terms
of errors of parameter estimation and statistical power. Although the test statistic
profiles show some difference between these two methods, the difference is only de-
tectable at the micro level (Haley and Knott 1992). A main advantage of the regression
method is its tremendous computational simplicity and ease of implementation using
many available computer statistical packages.

Xu (1995) noted that the estimation of residual variance provided by the regression
method is confounded with part of the QTL variance. He later proposed an alternative
method, referred to as iteratively reweighted least squares (IRLS), to correct the
deficiency of parameter confounding in the regression method (Xu 1998). The IRLS
approach retains the properties of simplicity and rapidity of the ordinary regression
method. Like the existing regression method, this method can be useful in QTL
mapping in conjunction with the permutation tests and construction of confidence
intervals by bootstrapping.

10.6 Exercises

10.1 After reading Chapters 8 and 10, compare the advantages of interval mapping over a
single marker analysis. You may use an example for either rice or mouse mapping as
used in the book to demonstrate these advantages.

10.2 Use Bayes’ theorem to derive Table 10.3

10.3 Missing data in QTL mapping
Missing-data problems are common in genetic mapping. A commonly used treatment
for missing data is simply to drop those individuals with either phenotypes or mark-
ers missing. But this should not be the most effective approach. If data are missing
completely at random, one may wish to replace missing data by their expected values
given the available data at other markers or individuals using an algorithm by Lan-
der and Green (1987). Read the relevant statistical and genetic literature for treating
missing-data problems, and figure out how these treatments can be implemented for
QTL mapping.

10.4 Interval mapping with recombinant inbred lines (RILs) RILs can be derived
either by repeated selfing or by repeated brother—sister mating of the progeny from an
F1 cross between two inbred lines. RILs are fixed, with homozygous genotypes 2 and
0, for all genes and can serve a permanent mapping population for multiple uses.

Consider two flanking markers M and N that bracket a putative QTL in an RIL
population. Let R; and Rs be the proportions of recombinant zygotes between marker
M and QTL and between QTL and marker N, respectively. Martin and Hospital (2006)
derived the conditional probabilities of QTL genotypes given the marker genotypes in
terms of R; and Ry in the selfing RIL population, which are tabulated in Table 10.7.

Let r1 and r2 be the recombination fractions between marker M and QTL and
between QTL and marker N, respectively. The relationship between R and r for two
loci in a selfing RIL population has been derived by Haldane and Waddington (1931),
expressed as

2r1 Ry
-t "=
B 1+2r’ ' 21— Ry)
(10.8)
R, — 2rg o — Ry
T 142 P T 20— Ry’
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Table 10.7. Conditional probabilities of QTL genotypes given marker genotypes in the
selfing RIL population.

Marker Interval QTL Genotype
Genotype Size 2 0
99 N 1 RiR>(3—2R:1 — 2R») RiR>(3—2R1 —2R»)
22 2(1 — R1)(1 — Ra) 2(1 — R1)(1 — Ra)
2 n 1- 2R, — R1R2(3 + 2R, — 2R2) 2R, — R1R2(3 + 2R — 2R2)
20 2Rs + R1 (2 — 6R2) 2Rs + R (2 — 6R2)
02 " 2R1 —R1R2(3+2R1 —2R2) B 2R1 —R1R2(3+2R1 —2R2)
02 2R2 + R1(2 — 6Ra) 2Ra + R1(2 — 6Ra)
RiR2(3 — 2R1 — 2R2) Ri1R2(3 — 2R1 — 2R»)
00 00 1-—
2(1 = Ry)(1 — Ry) 2(1 = Ry)(1 — Ry)

(a)

Using f2 and fo to denote the densities of two homozygous QTL genotypes 2 and
0, respectively, write down the mixture-model-based likelihood.

Define the posterior probabilities of QTL genotypes based on the prior conditional
probabilities in Table 10.7.

Based on the procedures described for the backcross and F2, show a detailed compu-
tational EM algorithm for estimating the genotypic values, ps and po, and residual
variance, 2.

It is difficult to derive a closed form for estimating the proportions of recombinant
zygotes, R1 and Rs. Use a grid approach for estimating these proportions. Note
0 < Ri,R2 <0.5.

After Ry and R» are estimated, use equation (10.8) to estimate the MLEs of the
recombination fractions and therefore the location of the putative QTL by a map
function.

Test whether the QTL is significant by formulating the null hypothesis

H()Z}LQZ,LLU.

The critical threshold for declaring the existence of a QTL can be determined from
permutation tests.
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Interval Mapping by Maximum Likelihood
Approach

11.1 Introduction

As discussed in Chapter 10, interval mapping is powerful for the separation of QTL
effects and QTL-marker linkage. Interval mapping based on a regression approach is
computationally faster than a maximum likelihood (ML) approach, with comparable
results between the two approaches in some particular cases. Kao (2000) discussed
analytically and through simulation studies the conditions under which the regression-
and ML-based approaches generate different results. Further comparisons by Mayer
(2005) between the two approaches were made in terms of power, accuracy of position
and effect estimates, and estimation of the residual variance when multiple linked
QTLs are involved in the genetic control of a quantitative trait.

It is, however, recognized that the ML method has several attractive statistical
properties, such as consistency and asymptotic efficiency, and therefore it has great
potential for the precise estimation of QTL parameters. Furthermore, the ML method
has better interpretability than the regression model in terms of the genetic model,
suggesting its applicability to practical genetic mapping problems.

In situations with multiple QTLs linked on a similar genomic region, ML-based
interval mapping generally outperformed regression interval mapping with regard to
the power of QTL detection and the precision of parameter estimation (Mayer 2005).
This superiority increases with wider marker intervals and larger population sizes.
Also, if linked QTLs are in repulsion, the differences between the two approaches are
substantial. The ML approach is regarded as a powerful way to simultaneously map
multiple QTL as proposed by Kao et al. (1999).

In this chapter, we will describe basic principles of the ML-based interval mapping
method, its statistical inferences about parameter estimation and hypothesis testing,
and the procedure for its practical application. Examples for ML interval mapping
are provided. All of the current literature on interval mapping assumes no double
recombination or no meiotic interference in different intervals between markers and
QTLs. We will describe the QTL interval mapping that relaxes these two assumptions
for both a backcross and Fo design.
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11.2 QTL Interval Mapping in a Backcross

The mixture model is the central theme of maximum-likelihood—based interval map-
ping proposed by Lander and Botstein (1989). In Chapter 9, we described a general
framework for the structure of a mixture mapping model from population and quan-
titative genetic points of view and further reviewed statistical algorithms used to
estimate QTL parameters specified in the mixture model. Under this framework, in-
terval mapping of QTLs in an inbred line cross can be viewed as a special case in
which statistical issues about significance tests and parameter estimation have been
well explored. We will focus our discussion on two simple genetic designs, backcross
and Fy or recombinant inbred lines (RILs), initiated with two contrasting inbred lines.

Consider a possible QTL with left flanking marker M and right flanking marker
N, with recombination fractions r; between M and QTL, ro between QTL and IN,
and r between M and N. We assume that we are working in a backcross population
and denote the two possible alleles of each marker by 1 and 0. Table 10.2 lists the
possible marker genotypes and their probabilities. Again, we do not observe the QTL
genotype, which has to be inferred from the marker information.

11.2.1 The Likelihood

To construct a likelihood function, we assume that we have densities f; and fy cor-
responding to two QTL genotypes, 1 and 0. Then the densities of the observations at
the marker classes are a mixture of the two possible QTL genotypes, given by

Marker class Density
Genotype Observation 1 0
1 11 n 1fily)  +  Ofo(y)
2 10 na (1=0)f1(y) +  0fo(y)
3 01 n3 0f1i(y)  + (1 =0)foly)
4 00 ny 0fiy) + 1foly)
Overall n shy) + 3ol

where no double recombination is assumed between two marker—QTL intervals. Be-
cause phenotypic data are observed for each marker class, we have a likelihood func-
tion that is dissolved into four classes:

L= H|: fl yz + fO(yz)

i=1
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= ﬂfl(yi)

X ﬁ[(l = 0) f1(yi) + 0fo(yi)]

(11.1) -

X wal(yi) + (1= 6)fo(ys)]
i=1

n4
< I folw:)
i=1
The null hypothesis of no QTL is

Ho : fi(yi) = folyi) = f(yi), e, p1 = po=p
and to test this at position x, where § = r1(x)/r, we map the likelihood ratio statistic

max g7, L(f(yi)
maxg, L(f1(yi), fo(y:).0)’

according to Fig. 10.1. For values of z between markers M and N, typically taken in
2 ¢M steps, we calculate the value of equation (11.2), or —2log A\, and hence “map”
the likelihood. We then find the maximum of the test statistic over the M-N interval.
Calculation of the significance level of max, A\(x) can be a problem. Although
often the likelihood ratio test statistic is approximately y2-distributed, the mazimum
likelihood ratio test statistic is not. There are a number of ways to proceed:

(11.2) Mz) =

(a) Asymptotics for a dense map: Lander and Botstein (1989) used an elegant
probability argument to show that the LOD score, a transformation of A given by

LOD(z) = —2log;, A(z),

converges to a 3 as the markers get dense (as the distance between the markers
goes to zero). In particular,

P(maxLOD(xz) > T|Ho) — (C + 2Gt)x3 (),

where t = 2log,, 1", C' is number of chromosomes, and G is genetic length.

(b) Approximations such as those of Piepho (2001) and Davies (1977, 1987).

(¢) Permutation tests: If there are sufficient computational resources, permutation
tests, following the work of Churchill and Doerge (1994) can be used. Here we
generate N permuted samples, and for each we calculate max, \(x).

In this section, we illustrate the use of the permutation test, comparing the statistic
for the observed data with this reference distribution. All of these approximations are
discussed further in Chapter 12.
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11.2.2 Maximizing the Likelihood

We now assume that the distribution of the phenotypic traits can be described with
a normal distribution. Specifically,

f1(yi) = f(yilpa, o) = N(p1,0%) and fo(yi) = f(yilpo, o) = N(po, 0?),

and the likelihood becomes

ni
L(pa, p2, 0%, 0ly) = Hf(yilm,o )
77L2

XH (1= 0)f(yilpr, 0%) + 0. (yilpo, 0%)]
(113) rL3

x 16 (ilm, o) + (1 = 60) £ (yil o, o))
i=1
X Hf(yi|/l0702)

and now

MaX, =po=p,02 L(:u, 027 9|y)
ma'X/L1,,u0,02 L(Mh Ho, 027 9|y)

(11.4) A(0) =

To maximize the numerator, we note that if 1 = pg = p, then the likelihood becomes
n
(11.5) L(p,0%,0ly) = L(p,o*ly) = [ [ f(wiln. o),

which does not depend on 6 and has MLEs i = ¢ and 62 = (1/n) Y 7 (y; — 4)?. To
maximize the full likelihood (11.3), we proceed as in Section 2.2 and define

P — (1—0)f(yilp1,0?)
(11.6) W 0= 0) f(yilia, 02) + 0 (yil o, 02)°
. P = 0f (yilpo, o°
0T = 0) Fyslm, 02) + 0f (wilo, 02)

Differentiating log L, letting the derivatives equal zero, and solving the log-
likelihood equations gives

9 - Sy e Py
—logL=0=ji; = n2+n3
ny+ 2 P

Oy

0 Z?:z-li_ng PO\zyz + 2?241 Yi
—logL=0= jig = P
aNO Zi:l P()\i + Ny

)

(11.7)
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0
G708 L =0=6"=
o
1 ni no+ns Ty
- D wi— )+ Y [Py — in)* + Polyi — f10)*] + Y _(yi — f10)* |
i=1 i=1 i=1

glongoégz > i1 Poji + 2220 Py .
89 no + ns

Equation (11.7) is a system of likelihood equations in which the solutions for the
unknown parameters are not in analytical form because each estimate depends on
estimates of other parameters. Unlike in other numerical problems, each estimate
is also a function of the posterior probability for each individual with an expected
QTL genotype. Thus, this iteration is actually a special case of the EM algorithm
proposed by Dempster et al. (1977) and Meng and Rubin (1993), which guarantees
the convergence of the iterations (see Exercise 11.4).

The EM algorithm is derived to estimate the parameters. In the E step, the pos-
terior probabilities for a backcross progeny i to carry a QTL genotype 1 or 0 are
calculated with equation (11.6). In the M step, the calculated posterior probabilities
are used to estimate the parameters with equation (11.7). The iteration between equa-
tions (11.6) and (11.7) is repeated until the estimates are stable. The stable estimates
are regarded as the maximum likelihood estimates (MLEs) that will maximize the
likelihood.

Ezample 11.1. (Procedures for Interval Mapping). Revisit Table 10.1, a hypothesized
small example, in which ten mice are genotyped for two markers M and N and
phenotyped for body weight. The observed marker and phenotype data, along with
the conditional probabilities of a QTL genotype (1 or 0) given genotypes of the marker
interval, are expressed as

Interval | Body Weight | QTL Genotype

Mouse M-N (yi) 1 0

1 11 30 1 0

2 11 32 1 0

3 11 28 1 0

4 11 29 1 0

b) 10 29 1-0 0

6 01 22 0 1-46

7 00 20 0 1

8 00 21 0 1

9 00 20 0 1
10 00 21 0 1
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To use the EM algorithm to estimate the QTL position (0), QTL genotypic values
(u1 and pg), and residual variance (02) in interval mapping, we need to provide
the initial values for these parameters. Usually, this can be determined from their
sampling estimates, ;1 = 25.2 and s = 22.84. Because 1 and jio are different, we use
two slightly different values, say u( ) = 25.2 and p(o) = 23.2, as their initial values.
Meanwhile, we assume 02(0) = 22.84 and #(©) = 0.5. The iterative steps of the EM
algorithm are described as follows.

Step 1. Calculate the posterior probabilities (Py; and Fy);) that individual mice (4)
carry QTL genotype 1 or 0. In this example, these probabilities are calculated only
for mice 5 and 6 using equation (11.6); i.e.,

{ (ys—1{")? }
T 2520
pL _

(0)y2
(1—=0)exp { (y52 g(o) } + 0 exp [ %]

29-25.2)2
(1—0.5)exp [_ ( 2><22.84) }

(29-25.2)? (29-23.2)
(1-0.5)exp {_ 2x22.84 } +0.5exp [_ 2x22.84 }
= 0.6035,

9(0) eXp|: (ys—n5")? :|

20'2(0)
1) _
P0\5 (o2 (y o
(1= 00 exp | -] 00 e [
(29—23.2)2
B 0.5exp [_ 2x22.84 }
(29—25.2)2 (29—23.2)2
(1-0.5)exp {—m} +0.5exp [—m}
— 0.3965,
and
{ (yo—p{")? }
T 202000
(1) _
Py =

t()z
(1—e<0>>exp[ o }+9<°>exp[ (R]

22-25.2)2
(1—0.5)exp [* ( 2><22.84) }

(22-25.2)? (22-23.2)
(1 -0.5)exp {_ 2x22.84 } +0.5exp [_ 2x22.84 }
= 0.4520,
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6 exp {_ (vo—p)? }

2052(0)

P _

_ (02 _ (042
(1-0©)exp {_ (yﬁza"fb) } +0© exp [_ (yﬁzag%)) ]

2x22.84

22-25.2)2 22-23.2)2
(1—0.5)exp {_(2><22.84) ] +0.5exp [_(2x22.84) ]
= 0.5480.

0.5exp {— 7(22_23'2)2}

We then tabulate the posterior probabilities for each mouse as follows:

Interval | Body Weight | Posterior Probability

Mouse M-N (y4) P1(|1i) P0(|1i)

1 11 30 1 0

2 11 32 1 0

3 11 28 1 0

4 11 29 1 0

5 10 29 0.6035 0.3965
6 01 22 0.4520 0.5480
7 00 20 0 1

8 00 21 0 1

9 00 20 0 1

10 00 21 0 1

Step 2. Estimate the QTL genotypic values, residual variance, and QTL position
using the log-likelihood equation (11.7); i.e.,

(1) 30432+ 28+ 29 4 29 x 0.6986 + 22 x 0.4049
= T+ 1+1+1+0.6986 + 0.4049
98.97,

(1) 29 % 0.3014 + 22 x 0.5951 + 20 + 21 + 20 + 21
N 0.30144+0.5951 +14+1+1+1

21.35,
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1
62 = (30— 29.03)% + (32 — 29.02)% + (28 — 29.03)% + (29 — 29.03)?

+(29 — 29.03)% x 0.6986 + (22 — 29.03)? x 0.4049
+(29 — 21.21)% x 0.3014 + (22 — 21.21)? x 0.5951
+(20 — 21.21)% + (21 — 21.21)2 + (20 — 21.21)* + (21 — 21.21)?]
= 6.05,
N 0.3965 + 0.4520

o) = 2 T R (0.4242.
1+1

Based on equation (11.3), we use the estimated parameters to calculate the log-
likelihood value as

1
log LMW = log (O)

V21 X 2.46
(30— 28.97)2 (32— 28.97)2 (28— 28.97)2 (29— 28.97)2
2 x 6.05 2 x 6.05 2 x6.05 2 x 6.05
(29 —28.97)° 97)? (29 — 28.97)2
+log {(1 0.4242) exp [ 5% 6.05 + 0.4242 exp X 600

2 x 6.05 2 x 6.05

{ (21 — 21.35)2 } N [ (20 — 21.35)2} N { (21 — 21.35)2}

2 x 6.05 2 x 6.05 2 x 6.05 2 x6.05

= —47.74.

)
+1og{04242€xp{ (22 - 21.35) ] (1 —0.4242) exp [ (22135)2]}
REalk

[ (20 — 21.35)2

Step 3. Repeat steps 1 and 2 until the estimates of all the parameters are stable.
In this example, we find that the parameter estimates converge at step x. The MLEs
of the parameters are obtained as fi; = 29.6, 1o = 20.8, 62 = 1.2, 6 ~ 0, and
log L = —6.53.

Ezample 11.2. (QTL Mapping in Poplar Trees). To illustrate interval mapping,
we estimate QTL for the poplar data (Yin et al. 2002). Table 11.1 shows a portion of
the data, which gives marker information on four markers: CA/CGA-580RD, A7-690,
AM11-1060, and AT2-850. Cumulative map distances over the markers are 15.6, 30.7,
and 43.9 ¢cM, respectively. The trait measured is the height (m) of each of 57 trees.

Using the iterations above for the MLEs, we implement an R program that is
available on the website for this book. The results are given in Table 11.2. The re-
combination fraction estimate 6 locates the possible QTL on the interval. To translate
the recombination fraction into mapping distance, we use the Haldane mapping func-
tion (10.5). Recall that 6 = ry(x)/r and hence, for an interval M—N
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Table 11.1. A portion of the poplar marker data and heights.

Obs |CA/CGA-580RD |A7-690 |AM11-1060 |AT2-850 |Height(m)
1 2 2 2 2 10.8
2 2 1 1 1 115
3 1 1 1 1 13.8
4 1 1 2 2 13.9
54 2 2 2 2 21.0
55 2 2 1 2 22.0
56 2 1 1 1 22.1
57 2 2 2 2 26.0

Table 11.2. Parameter estimates and likelihood ratios for the poplar data.

Interval i1 fio & 6 —2log A
1 18.006  16.356  2.632  0.176 3.257
2 17.826  16.891  2.708  0.101 1.476
3 18.020  16.748  2.673  1.000 3.136

implying that
1 1
d(z) = filog (1-=2r0), r= 5(1 —e2),
Applying this to the first interval yields

1 1
r= 5(1 — e 2X0I56) — 0134, dym = —5log (1—2x0.134 x 0.176) = 0.024,

and for all intervals Table 11.3 gives the estimated QTL locations.

Table 11.3. Estimated QTL locations for the poplar data.

Interval 0 d(z)
(0,0.156) 0.176 2.4 cM
(0.156,0.307) 0.101 16.9 cM

(0.307,0.439) 1.000 43.9 M
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11.3 Hypothesis Testing

After the parameters are estimated, we must assess the significance of these findings.
In testing the null hypothesis

Hy : There is no QTL in any interval,

we would reject Hy if any of the likelihood ratios were significant. If we designate
LRT; to be the likelihood ratio statistic over interval ¢, then we would reject Hy if

mﬁax LRT, > t,

where ¢ is an appropriately chosen cutoff. The log-likelihood ratio (LR) test statistic
under the Hy (1 = po = p) and Hy (1 # po) hypotheses is calculated by

.
(11.8) LR = —2In [W] ,

where /i1, flg, and 62 are the MLEs of the corresponding parameters under the H;
that there is a QTL (full model) and zi and 2 are the MLEs under the Hj that there
is no QTL (reduced model).

Lander and Botstein (1989) used the LOD score as a test statistic, expressed as

L(j1,5°) }
) | 7oy

which is actually equivalent to the LR, with the relationship
1
LOD = §(log10 e)LR = 0.217LR.

Under Hy, the LOD score or LR statistic is asymptotically distributed as a central
x? statistic, with the degrees of freedom being the number of parameters fixed in the
null hypothesis. But these degrees are allowed to “float” in the alternative hypothesis
because the recombination fraction and the estimated QTL effect are correlated. For
example, if the recombination fraction between a marker and QTL is fixed at 0.5,
then the magnitude of the putative QTL effect is immaterial for a single-marker
analysis. Thus, it is not clear how many degrees of freedom should be used for such
a marker-linked QTL analysis. Although this problem is somewhat alleviated with
interval mapping, it is still not clear whether both the QTL position and QTL effect
are fixed in the null hypothesis.

Since the position of the QTL (measured by the ratio @) is present only under the
alternative hypothesis, it is regarded as a nuisance parameter in significance testing
for the QTL. Under the null hypothesis, the nuisance parameter (QTL position)
is undefined, so that standard techniques are not applicable for deriving the null
distribution of the test statistic unconditionally on the nuisance parameter. For these
reasons, a profile of the test statistic across the permissible interval for the nuisance
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parameter is constructed, and we choose the maximum of that profile to perform
just one test. This so-called grid search assumes that the QTL at any position is
bracketed by two markers, with no need to include the log-likelihood equation for
the QTL position in the iterations but instead allowing 6 to vary deterministically
in order. Because the QTL is assumed to be somewhere on the genomic interval
bracketed by two flanking markers, 6 will take a value from 0 to 1. At each assumed
position, the LOD score or LR value is calculated, which allows a systematic search
for a significant QTL throughout a given linkage group or even the entire genome.
If the QTL is first assumed at the right marker and then moved at every 1 or 2 cM
from this marker, we can plot the LOD score or LR value against the map position
of the QTL. If the test statistic at a region exceeds a predefined critical threshold, a
significant QTL is indicated at the maximum (peak) of the LOD or LR profile. The
0 value corresponding to the maximum of the likelihood ratio test statistic across a
linkage group is the optimal estimate of the QTL position.

Because it is difficult to analytically obtain the distribution of the test statistics,
the critical threshold can be determined empirically from permutation tests (Churchill
and Doerge 1994). For the poplar data of Example 11.2, we permute the phenotypic
values, breaking all associations and mimicking a null distribution. For every permu-
tation, we calculate maxy LRT, and construct a histogram and obtain a cutoff point.
Figure 11.1 is a histogram of 5000 permutations of the data and the resulting max-
imum LR statistic. Using that as a reference, we have an upper 5 percent cutoff of
5.757, showing that we have not found a significant QTL.

(s2] —
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aV]
> S ] ]
.(‘%
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LRT

Fig. 11.1. Histogram of the null distribution of max —2log A for the data of Example 11.2.
The distribution is based on 5000 permutations of the data, with an upper 5 percent cutoff
of 5.757.
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One can also use the permutation distribution to calculate the p-value. Our ob-
served maximum was 3.257, and of the 5000 permutations, 1016 resulted in larger
values of the test statistic, giving a p-value of 1016/5000 = 0.203.

Ezxample 11.3. Revisit Example 3.1. Two inbred lines, semi-dwarf IR64 and tall Azu-
cena, were crossed to generate a heterozygous F;. The haploid chromosomes for pol-
lens (gametes) of the F; were doubled to produce 123 doubled haploid (DH) plants.
These DH plants, equivalent to a backcross progeny, were genotyped for 135 RFLP
and 40 isozyme and RAPD markers, from which a linkage map covering the entire
genome of 12 chromosomes was constructed (Yan et al. 1998; Fig. 3.3). Each of the
DH lines was measured for plant height at each of ten consecutive weeks.

Maximum likelihood is used to scan the existence of a QTL across the linkage
map. We use chromosome 1 as an example to describe the procedure. Table 11.4
gives the cumulative and pairwise map distances in centiMorgans for 18 markers
on rice chromosome 1, along with the sample sizes, means, and variances of plant
height measured at age 10 weeks for each marker interval. Theoretically, these sample
estimates should be identical among different marker intervals. They are different
because of missing data, which is a common case in QTL mapping.

Using the estimates of these sample parameters as initial values of the unknown
parameters, the information in Table 11.4 is incorporated into a chromosome-wide
scan of a QTL by assuming the QTL location at every 2 ¢cM within each marker in-
terval. Table 11.5 gives the results for QTL scanning at every 4 cM (to save space), and
includes the estimates of two QTL genotype values, residual variance, log-likelihood
values under the null and alternative hypotheses, and LR at assumed QTL positions.
By plotting the LR values against the length of the linkage group, we can see how
the test statistics change over the assumed QTL positions (Fig. 11.2). It is likely
that a peak of the LR profile at 217 cM from the first marker within marker interval
RG810-RG331 corresponds to the MLE of the QTL location.

To test whether the QTL at the LR peak is statistically significant, we can empir-
ically determine the critical threshold based on permutation tests (see Chapter 12 for
details). By reshuffling the phenotypic data, we estimate 1000 maximal LR values,
whose 99th percentile is used as the cutoff point (12.64) for testing the chromosome-
wide existence of a QTL at the a = 0.01 significance level.

A by-product of calculating the test statistic is that the proportion of the pheno-
typic variance explained by a QTL (R?) can be calculated as

s2 22
(11.10) R2=71_°R
R
where 62 is the estimate of the total phenotypic variance (i.e., 7 under the null hy-
pothesis) and 6% is the estimate of the residual variance (i.e., % under the alternative
hypothesis).

We estimated the additive effect of the detected QTL on rice chromosome 1 as
a = i1 — fip = 30.97, which is 134.9 percent relative to the standard deviation of the
plant height in the DH population. Using equation (11.10), we calculate the proportion
of the phenotypic variance explained by the QTL, which is 44.5 percent.
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Table 11.4. Map distances, measured in centiMorgans (cM), for 18 markers located on
chromosome 1 and sample sizes, means, and variances for each of the 17 marker intervals in
a DH population of rice.

Cumulative Pairwise Sample

Marker Distance Distance Size Mean Variance
RG472 0.0

19.2 96 109.63 539.48
RG246 19.2

16.1 100 109.85 524.21
K5 35.3

4.8 96 109.27 509.49
U10 40.1

4.7 78 110.49 506.71
RG532 44.8

15.3 100 109.85 537.80
W1 60.1

15.5 102 109.57 511.86
RG173 75.6

15.0 97 109.68 509.24
RZ276 90.6

3.8 104 110.20 529.99
AmylB 94.4

3.3 104 109.85 536.55
RG146 97.7

34.3 99 109.44 543.70
RG345 132.0

2.5 105 109.71 528.72
RG381 134.5

23.5 97 109.37 520.59
RZ19 158.0

8.2 91 109.96 510.37
RG690 166.2

13.2 104 109.69 531.14
RZ730 179.4

33.1 89 110.17 538.40
RZ801 212.5

2.6 96 109.90 521.97
RG810 215.1

9.2 105 109.93 532.13
RG331 224.3

Note: Because different markers are missing, the estimates of sample means and variances

are different among marker intervals.
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Table 11.5. Estimation process of interval QTL mapping for chromosome 1 in a rice DH
population.

Interval Position i 1o o? LogLg LR n
1 1 109.835 109.798 541.929 -433.818 0 95
1 5 109.789 109.850 541.928 -433.818 0 95
1 9 109.736 109.907 541.922 -433.818 0.001 95
1 13 109.685 109.959 541.910 -433.817 0.002 95
1 17 109.646 109.996 541.899 -433.816 0.004 95
2 21 109.761 108.940 497.122 -425.197 0.029 94
2 25 109.665 109.051 497.197 -425.204 0.014 94
2 29 109.506 109.193 497.266 -425.209 0.003 94
2 33 109.324 109.325 497.290 -425.211 0 94
3 37 108.182 110.686 477.832 -324.262 0.219 72
4 41 109.577 110.522 513.786 -345.029 0.030 76
5 45 108.813 109.880 515.150 -445.035 0.051 98
5 49 109.108 109.652 515.355 -445.055 0.011 98
5 53 109.562 109.383 515.418 -445.060 0.001 98
5 57 110.078 109.149 515.237 -445.045 0.031 98
6 61 108.572 109.336 489.133 -424.434 0.019 94
6 65 107.921 109.519 488.784 -424.408 0.073 94
6 69 107.171 109.688 488.169 -424.361 0.166 94
6 73 106.532 109.779 487.584 -424.303 0.281 94
7 7 109.198 109.789 509.190 -439.930 0.007 97
7 81 107.208 110.150 508.087 -439.882 0.102 97
7 85 104.375 110.519 504.806 -439.756 0.355 97
7 89 104.600 110.332 505.947 -439.705 0.458 97
8 93 111.159 109.952 534.307 -469.621 0.031 103
9 97 107.169 109.662 547.736 -448.043 0.116 98

10 101 105.543 109.882 542.842 -447.655 0.319 98

10 105 104.908 110.177 541.152 -447.601 0.427 98
10 109 104.561 110.451 539.543 -447.552 0.524 98
10 113 104.592 110.641 538.702 -447.519 0.590 98
10 117 104.935 110.721 538.838 -447.506 0.617 98

10 121 105.442 110.710 539.635 -447.508 0.613 98

10 125 105.982 110.641 540.656 -447.519 0.590 98

10 129 106.481 110.545 541.620 -447.534 0.561 98
11 133 105.749 110.980 515.684 -436.028 1.094 96
12 137 104.165 111.730 501.760 -394.034 1.939 87
12 141 103.212 112.374 495.530 -393.686 2.634 87

12 145 102.494 112.917 489.624 -393.330 3.347 87

12 149 102.098 113.277 485.604 -393.014 3.979 87
12 153 102.046 113.419 484.362 -392.777 4.453 87
12 157 102.324 113.349 485.997 -392.638 4.731 87
13 161 99.411 116.583 440.496 -407.358 10.928 91

13 165 98.170 117.625 419.984 -404.359 16.926 91

14 169 97.924 118.561 433.685 -393.583 15.806 88
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14 173 96.276 119.960 400.347 -390.697 21.578 88
14 177 96.079 120.437 391.781 -388.902 25.168 88
15 181 94.988 121.898 364.697 -382.823 29.192 87
15 185 91.994 125.186 269.907 -377.980 38.879 87
15 189 91.895 126.999 235.728 -374.168 46.504 87
15 193 92.113 128.047 220.819 -371.591 51.657 87
15 197 92.313 128.583 215.013 -370.005 54.829 87
15 201 92.475 128.694 216.105 -369.339 56.160 87
15 205 92.641 128.359 225.014 -369.701 55.436 87
15 209 92.967 127.307 248.828 -371.535 51.769 87
16 213 94.335 123.975 302.895 -410.949 51.269 96
17 217 93.769 124.741 292.775 -449.026 58.997 105
17 221 93.759 124.256 300.457 -451.654 53.741 105
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Fig. 11.2. Profile of the LR-value across chromosome 1 for the test of QTL that controls
plant height at age 10 weeks in a rice DH population (Huang et al. 1997).
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There are many other programs available to produce QTL maps. For example, there
is a package rQTL available in the statistical package R, which is free and available on
the Web. There is also a program called QTL Cartographer, which is also available
as a free download.

11.3.1 Model for Incorporating Double Recombination

The likelihood (11.1) was constructed by assuming no double recombination; i.e.,
r = ry + r9. If double recombination occurs but no interference is assumed, we have
r =11 +79—2r17ro. In this case, the conditional probabilities of QTL genotypes given
marker genotypes are expressed in Table 10.3. The EM algorithm can be derived to
estimate the 71 or ra, QTL genotypic values, and residual variance. Let w;|; be the
general conditional (prior) probability for a progeny ¢ to have QTL genotype j (1 or
0). In the E step, we define and calculate the corresponding posterior probability for
progeny ¢ by

- wjli f5(yi)
(11.11) Pjji = w1 f1(yi) + wopi folyi)

In the M step, the parameters are estimated by

>ic1 Pjliyi

/j(‘ - )
T XL Py

B B R i
0215 ZZ(%*M)QPJM )
i=1 j=0
(1112) 1 -_7L1+TL2 ns+na
ro=— ZPO|i+ZP1|1Z )
" L i=1 i=1
1 ni+ns na+ng
T2 = Z Foji + Z Py
i=1 i=1

The E and M steps are iterated until the estimates of the parameters converge. The
estimates at the convergence are the MLEs of the parameters.

11.3.2 Model for Incorporating Interference

Consider the marker-QTL order in M-QTL-N. Let ¢11, 910, go1, and ggyp be the
probabilities of two crossovers each between M and QTL and between QTL and IN,
only one crossover between M and QTL, only one crossover between QTL and N,
and no crossover between the three loci, respectively.

Based on the three-point analysis in Table 4.2, we derive joint marker-QTL-marker
genotype frequencies in terms of g11, g10, go1, and goo, which are given in Table 11.9.
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Instead of using Table 11.7, we now use the conditional probabilities, generally ex-
pressed as wj;, derived from Table 11.9 to construct the likelihood similar to equa-
tion (11.7). The joint probabilities of marker-QTL-marker genotypes are expressed in
terms of these four ¢’s (Table 11.6), from which the conditional probabilities of QTL
genotypes given marker interval genotypes (wj|;) can be derived.

Table 11.6. Joint three-point genotype frequencies in the backcross.

Marker Interval QTL Genotype
Genotype  Sample Size 1 0
11 ni goo g11
10 n2 go1 gio
01 n3 g10 go1
00 i gi1 goo

The EM algorithm is derived to estimate the g probabilities, QTL genotypic values
and residual variance. In the E step, define and calculate the posterior probability
with a form similar to equation (11.11). In the M step, estimate QTL genotypic values
and the residual variance by equation (11.12), and the g probabilities by the following
equations:

1 _nl nag T
Jop = ————— Py + Py,
goo "L+ ; 1li ; O|z_

1 na ns T
g — — — Py + Pyl ,
go1 s + 13 ; 1|4 ; 0|z-

1 [ n3 o T
- e R P+ Pyl
gio " + 13 ; 1li ; O|z_

1 ng no b
g1 =— P+ Pyil -
g11 S ; 1i ; 0|1_

After the MLEs of ¢’s, the recombination fractions are then estimated as

71 = 1o + 11,
(11.13) T2 = go1 + g1,
7 = go1 + J10-

The coefficient of meiotic interference measuring the degree with which the recombi-
nations in two adjacent intervals are affected by one another is calculated by
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(11.14) f=1-92
rire
The significance test for the interference can be formulated by calculating the ratio
of the two log-likelihoods under the null (I = 0) and alternative (I # 0) hypothesis
estimated from Sections 11.3.1 and 11.3.2, respectively. This ratio is asymptotically

x2-distributed with one degree of freedom.

11.4 QTL Interval Mapping in an F,

As in the backcross, we will consider three different situations for the Fay: (1) there is
no double recombination in the marker interval, (2) the recombinations in different
intervals are independent, and (3) meiotic interference occurs between different inter-
vals. In each situation, we will provide the EM algorithm for parameter estimation.

11.4.1 No Double Recombination

In an Fs design, each marker can have three values, and when taken in pairs to form
intervals, this leads to the nine marker classes whose conditional probabilities are
given in Table 10.5. The conditional probability of the QTL genotype given a marker
genotype is calculated as the ratio of the joint marker-QTL genotype frequency over
the marker genotype frequency. The proportions rq, 2, and r are the recombination
fractions between marker M (with two alleles, M and m) and the QTL (with two
alleles, @ and ¢), between the QTL and marker N (with two alleles, N and n), and
between the two flanking markers, respectively.

Assume that there is no double recombination: we have r = r; + r9 or rire =~
0. Then, defining § = r1/r and n = 72/[(1 — 7)? + r?], we obtain the conditional
probabilities of QTL genotypes given different marker classes (Table 11.7).

Likelihood

Similar to the development in Section 11.2, we assume that we have densities fs, f1,
and fy corresponding to the QTL genotypes, and based on Table 11.7 we have the
likelihood function
na22
L= H[lfz(yz‘) + 0/1(yi) + 0fo(vi)]
i=1
n21
x LTIt = 0) fa(ys) + 01 (yi) + 0fo(v:)]
i=1
n20
X H[(l —0)%f2(yi) +20(1 = 0) f1(y) + 6% fo(yi)]
i=1
niz
x [10.f2(v:) + (1 = 0) f1(:) + 0fo(vs)]

i=1
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Table 11.7. Conditional probabilities of QTL genotypes given marker genotypes in the F.

Marker Interval QTL Genotype
Genotype Sample Size QQ(2) Qq (1) qq (0)
MMNN (22) n22 1 0 0
MMNn (21) na21 1—9 9 O
M Mnn (20) n20 (1-6)? 20(1 —0) 0?
MHNN (12) ni2 9 1 — 9 O
MmMn (11) ni1 nd(1—0) 1—2n0(1—-0) no(l-—20)
Mmnn (10) n1o 0 1-0 0
mmNN (02) n02 0? 20(1 — 0) (1-06)*
mmNn (01) no1 0 0 1-6
mmnn (00) 100 0 0 1
Overall n 1 1 i

Note: 0 = ri/r,n =1r*/[(1 —r)* + 7]
(11.15)  x [[[O(1 = 0) falys) + (1 = 200(1 = 0)) f1 (i) +nO(L — 0) fo(ys)]
i=1
x [TI0f2(:) + (1 = 0) f1(y:) + 0.fo (i)
i=1
x [ ]16% f2(:) +26(1 = 6) f1(yi) + (1 = 6)* fo(vs)]
i=1
X H[OfZ(yi) +0f1(yi) + (1 —6)fo(vi)]
i=1
< [JI0£2(u:) + 01 (i) + Lfo(y:))-
i=1

To test the QTL significance, the null hypothesis of no QTL in the marker is
formulated as

Hy : fa(yi) = fi(yi) = folvi) = f(vi),

and to test this at position z;, where § = ry(x)/r, we map the likelihood ratio statistic

B maxg, L(f(yi))
(11.16) Ae) = maxpg, L(fQ(yi)vfl(yi)vfo(yi)ae),

similar to what was done in Section 11.2.
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Maximizing the Likelihood

We now turn to the maximization of the likelihood (11.15) but first make two as-
sumptions:

1. We assume that the densities f;(y;) (j = 2,1,0) are normal densities,
C )2
exp | (yi — 1) 7
\2mo 20’2
having means ps = j + a, py = o+ d, and pg = p — a and variance o2.

2. We introduce the notation wj; to denote the QTL genotype weights assigned to
individual ¢. For example, if individual ¢ has marker genotype 12, then

fiyi) =

CLJqu', = 0, w1|1; =1- 97 wo‘i =0.

Using this notation, we can write the log-likelihood (11.15) given observations y and
marker interval M-N as

(1.1 log L(Ry, M-N) = 3" log Y [eaf (0]

where
Q= (/1“27M17M070279) = (Q(be)

Differentiating the log of the likelihood with respect to any unknown parameter con-
tained in the vector above gives

353 o8 LU M) = i(zfﬁ?ﬁ?wm) (o o500+ 2 o)
(11.18) —_Zn: <8Q log f;(yi) + ;669“”)’

where

(11.19) oteli )

P’i =
/ > —olwiriifi (i)

can be viewed as the posterior probabilities of the QTL genotypes for individual ¢
given a marker genotype, with
2
> Pyi=1.
j=0

In the posterior probabilities, w;;’s are the prior probabilities for individual ¢ that
bear on QTL genotype j, whereas f;(y;)’s are the likelihoods of the individual. The
posterior probability that an individual will carry a particular QTL genotype can be
used to infer the individual’s identification.
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Setting the partial derivative of equation (11.18) with respect to each unknown
equal to zero, we derive the MLEs of the genotypic value p; for QTL genotype j as

. > i Pjiyi

(11.20) py = s I
! Ei:l lei

J =210,

and the MLE of ¢? in a mapping population as

2

(11.21) 6% = %ZZ[PW(% — i1;)°]-

i=1j=0
The additive (a) and dominant effects (d) of the QTL can be estimated from the
MLEs of u;’s as

&:

(fi2 — f1o),

| =

(fi2 + f10)-

N | =

d=j—

Similarly, the MLE of the QTL location (measured by the ratio 8) can be obtained
with a scanning approach in which a putative QTL is assumed at every 2 ¢cM in each
marker interval. The likelihood ratio statistic (A(x)) calculated by equation (11.16) is
then plotted against the length (z) of the linkage group. The peak of the A\(x) curve
corresponds to the optimal estimate of the QTL location.

Ezample 11.4. (F2 Mouse Data). Cheverud et al. (1996) constructed a linkage map
using 75 microsatellite markers in a population of 535 Fy progeny derived from two
strains, the Large (LG/J) and Small (SM/J). The F3 progeny were measured for body
mass at ten weekly intervals starting at age 7 days. The raw weights were corrected
for the effects of each covariate due to dam, litter size at birth, and parity but not
for the effect due to sex. Chromosome 1 composed of nine markers was used as an
example to map the QTL affecting body weight at age 10 weeks (Table 11.8) with
the ML-based interval mapping method.

The map of the likelihood is shown in Fig. 11.3. The maximum of the likelihood
is at marker interval [D2MIT93-D2MIT389], at 37 c¢M from the first marker on the
left of the chromosome, suggesting there might be a QTL there. The LR at the peak
is 33.81, greater than the critical threshold, 14.58, calculated from permutation tests,
indicating that the QTL detected is significant.

11.4.2 Independence

In Section 11.4.1, the conditional probabilities were derived by assuming no double
recombinations in different intervals. This assumption may be true when the map
density is high, in which case the product of the recombination fractions between
marker M and QTL (r1) and between QTL and marker N (ry) approaches zero.
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Table 11.8. A portion of the mouse data from Cheverud et al. (1996). The first six markers,
D1Mit3, D1Mit20, D1Mit7, D1Mit11, D1Mit14, and D1Mitl7, on chromosome 1 at 0, 6.3,
41.6, 52.5, 77.6, and 119.2 cM, respectively, are shown. The phenotypic trait is body weight
at age 10 weeks.

ID  DI1Mit3 DIMit20 DI1Mit7 DIMitll DI1Mitl4 DI1Mitl7 WtGain

44 1 3 2 3 2 3 29.804
45 3 2 2 2 2 2 20.622
46 2 2 1 2 2 2 25.959
47 1 3 1 1 1 2 27.484
51 3 2 3 2 2 1 24.338
54 2 2 2 2 3 34.980
634 2 2 3 2 2 2 30.199
636 1 1 1 1 1 2 30.303
637 2 2 2 2 2 2 32.670
638 2 2 2 2 1 2 36.849
640 3 2 3 2 2 2 25.291
641 2 2 3 2 3 1 37.824
642 1 1 3 2 3 2 16.441

Here, we describe a model that relaxes the assumption of no double recombinations
but assumes the independence of recombination occurrences.

Table 10.5 tabulates the joint frequencies of marker interval (M-N) and QTL
genotypes in the Fo under the assumption of recombination independence but al-
lowing for double recombination. As before, let w;); be the conditional probability
of a QTL genotype j (j = 2,1,0), conditional upon the marker interval genotype of
progeny . Similar to likelihood (11.15) for no double recombination, the likelihood
incorporated by conditional probabilities derived from Table 10.5 can be constructed.
By maximizing the likelihood, the EM algorithm can be implemented to provide the
MLESs of parameters.

In the E step, the posterior probability of QTL genotype j for progeny 7 given its
marker interval genotype and phenotypic observation can be calculated with equation
(11.19). In the M step, the QTL genotypic values and residual variance are estimated
from the posterior probabilities using equations (11.20) and (11.21), while the marker-
QTL recombination fractions are estimated by
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Fig. 11.3. Profile of the LR—value across chromosome 1 for the test of QTL that controls
body weight at age 10 weeks in the mouse F2 population of Example 11.4 (Cheverud et al.
1996).

1 |fl22 +n21+n20

Fp= = (Prji +2F))
n 1=1
ni2+nii+nio no2+mno1+noo
+ Z (Py)i + 2¢1 Prjs + Poji) + (2P + Pyi) |
i=1 1=1
1 n22+ni2+no2
fo = — (Prj; +2P);)
n 1=1
n2i1+ni1+no1 n20+n10+n00
+ Z (Paji + 202 Prjs + Poji) + (2P + Pyji) |
=1 1=1
where
2
r
¢ = %’
(1—r1)2 477
2
r
¢ = =

(1—r2)2 473
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The E and M steps are iterated until convergence. The estimates at convergence are
regarded as the MLEs of parameters.

11.4.3 Interference

It is possible that recombinations are interfered within different intervals so that
the coefficient of interference should be incorporated into the mapping model. As
in the backcross, define g11, g10, go1, and goo as the probabilities of recombination
occurrences in two intervals constructed by order M-QTL-IN. Based on the three-
point analysis in Table 4.2, we derive joint marker-QTL-marker genotype frequencies
in terms of g11, g10, go1, and goo, which are given in Table (11.9). Instead of using
Table 11.7, we now use the conditional probabilities, generally expressed as wjj;,
derived from Table (11.9) to construct the likelihood similar to equation (11.7).

Table 11.9. Joint three-point genotype frequencies in the Fa.

Marker Interval QTL Genotype

Genotype Sample Size QQR(2) Qq (1) qq (0)
MMNN (22)  na» 92 2g00g11 gt
MMNn (21) na1 2900 go1 2(googio + go1911) 2911910
M Mnn (20) 90 g&1 2g01910 9%
MmNN (12) N2 2400910 2(goog11 + go1g10) 2901911
MmNn (11) n11 2(googo1 + grog11) 2(g80 + 901 + gio + 911) 2(googor + g10g11)
Mmnn (10) n10 2901911 2(goog11 + go1g10) 2900910
mmNN (02) no2 gio 2g109o01 981
mmNn (01) no1 2911910 2(googio + go1911) 2g00go1
mmnn (00) n00 gt 2goog11 930

By defining and calculating the posterior probabilities based on equation (11.19),
we derived the closed-form MLEs for th probabilities of occurrence of crossovers. They
are given as

n2z n2i1 niz

1
Joo = 5~ Z;(QPQH + Pyji) + Z;(Pm + ¢1Pryi) + Z;(PW +d2P15)
i = =
(11.22) + (¢3P2ji + 204 Prj; + 63 Poys)
anl}) no1 o0

+ > ($2Pyi + Poji) + Y _(é1Prji + Pop) + > _(Pri + 2Pop) |

i=1 i=1 i=1
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do1 = % {Z[Pm + (1= ¢1) Pyl + Z(sz\i + Pyj;) + Z[(l — ¢2) Py + Poyil

i=1 i=1 i=1
ni1

(11.23) + Z(d’spgu + 294 P1ji + 63 Fo):)
=1

+ Z[qu + (1 — ¢2) Pyl + Z(Pm‘ +2P);) + Z[(l — ¢1) Py + Pou]} )
i—1

i=1 i=1

R 1 n21 n20 niz2
g0 =5~ {Z(%Pm‘ + Poji) + Z(Pm + 2Pppi) + Z[qu + (1 — ¢2) Py

i=1 i=1 i=1
nii
(11.24)  + > _[(1 = ¢3) Py +2¢" 4Py + (1 — ¢3) Py
Zn=1}] nop2 no1
+ Z[(l — ¢2) Pry; + Poji] + Z(2P2|i + Pyji) + Z(Pz\i + ¢1P1i)} ;
i=1 i=1 i=1
noo n21 niz
g = o Z(Pui +2Py);) + Z(¢1P1|i + Pyj;) + Z(¢1P1|i + Poj;)
nllz:l =1 i=1
(11.25)  + Z[(l — 3)Paj; 4+ 2(1 — ¢4 — ¢y — &) Prjs + (1 — ¢3) Py
zn:1}) no1 00
+ Z(Pzﬁ + ¢2P1pi) + Z[POIi + (1= ¢1) Pyl + Z(2P2|i + Puji) |
i=1 i=1 i=1
where
b1 = googdio ,
googio + goi1911
googdii
P = ———T,
goog1i1 + goigio
googo1
3= —— ",
googo1 + g10911
2
by = 900 7
950 + 981 + 9% + 91
2
¢y = 2 2 %1 2 2
950 + 961 T 910 T 911
2
i YJio
4

Gt 9tk toh

The MLEs of ¢g’s can be used to estimate r; and ro by equations (11.13), and
the degree of interference is then estimated by equation (11.14). The significance of
=interference can be tested by calculating the likelihood ratio under the null (I = 0)
and alternative (I # 0) hypotheses.
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11.4.4 Testing Hypotheses

The existence of a segregating QTL linked with known markers can be tested by a
likelihood ratio test. In a mapping population, the hypotheses for testing the putative
QTL in the F5 can be formulated as

(11.26) Ho: po =1 =po=p,
’ Hy : At least one of the equalities does not hold.

This null hypothesis is equivalent to a = d = 0 for the Fy. As in the backcross,
the LR value for hypothesis (11.26) can be calculated and compared with the critical
threshold determined from permutation tests. But the procedure for the significance
tests in the F5 should be to find:

(1) the existence of a significant QTL,
(2) the additive effect (a), and
(3) the dominance effect (d) of the QTL.

The null hypotheses for these three tests are formulated by posing the constraints

(1) Ho : p2 = p1 = po,

(2) Ho: 5(p2 — po) = 0, and

(3) Ho:pr = %(m + 1o),

respectively. Corresponding to each of these tests, the test statistic is calculated as
above with equations (11.8) and (11.9).

Example 11.5. Revisit Example 11.4, in which a significant QTL was detected for 10-
week body weight on chromosome 1 (Fig. 11.3) in the Fy mouse population. The Fy
allows the tests of both the additive (a) and dominance effects (d) exerted by the
QTL. The MLEs of a and d are 1.59 and 1.71, respectively. The parameters under
the null hypothesis of a = 0 or d = 0 are estimated by maximizing the likelihoods,
leading to L(d,5?) and L(a,5?), respectively.

The log-likelihood ratios between the null and alternative hypotheses for the sig-
nificance tests of a and d are calculated as 12.59 and 10.55, respectively. Because no
parameter is nonidentifiable in the null hypothesis for separate tests of a and d, the
likelihood ratios of each of these two tests can be thought to asymptotically follow a
x? distribution with one degree of freedom. Thus, for a large sample size, the critical
threshold can be obtained from the x? distribution table. However, if the sample size
used is not adequately large, the threshold can be empirically determined by simula-
tion studies with the data simulated under the null hypothesis. In this example with
a good sample size, we obtained the threshold from the table, suggesting that both
the additive and dominant effects of the detected QTL are significant.

11.5 Factors That Affect QTL Detection

The statistical power to detect segregating QTLs depends on many factors. They
include the size of samples measured for molecular markers and quantitative traits,
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the magnitude of the type I error allowed, the contribution of the segregating QTL
to observed phenotypic variances, the recombination distances between the QTL and
the genetic markers, the specific experimental design employed, and the method of
statistical analysis. The influences of these factors on the power of QTL detection
and parameter estimates can be investigated analytically or through computer simu-
lation. The results from simulation studies are broadly consistent with those obtained
analytically for large samples. In most cases of QTL mapping, approaches based on
Monte Carlo simulation are widely used because analytical approaches are often dif-
ficult to derive.

Numerous misconceptions with respect to the power of QTL detection and
experiment design optimization are prevalent. In most cases, the power to detect a
segregating QTL of a magnitude likely to be segregating in the population will require
genotyping at least 500 individuals and often many more. Most experiments have been
too small to find effects of the magnitude that could be reasonably expected. Unless
the phenotyping costs are very high relative to genotyping costs, experimental designs
with very wide marker spacing are optimum, and decreasing marker intervals below 20
c¢M will have virtually no effect for most experimental designs. Power per individual
genotype can be dramatically increased by replicate progeny, selective genotyping,
sample pooling, and sequential sampling, and the effect of these techniques is cumu-
lative. Except for replicate progeny, these other techniques are trait-specific and are
therefore most appropriate for experiments that consider only a few traits.

11.6 Procedures for QTL Mapping

The problem of mapping QTLs for observed phenotypic traits can be divided into
two stages: (1) initial detection for the existence of segregating QTLs and their enu-
meration in a mapping population, and (2) genomic localization or fine mapping of
the QTLs. The first stage depends on the test and modeling of the number of compo-
nents within the mixture-model context, with no requirement of marker information,
whereas the second stage capitalizes on marker information to locate the positions of
QTLs based on marker-QTL cosegregation.

11.6.1 The Number of QTLs

The existence of segregating QTLs in a mapping population is a prerequisite for QTL
mapping. Many poorly designed molecular studies fail to detect significant QTLs
because of the use of a wrong mapping population in which no such QTLs exist.
Also, prior knowledge about the existence of QTLs helps to confirm results from
molecular mapping. The pattern of QTL segregation can be well predicted for inbred
line crosses based on Mendelian inheritance. In this chapter, maximum likelihood
based on a mixture model was implemented to estimate the genetic effects of QTLs.
This procedure is extended here to detect any number of QTLs in the mapping
population.
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Consider a mapping population of size n in which there are k segregating QTLs
for a phenotypic trait y that form J genotypes. At each QTL, there are two QTL
genotypes, symbolized by 1 and 0 for the backcross, and three QTL genotypes, sym-
bolized by 2, 1 and 0 for the Fy, respectively. Thus, J is 2¥ for the backcross or 3*
for the F5. Considering a backcross, a mixture model that specifies the segregation of
all k& putative QTLs can be written as

n

(11.27) L(Ry) = H [(%)kfllml(y ) + (%) frrolys) +---+ (%)kfoo.--o(yi)} )

i=1

where € = (p11..1, f11.-0, "+ » Hoo--0, 02) and (5)* is the prior probability of a QTL
genotype in the mapping population. The MLEs of €2 can be estimated by

n
R i Py
H11.1 = S po
Dim1 11---1|4

N _ Z?:l P11-~O\iyi

S Py
(11.28)
N _ > 1 Poo.ojivi
Ho0---0 —2?21 Poo...o\i )
5% = %[(yi —pa1a)? + o+ (Y — poo--0)7],
where
_ (%) fi11(yi)
P = N ;
(5) Sfrra(yi) + (5) Jiio(ys) + - (5) foo.-- 0(%)
(%) fll O(yz)
(11.29)  Ppy..opi =
e (%)kfllml(y) (%)kfu oY) + - (%) Jfoo-- o(:l/z)

(%)kfoo---o(yi)
(%)k Jrra(ys) + (%)k firo(yi) +-+ (%)k fOOmO(yi)’

are the posterior probabilities of a particular QTL genotype for an individual 7 given
its phenotypic value. The ML estimates are computed as follows:

Poo..oji =

(1) Provide initial values Q© = 4\ 4{9 oo 49 02©) for unknown para-
meters.
(2) Calculate the posterior probabilities P(O) Api2 Pl(?) o " Péo) 0li using equation

(11.29).
(3) Obtain a new estimate of the unknown parameters Q) = (,ugll) 17M§11)...07

1t or 021 using equation (11.28).
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(4) Repeat steps (2) and (3) until the estimate of € converges at a stable value.

The stable values are regarded as the MLEs of the unknown parameters. These MLEs
can be substituted to calculate the plug-in values of the likelihood function (11.27).

The analyses of the mixture model (11.27) above are performed to estimate the
number of QTLs involved in the trait. In statistics, the estimation of the QTL number
is equivalent to the determination of the number of mixing components that can best
explain the phenotypic data. Let k1 and ko be two alternative QTL numbers, which
generate the number of QTL genotypes 21 and 2*2 for the backcross, respectively.
Lo et al. (2001) proposed a statistical model for the characterization of the number
of mixture components based on the likelihood ratio statistic calculated from the
Kullback-Leibler information criterion. Under a theorem proposed by Vuong (1989),
the likelihood ratio between the null hypothesis that the mapping population con-
tains k1 QTLs and the alternative hypothesis that the mapping population contains
ks QTLs is asymptotically distributed as a weighted sum of independent x? random
variables with one degree of freedom under general regularity conditions. By calculat-
ing the likelihood ratio under two alternative hypotheses, Lo et al.’s model can be used
to determine the number of QTL that are segregating in the mapping population.

Alternatively, the estimation of the number of segregating QTLs for a quantitative
trait in a population can be based on model selection criteria, AIC (Akaike 1997)
or BIC (Schwarz 1978). The AIC or BIC, depending the likelihood, the number of
parameters being estimated and the sample size used, is calculated. The model that
gives the smallest AIC or BIC values is considered to best explain the mapping data
analyzed.

A similar procedure can be formulated for the Fo, for which the likelihood function
assuming k£ QTLs is expressed as

n

H[% fao.2(yi) + (%) Jaz.0(ys) + - (%) foo.- o(yz)}7

=1

where the prior probability of a QTL genotype is 3*. The calculation of the likelihood
ratio in two different cases each for a different number of QTLs, k1 and ks, is used to
determine the optimal number of actual QTLs involved in the Fy mapping population.

Example 11.6. Revisit Example 3.1. Two inbred lines, semi-dwarf IR64 and tall Azu-
cena, were crossed to generate a heterozygous F;. The haploid chromosomes for pol-
lens (gametes) of the F; were doubled to produce 123 doubled haploid (DH) plants.
These DH plants, equivalent to a backcross progeny, were genotyped for 135 RFLP
and 40 isozyme and RAPD markers, from which a linkage map covering the entire
genome of 12 chromosomes was constructed (Yan et al. 1998; Fig. 3.3). Each of the
DH lines was measured for plant height at 10 weeks after the plants were grown in
the field.

The number of QTL for plant height at age 10 weeks contained in the HD pop-
ulation is estimated. Assuming that there are k = 0,1,2,...,8 QTLs for the trait,
the log-likelihood ratios (LR) are calculated under two alternative hypotheses of QTL
numbers k and k£ — 1. Based on the AIC and BIC information criteria, we suggest
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that there possibly exists one major QTL that controls 10-week plant heights in rice
(Table 11.10). Further genetic mapping with a linkage map constructed by molecular
markers (Fig. 3.3) can be used to locate the location of this QTL.

Table 11.10. AIC and BIC information criteria under different numbers of QTLs in a rice
DH population.

QTL Likelihood

Number Value LR AIC BIC

0 -483.0999 968.19989 970.86333
2.8541

1 -480.2458 964.49168 969.81856
0.2296

2 -480.0163 968.0325 978.68626
4.3810

3 -475.6352 967.27044 988.57796
4.8085

4 -470.8267 973.65336 1016.2684
3.6248

5 -467.2019 998.4038 1083.6338
34.2540

6 -432.9479 993.8958 1164.3559
0.7343

7 -432.2136 1120.4272 1461.3475
9.0629

8 -423.1507 1358.3014 2040.1418

11.6.2 Locations of Individual QTLs

With the knowledge about the number of segregating QTLs in a mapping population,
the linkage map constructed from molecular markers is used to localize the positions
of these QTLs. In general, a scanning approach based on a grid of evenly—spaced
genomic positions from one marker to the next is used to search for the existence of
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all possible QTL throughout the genome. Interval mapping assuming one QTL at a
time makes use of the mixture-based likelihood function

(11.30) L(Qly) = [ [wyifi () +wojifo(y:)]
i=1
for the backcross and

(11.31) L(Qly) = [ ] [wayifa (i) + wiji fr(yi) + woji fo(yi)]
1=1

for the Fa, where wj);’s are the conditional probabilities of QTL genotypes given
a marker genotype for individual i. Thus, by estimating a maximal log-likelihood
ratio across the genome, we can determine the position of a QTL. The number of
QTLs detected from the genetic linkage map is smaller than that detected by a pure
phenotypic analysis (with no marker) if the linkage map does not well cover the entire
genome.

Theoretically, multi-QTL models can be more efficient in detecting QTL effects
than a one-QTL model because possible QTL-QTL interactions are considered for
the former. But this may not always be true in practice. Simultaneous analysis and
modeling of multiple QTLs will be likely to lead to a computational burden.

11.7 Exercises

11.1 Compare the advantages and disadvantages of the regression analysis and maximum
likelihood approaches in QTL mapping.
11.2 Use Bayes’ theorem to derive Table 10.3.
11.3 (a) Verify that equation (11.3) is the full likelihood.
(b) Verify that equation (11.5) is the likelihood under Hy and is independent of 6.
11.4 For the likelihood equations of Section 11.4.1, show that

E(wjily, ) = Py,

E(wily, Q) = Py,
E(w) iwj,|ily, @) = 0,
where the expectation is over the distribution of w;|; conditional on the data y and
the other parameters. This is the E step of an EM algorithm in which the expected
conditional QTL genotypes are determined with the equation (11.19), with the M
step being equations (11.20) and (11.21), and the unknown parameters are estimated
using the posterior value calculated from the E step. This iterative process is repeated
between the E and M steps until convergence of estimates.
11.5 Interval mapping
When the interval mapping model was constructed, three different cases for the forma-
tion of gametes during meiosis were considered: (1) there is no double recombination,
r =11+ r2; (2) recombinations are independent, r = 71 + r2 — 2r172; and (3) there is
interference between different intervals, r = r1 + 72 — 2(1 — I)r172 (see Section 11.3.2
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for the definitions of r1, 72, r, and I). Case 3 is the most general and can be reduced
to case 1 when I =1 and case 2 when I = 0. Interference, I, has limits (Ott 1991)

l—min(i7i) §I§1—max|:0,

1 T2 2’!’17‘2

ry 4+ re — 1/2:|
(a) Perform simulation studies to compare these cases by assuming different I values
with regard to power and the precision of parameter estimation.
(b) Provide guidance for QTL mapping practitioners to select an appropriate analytical
model for their data.
11.6 Epistatic mapping
Epistasis is defined as the dependence of the expression of one gene upon the expression
of other genes. Show how the likelihood functions (11.1) and (11.15) can be extended
to map two epistatic QTL for a mapping population.
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Threshold and Precision Analysis

12.1 Introduction

In the preceding chapter, we described the basic principle for interval mapping of
QTLs within the maximum likelihood context, but two fundamental questions should
be addressed toward the QTL analysis of complex traits. First, what is the critical
threshold of the test statistic that can be used to declare the statistical significance
of a QTL? Second, after the significant QTL is determined, how are the estimates
of likelihoods and QTL parameters adequately precise to make a scientific inference
about QTL position and effect? Statistically, these two questions present different
aspects of QTL mapping, but we will describe them here in a single chapter as two
important follow-ups of QTL mapping.

All the statistical methods for QTL mapping rely upon the determination of ap-
propriate significance thresholds (or critical values) with which the test statistics
estimated from a particular data set are compared to declare whether a significant
QTL exists. It is often difficult to determine critical thresholds because this relies
heavily upon the assumption about the distribution of test statistics (LOD scores or
likelihood ratios) under the null hypothesis that this is no QTL. The distributional
properties of test statistics are affected by many factors, such as sample sizes, the
distribution of the quantitative trait studies, etc. Because of the importance of this
issue, there is a wealth of statistical literature on the determination of critical thresh-
olds (Lander and Botstein 1989; Rebai et al 1994; Doerge and Rebai 1996; Piepho
2001; Churchill and Doerge 1994; Dupuis and Siegmund 1999; Zou et al. 2004). In the
first part of this chapter, we will introduce several approaches for the determination
of critical thresholds and discuss their advantages and disadvantages.

For a significant QTL detected in terms of the test statistics beyond the pre-
determined critical threshold, it is important to assess the accuracy and precision
of the estimation of its genetic effects. The assessment of the precision of a statis-
tical method for QTL mapping can be made through simulation studies. For a set
of parameters, each with a given value, artificial data are simulated on the basis of
the structure of the model, with multiple replicates in each of which the parameters
are estimated. The means and mean square errors are then calculated using the esti-
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mates from all the simulation replicates. However, for a real data set, the precision of
parameter estimation can be examined by calculating the estimation of asymptotic
variance-covariances of the estimates of the parameters. Theories have been developed
for estimating asymptotic variance-covariances of the parameter estimates within a
mixture-model context (Louis 1982; Meng and Rubin 1991). Kao and Zeng (1997)
and Chen (2005) extended these theories to evaluate the precision of the estimation
of QTL parameters. In the second part of this chapter, we will describe key technical
issues for estimating the asymptotic variance-covariances of QTL effect and position
parameters. Interested readers are referred to the original papers cited above.

12.2 Threshold Determination

12.2.1 Background

In a scientific experiment, it is always crucial to know the probability of arriving at
the wrong conclusions. For a QTL mapping study, these conclusions are: (1) there
is a segregating QTL when in fact it is not present, and (2) a QTL is not detected
that actually exists. The first type of error results in a false positive (type I), whereas
the second in a false negative (type II). The probability of false positives (i.e., the
significance level) can be controlled by choosing the appropriate significance threshold.
The rate of false negatives is determined by the setting of an experiment and the
magnitudes of the QTL effects (Jansen 1994; van Ooijen 1999).

Despite its importance for the declaration of significant QTLs, the characteriza-
tion of critical thresholds has been considered one of the most difficult issues in QTL
mapping. There are two issues that make threshold determination thorny (Lander
and Schork 1994; Churchill and Doerge 1994). First, the distribution of test statis-
tics (LOD or LR) under the null hypothesis cannot be well determined because the
regularity conditions for an asymptotic x? distribution for the LR test statistic are
violated. This arises from the fact that, under the null hypothesis of no QTL, the
QTL position is not identifiable and becomes a nuisance parameter. Also, the relia-
bility of asymptotic approximations can be affected by other factors, such as finite
sample size and distribution of the trait studied. Second, when the test is performed
in the entire genome, as is usually done, a multiple-test problem will arise because
the tests across the length of a linkage group are not mutually independent owing to
the nature of linkage. It is difficult to characterize the dependence structure of such
series of tests. To control the genome-wide type I error rate, critical threshold values
of the test statistic therefore need to be adjusted.

Currently, three different approaches are available to calculate the threshold value
throughout a genome; i.e., (1) analytical methods, (2) simulation studies, and (3)
permutation tests. Piepho (2001) proposed a quick approximate approach for calcu-
lating the threshold for assessing genome-wide significance. More recently, Zou et al.
(2004)) derived a score statistic aimed at increasing the computational efficiency of
threshold determination. In this section, we will introduce each of these approaches.
Some methodological comparisons will be made.



12.2 Threshold Determination 271

12.2.2 Analytical Approximations

The analytical approach depends on the distribution of the underlying test statistics.
Typically, the profile of LR test statistics is constructed over the grid of possible QTL
locations in a linkage group or an entire genome and the maximum of the LR (MLR)
is used as a global test statistic. At a given position of the QTL, the LR test statistic is
asymptotically y2-distributed under the null hypothesis with degrees of freedom equal
to the number of associated QTL effects. However, under the null hypothesis Hy: no
QTL, as mentioned above, the QTL position is unidentified and therefore the LR test
statistic does not follow the standard x2-distribution asymptotically. Based on the
results of Davies (1977, 1987), several authors have derived approximate formulas to
determine critical thresholds for a particular design, where closed form thresholds are
not available (Rebai et al. 1994; Doerge and Rebai 1996; Piepho 2001).

When a QTL is tested at a particular position, the significance level is the prob-
ability that we will reject the null hypothesis assuming that the null hypothesis is
true. Letting LR(z) be the likelihood ratio test statistic at position z, the nominal
significance level for this test would be

(12.1) a = Prob(LR(z) > TF |no QTL at position z),

where T is the critical threshold for the a-level significance test of a QTL at a point.
The probability specified by equation (12.1) is called the comparison-wise error rate.
The comparison-wise error rate can be controlled by determining the distribution of
the test statistic at a specific point in the genome. This point-specific test is possible in
the practical case in which we are only interested in testing if a specific QTL detected
in one population also exists in a different population. When the test is performed
at a single point in the genome, the test statistic typically follows an asymptotic x?
distribution with one degree of freedom.

In QTL mapping, we need to do many tests for each marker interval across the
genome. If there are no QTLs in a tested interval, we need to control the probability
of falsely identifying any QTL in that interval. The probability of finding at least one
QTL in an interval when in fact none exists is called the experiment-wide error rate.
For a backcross design, the MLR for an entire marker interval is suggested to have a
distribution between x? and 3,

(12.2) Xa < Ta < X3 0

where T is the critical threshold for the a-level significance test of a QTL in the
interval. The x2-distribution with two degrees of freedom results from the fact that
two parameters in the backcross, the QTL position and QTL (additive) effect, are
mixed under the null hypothesis. Intuitively, the distribution of the MLR is closer to
X7 for a smaller interval than for a larger one.

In an experimental genomic study, we are more interested in the existence of a
QTL in the entire genome. Thus, it is important to determine the distribution and
appropriate threshold for the MLR where the maximum is over the entire genome.
Under the null hypothesis (i.e., there is no QTL in the entire genome of total length
L), the chance (o) of the MLR exceeding T, somewhere in the genome is
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a = Prob(MLRo<.<r. > Tw|no QTL in the genome).

A number of approximated analytical methods have been proposed to compute
the threshold T, for any significance level a (Lander and Botstein 1989; Dupuis
and Siegmund 1999; Rebai et al. 1994). These methods are basically suitable for
the extremes of very dense and very sparse genetic maps. We will discuss how to
characterize T, separately for these two extreme cases, mostly based on Lander and
Botstein’s (1989) argument. Further approximations for dense (< 1 ¢M) and sparse
maps are given by Dupuis and Siegmund (1999).

Genome-wide Threshold for a Sparse Map

In QTL mapping, an experiment-wide significance level is usually desirable unless one
wants to examine if the previously determined QTL exists in a new experiment. For
this reason, the genome-wide significance—the probability of obtaining a test statistic
above the threshold somewhere on the whole genome by chance-should be used.
A genome-wide threshold will depend not only on the number and length of the
chromosomes but also on the numbers of markers (i.e., density) on the chromosomes.
When just a few markers are tested per chromosome (i.e., the so-called sparse map
case), a lower threshold is needed at the same genome-wide significance level than
when many markers are tested per chromosome (i.e., the so-called dense map case)
(Lander and Botstein 1989; van Ooijen 1999).

For a sparse map in which markers are widely separated over the genome, we can
safely assume that the probabilities of no QTLs within different marker intervals are
approximately independent. Let o« and p be the genome- and interval-wide signifi-
cance levels for declaring a significant QTL, respectively. If m marker intervals are
considered, we have

1 —a = Prob(no QTL in the genome)

H Prob(no QTL in interval 7)
=1

or
(12.3) P —.

The interval-wide significance level required to declare the genome-wide existence
of a QTL over the genome of m intervals with equation (12.3) is conservative. This
can be proven using the simple Bonferroni inequality, which states
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(12.4) Prob(MLRo<s<r, > T) < [ [ Prob(MLRo<s<i > 7))
1=1

assuming each marker interval has length [. This is equivalent to o < [\, p = mp,
or
e
p>—.
m

Based on equation (12.3), the approximate threshold for the significance test of a
QTL in the entire genome for a backcross is given by

(12.5) v

Ezample 12.1. Huang et al. (1997) founded a doubled haploid (DH) population of 123
lines with two inbred lines, semi-dwarf TR64 and tall Azucena. This DH population
was formed by doubling haploid chromosomes of the gametes derived from the het-
erozygous F; and thus it is equivalent to a backcross population because its marker
segregation follows a 1:1 ratio. A linkage map (Fig. 3.3) was constructed with a total
of 175 polymorphic markers (including 146 RFLPs, 8 isozymes, 14 RAPDs, and 12
cloned genes), representing a good coverage of 12 rice chromosomes. The constructed
map is 2005 ¢cM long with 163 marker intervals, having an average distance of 11.5
cM, with 6 gaps larger than 35 cM.

Three grain traits (grain length, grain width, and the ratio of length to width)
were measured for each DH line. Interval mapping was used to detect the QTLs that
determine these traits. Huang et al. (1997) reported 12 such QTLs located on five
different chromosomes. Table 7?7 tabulates the QTLs for grain traits, their locations,
LR values, interval-wide significance levels (p) based on x3 , and x3, (see equation
(12.2)), and adjusted genome-wide significance levels («).

<T, < Xg,&.

o
m

Genome-wide Threshold for a Dense Map

Suppose there is an infinitely dense map in which markers are located everywhere
over the genome. For such a dense map, occurrences of spuriously high test statistics
at nearby intervals are no longer independent. For an infinitely dense map (i.e., the
number of intervals (m) — 0), the required nominal significance level for each interval
test tends to be a nonzero limit independent of m. If the sample size used is large,
Lander and Botstein (1989) argued that the change of the LOD score obeys the square
of an Orenstein-Uhlenbeck (OU) diffusion process in the infinitely dense map.

According to the central limit theorem, the log-likelihood ratio (LR) test statistic
at each position (z) is shown to be asymptotically proportional to the square of a
random normal variable z?(x),

LR(z) ~ 22(z),

where z(z) ~ N(0,1). For two positions, 21 and 2, LR(z1) and LR(x2) are correlated,
with
Corr[z(x1), 2(2)] ~ 1 — 2r = e~ 24,
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Table 12.1. Chromosomal location and LR values of QTLs for grain traits measured in the
DH population. Adapted from Huang et al. (1997).

Chromo- p-value «a value
Trait Peak Interval some MLR X%,p X%,p X%,a X%,a
Length RZ730-RZ801 1 28.6 8.90e™®  6.16e77 1.45¢7° 1.00e™*
RZ519-RZ448 3 19.2 118"  6.77¢™°  1.92¢7* 1.10e™2
RZ337A-CDO337 3 28.6 8.90e™®  6.16e77  1.45¢7° 1.00e™*
G2155-RG134 10 26.2 3.08¢77  2.04e”® 5.02¢7° 3.33¢7*
Width RG810-RG331 1 18.2 1.99¢7°  1.12¢™*  3.24e73 1.82¢72
RZ318-RZ58 2 14.0 1.83¢™*  9.12e™* 2.98¢7? 1.49¢7!
CDO87-Pgi-1 3 144 148e~*  7.46e™* 24le”? 1.22¢7!
RG134-RZ500 10 141 1.73¢™*  8.67e™* 2822 1.4le™!
RZ536-G186 11 15.7 7.42e7°  3.90e”* 1.21e7? 6.35°72
Length/width RG157-RZ318 2 19.6  9.55e7°%  5.54e™°  1.56e72 9.04e?
RZ519-Pgi-1 3 185 1.70e™° 9.6le™® 2.77e"3 1.57¢>
RG179-CDO337 3 23.2 1.4600e7° 9.1661e™5 2.38¢™* 1.49¢3

where r and d are the recombination fraction and genetic distance (measured in Mor-
gans) between the two genomic positions, respectively, and the relationship between
r and d is specified by the Haldane map function. It can be seen that z(x) is a sta-
tionary normal process with covariance function e~2?, which can be described by the
OU diffusion process.

Lander and Botstein (1989) further derived appropriate genome-wide critical val-
ues for the backcross based on the asymptotic theory by the OU process. Considering
a genome with C' chromosomes and a total genetic length L (measured in Morgans),
the probability that the LOD score exceeds a high level T in the case where there is
no QTL is approximated by

(12.6) (C +2Lt)X%(t),

where T' = (21n 10) 't and x?(¢) denotes the inverse cumulative distribution function
of the x? distribution with one degree of freedom.

To control the probability of a false positive at the genome-wide significance level
(o), we approximate the appropriate LOD threshold by

(12.7) T, = (2In10)"t,,

where t,, solves the equation a = (C + 2Lt )x*(ta).
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Lander and Botstein (1989) suggested that a typical LOD score threshold should
be between 2 and 3 to ensure a 5 percent overall false positive error for detecting
a QTL. Lander and Botstein’s OU diffusion-process—based theory was used for the
Fy (Dupuis and Siegmund 1999), in which the LOD score follows a x? process with
two degrees of freedom, because of the fitting of both the additive and dominance
components and more general mating designs (Zou et al. 2004).

12.2.3 Simulation Studies

For many practical data sets, we cannot know the distribution of the test statistics.
The best approach in this case is to directly estimate the false-positive rate by sim-
ulation. Based on a particular genetic setting, one can randomly simulate both the
marker data according to the laws of Mendelian inheritance and phenotypic data fol-
lowing a normal distribution under the null hypothesis of no QTL. The simulated
data are analyzed by a given statistical method, and the value of the test statistic
is calculated for each simulation replicate. The distribution of the LR values over a
number of simulation replicates (say 1000) can be approximated by a x? distribution.
The 95th and 99th percentiles of the distribution of the maximum are used as em-
pirical critical values to declare the existence of a QTL for a quantitative trait at the
significance levels o = 0.05 and 0.01.

12.2.4 Permutation Tests

Churchill and Doerge (1994 proposed a data-based numerical method, based on the
concept of a permutation test, to estimate empirical critical values for mapping QTL
for a given data set. By randomly reshuffling the relationships between the phenotypic
and marker data across individuals, permutation tests generate a new data set in
which the original marker—QTL association was destroyed. The great advantages of
this approach are its conceptual simplicity, its distribution-free nature, and its general
applicability in different population structures, although its computational workload
is heavy. The method proceeds as follows:

1. Randomly pair individual marker genotypes with an individual trait phenotype

to generate a permuted sample of the data (this simulates the null hypothesis of

no association between the QTL and phenotype).

Perform an interval mapping analysis on the permuted sample.

3. Repeat steps 1 and 2 a number of times to obtain an empirical distribution of the
test statistic at the null hypothesis for determining an appropriate critical value
for the test statistic in the original data analysis.

o

More specifically, let X = {X;, Xs, ..., X;,} denote a random sample of size n from a
population. In QTL mapping, each observation point X; is composed of a trait value
y; and marker genotype M; = {M;1, M2, ..., My, } for m markers; i.e.,

X = {yi, M; }.
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A permuted sample of size n, denoted X' = {X], X}, ..., X/}, is a sample from the
original sample without replacement, such that there are random matches between y;
and M;. That is,

Xl/g = {yikaMik}a

where the y;, is chosen without replacement from (y1, . .., y,) and, independently, M;,
is chosen without replacement from (M, ..., M,). Thus, in permuted samples, X',
y’, and M’ do not have any intrinsic relationship, thus simulating the null hypothesis
of no QTL.

For N permuted samples, let LR, be the maximum likelihood test statistic for
a particular genomic position or maximum value of the test statistic for a marker
interval or for the entire genome in the pth permuted sample. The o« x 100 percent
threshold of the test statistic under the null hypothesis can be estimated empirically
as

T., = o x 100 percent of {LR}, LR}, ...,LR}y}.

How large should N be for practical data analysis? Churchill and Doerge (1994)
suggest that for a = 0.05, NV should be at least 1000, and for o = 0.01, N should be
at least 5000.

12.2.5 A Quick Approach

To overcome the drawback of empirical approaches caused by their computational
load, Piepho (2001) proposed a quick method to compute approximate threshold
values that control the genome-wide type I error rate of tests for QTL detection based
on Davies’s (1977) results. Given a mixture of normal distributions with constant
variance and location parameters depending on QTL effects, LR test statistics at
different QTL positions () are calculated. Assuming that LR values are a continuous
function of 0, expressed as L(6), and conditional on the QTL position, L(0) follows
a y2-distribution with & degrees of freedom, where k is the number of genetic effects
for a putative QTL. The upper bound of the chromosome-wide type I error rate («)
is estimated (Piepho 2001) by

YThk-1) = 3Tg-(H)*

(12.8) a=Pr(xi>T)+

where Pr(x3 > T) is the cumulative distribution function of x? with k degrees of
freedom, T is the critical threshold value for the LR test statistic, I'(-) is the Gamma

function, and
0+/L(0)

14
v= |
0 89

= |VIO) - VIO)| + |VI0O) - VL@ + - + | VL) - VL)

do

)
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where 61, - - -, 05 are the successive turning points (points of inflection) of \/L(0) (i.e.,
the values of 6 where the first derivative 9/L(0)/06 changes sign). This change of
sign occurs at the local minima and maxima of \/L(#).

For a given «, T may be found from equation (12.8) by numerical methods. The
problem in practice is to find the turning points 61, - - -, 5. In most cases, this will
have to be done numerically. Usually a grid search is done over all 6, so the turning
points can only be determined to the accuracy given by the step size of the grid. We
therefore suggest using a relatively fine grid (e.g., between 1 and 2 ¢cM). The analysis
is simplified by pretending that every point on the grid is a turning point.

Using the Bonferroni inequality, Piepho (2001) showed that the genome-wide type
I error rate is calculated by

(X, V) Tak-De=3T2-()"

I'(3k) ’

(12.9) v=CPr(x; >T) +

where C' is the number of chromosomes and V, is the value of V for the cth chromo-
some. Instead of choosing the same a, for each chromosome, it is suggested that a
common critical value T" be used for all chromosomes, while o, may be different on
each chromosome.

Ezample 12.2. (Empirical Determination of Critical Thresholds). Examples
12.4 and 11.5 report the results for QTL mapping in the backcross-like DH population
of rices and the Fy population of mice, respectively. Here, we calculate the critical
thresholds for these two examples using analytical approaches, Piepho’s (2001) quick
approach, simulation studies, and permutation tests as below.

DH of Rices Fs of Mice
Approach a=005 «=0.01 a=0.05 «a=0.01
Quick approach 12.96 16.18 16.45 19.86
Simulation studies 9.14 12.64 10.60 14.58
Permutation tests 8.20 12.79 9.71 13.49

It can be seen that the three approaches provide broadly consistent results for
the critical thresholds. A quick approach tends to be more conservative than the two
others, especially when the markers are relatively dense (Piepho 2001).

12.2.6 A Score Statistic

More recently, Zou et al. (2004) have proposed a score statistic to test the significance
of genome-wide QTL mapping for experimental crosses. The proposed method based
on a resampling procedure is computationally much less intensive than the permuta-
tion procedure (on the order of 10? or higher) and is applicable to complex breeding
designs and sophisticated genetic models that cannot be handled by the permutation
and theoretical methods.
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The idea of this approach is derived from the argument that the likelihood ratio
test statistic for testing the existence is equivalent to the score test statistic in large
samples (see Cox and Hinkley 1974). The score statistic can be approximated by a
sum of independent random vectors and, as a result, its distribution for large samples
can be readily derived. In interval mapping, we denote the vectors of QTL effect
parameters by 3 and these of nuisance parameters (including the overall mean and
residual variance) by 7. These two types of parameters are arrayed as ® = (3,7). The
log-likelihood for @ at a given position x for individual ¢ can be expressed as

(12.10) = log ZUJ;\ 2) fi (i ®) |,

assuming there are J QTL genotypes for a mapping population. Let LR (z) be the LR

value at a position x over the genome or a specific region. Because x can be anywhere

in the genome, the distribution of LR(z) can be regarded as a stochastic process.
The score functions of individual ¢ for § and 7 are calculated, respectively, by

0
S’gi(@;x) = %Li(q);l‘),
(i) = 5L Li(sa).

Under the null hypothesis Hy : § = 0, we estimate the nuisance parameters denoted
as 7. Let S;(z) be the score function of an individual ¢ for 3 evaluated at Hy : 5 =0
and n = 77. Based on Taylor series expansions and the law of large numbers, we derive
the expression of S;(z) (Zou et al. 2004) and estimate it by

5 0” 0? -

5.0 = 800, 750) — | o L0 0| [ s mi0i)| 800,70,
The score test statistic for Hy : f = 0 against Hy : § # 0 at position x takes the form
(12.11) W(z) = ST (z)V 1 (2)S(x),

where

with \fl(:r, x) being a special case of
@(ml,xg Z§ (21) §

as the covariance between n~/2S(z1) and n='/2S(z5) at any two given positions
21 and x9. As shown in Cox and Hinkley (1974), W (x) is asymptotically equivalent
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to LR(x). The genome-wide significance of a QTL can be tested by evaluating the
distribution of max, W(x) through a resampling method. This is described by Zou
et al. (2004) as follows:

1 Sample an independent standard normal random variable G; (i = 1,...,n) from
N(0,1).
2 Calculate

3 Repeat steps 1 and 2 R times (R is a large number).

4 For a given genome-wide type I error rate «, calculate the 100(1 — «)th percentile
of the R values of the M*. If the observed value of the LR exceeds this threshold,
then reject the null hypothesis.

Ezample 12.3. Zou et al. (2004) used a published Drosophila data set (Zeng et al.
2000) to demonstrate the usefulness of the score test statistic. A linkage map composed
of 42 markers was constructed for chromosomes X, 2, and 3 in a backcross of 299 flies
between D. simulans and D. mauritiana. Interval mapping was used to search for QTL
that affect a morphometric trait. Figure 12.1 illustrates the profile of LOD scores
calculated at every 1 ¢M across the three chromosomes. The genome-wide critical
threshold was determined by permutation tests and the score statistic approach, both
giving similar values, 10.08 and 9.96, at the 5 percent significance level based on 10,000
permutations and resamples (Fig. 12.1). But these two approaches differ dramatically
in computing time, with the score statistic using 13 seconds whereas permutation
tests use 6000 seconds.

12.3 Precision of Parameter Estimation

Precise estimates of QTL parameters are crucial for genetic mapping. The estimation
precision of parameters can be assessed by estimating the sampling variances of the
estimates derived from the asymptotic variance-covariance matrix. An alternative is
to simulate multiple data sets via mimicking the data structure of the example and
estimate the means and sampling variance of the simulation replicates.

12.3.1 Asymptotic Variance-Covariance Matrix

After the point estimates of parameters are obtained by the EM algorithm, we need
to derive the asymptotic variance-covariance matrix and evaluate the sampling errors
of the estimates. In this section, we provide a procedure for deriving the asymptotic
variance-covariance matrix for QTL positions and effects. The techniques for so doing
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Fig. 12.1. The profile of the LOD score across chromosomes X, 2, and 3. The horizontal lines
represent the 95 percent resampling (solid) and permutation (dashed) thresholds. Adapted
from Zou et al. (2004).

involve calculation of the incomplete-data information matrix which is the negative
second-order derivative of the incomplete-data log-likelihood. An in-depth discussion
about this procedure was given in Kao and Zeng (1997). As seen from above, the
EM algorithm does not automatically generate the variance-covariance matrix for
the estimates, which thus suggests that some extra steps are necessary to do so.
Louis (1982) and Meng and Rubin (1991) derived a general procedure for estimating
the variance-covariance matrix within the mixture-model context. The basic idea of
this procedure is that incomplete-data (observed) information can be obtained by
extracting the missing-data information from the complete-data information.
Equations (9.2) and (9.3) are the mixture models in which the phenotype (y;)
and marker information (M) are the observed or incomplete data, denoted by Yops,
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whereas the QTL genotype information contained in the conditional probabilities
(wj)i) presents the unobserved or missing data, denoted by Y;,,;. The combination of
incomplete and missing data is the complete data denoted by Yo, .

The joint probability distribution function of the complete-data can be factored
as

f(Y;om|Q) = f(Yobs; szs|Q)
(1212) = f(Yobs|Q)f(Ymis|Yobsa Q)v
where f(Yops]€2) is the density of the observed data, which is the mixture likelihood,
and [ (Yiis|Yobs, ) is the density of missing data given observed data. The log-
likelihood corresponding to f (Yo |€2) is
1Og L(Q|Ycom) = logL(Q|Yobs) + IOg f(Ymis|Yobsa Q),

that is,
(12.13) log L(£2|Yops) = log L2 Yeom) — log f(YVinis|Yobs, ).

By taking second derivatives and expectations over f(Yiis|Yobs, 2) and evaluating at
Q = Q for equation (10.18), Louis (1982) found the observed information

(1214) Iobs(ﬁ|Yobs) = lcom — Imi57

where the missing information is

21 Yiis|Yobs, Q2
Imis - E _a 0g f( mzs| obs ) |Yob37 Q
002 -

= E[S(Ycomu Q)ST (Ycom7 Q)|Yobsa Q}Q=§»

and the complete information is

~010g £ (Yeom|)
o002

Icom =F |: |Y0b87ﬂ:| )

Q=0
with s being the gradient vector of the log-likelihood.

Based on equation (10.19), the observed information matrix for the independent
but not necessarily identically distributed case can be expressed as

Iobs (ﬁ ‘ Yobs)

- 82 10g fZ(Ycom‘Q)
= Z; E [ FTE |Yobs, n]

- Q=0
n
- Z E[Sz (Yr(com,i)v Q)S}‘(}/(com,i)a Q) D/(obs,i)a Q}Qzﬁ
=1
- Z E[S'L1 (Yv(com,il)7 Q) |Y—(obs,i1)7 Q]QzﬁE[S;E (Y—(com,i2)7 Q) |Y—(0bs,i2)7 Q]Qzﬁ
i1 #12

Kao and Zeng (1997) provided the expressions of each element in both the complete
and missing information matrices.
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12.3.2 Simulation Studies

From a real data set, interval mapping has been used to estimate the position and
effects of a QTL and the residual variance behind it. The precision of parameter
estimation can be investigated through simulation studies. Here, a basic simulation
scheme used to serve this purpose is described.

Consider a backcross in which a total of m markers were genotyped to construct a
linkage map and a quantitative trait was phenotyped for each of n individuals. Interval
mapping has successfully detected a QTL (Q) located at a position (6) between a
pair of flanking markers M; and M;;; with the recombination fraction of r; (I =
1,...,m — 1) on a chromosome. The additive effect of the QTL was estimated as
@ and two nuisance parameters estimated as ji for the overall mean and &2 for the
residual variance. Based on these estimates, we need to simulate the same linkage
map composed of m markers and the phenotypic values determined by Q and residual
errors for this backcross of size n. The marker genotype observations of n individuals
at m known markers are sampled from a polynomial distribution,

[(1 - ’/'1)(1 - 7"2) e (1 - Tmfl)]Nl[(l - 7'1)(1 - 7'2) .. .T‘mfl]NQ e [7"17"2 .. .Tmfl]N2m7

where n = N1 + No + ...+ Nom.
The statistical model used to simulate the phenotypic value for individual i takes
the form

where x; is the indicator variable, defined as 1 or 0 depending on the QTL genotype,
and e; is the residual error for individual 4, following N(0,52). For any individual 4
whose marker genotype is known, the probability of its x; taking 1 or 0 is determined
by the conditional probability of a QTL genotype given the marker genotype at M,
and M;1; (Table 10.3 or Table 10.4).

The simulated data that completely mimicked the real data set are analyzed by
interval mapping in which the same set of parameters (1, a,0?,0) can be estimated.
This procedure is repeated a large number of times (e.g., 1000), which allows the
estimates of the means and the sampling errors of the estimates. Based on the means
and sampling errors, one can determine the accuracy and precision of each parameter
estimation.

Another use of simulation studies is to examine the power of interval mapping to
analyze this given real data set. For each simulation replicate, the critical threshold
for declaring the existence of a QTL can be determined using the approaches above.
This threshold is compared with the LR value calculated from the simulated data to
detect whether the QTL is significant at a given significance level. The proportion of
the number of simulation replicates in which the QTL is detected to be significant
over the total number of simulation replicates can be empirically used as the power
for QTL detection in the given real data set.

Example 12.4. Revisit Example 3.1. Two inbred lines, semi-dwarf IR64 and tall Azu-
cena, were crossed to generate a doubled haploid (DH) population in which a linkage
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map was constructed and plant heights were measured at age 10 weeks. In Exam-
ple 12.4, a significant QTL was detected between markers RG810 and RG331 on
chromosome 1 (Fig. 11.2).

Table 12.2 gives the MLEs of the QTL parameters and the estimates of the sam-
pling errors (SE) of the MLEs by the asymptotic variance-covariance matrix for the
detected QTL at the peak of the LR profile. The estimated values are used to sim-
ulate the data by mimicking the data structure of the real example. Simulated data
are estimated for the parameters given in Table 12.2 and the same procedure is re-
peated 1000 times. The means and sampling errors of all simulation replicates for
each parameter, along with the power to detect this QTL, are given in Table 12.2. It
is found that genetic parameters for this DH population can be estimated with good
precision, and the power to detect significant QTLs with this population is very high.
The asymptotic and simulation approaches provide consistent estimation precision
for the parameters of QTL position and effect and two nuisance parameters (overall
mean, j, and residual variance, o2).

Table 12.2. Precision analysis of QTL mapping in a rice DH population by the asymptotic
and simulation approaches.

Asymptotic Simulation
Parameter MLE SE Mean SE Power
m 109.32 1.7 109.34 1.8
a 30.79 34 31.03 3.6 0.99
o? 295.46 29.5 278.55  45.2
Position 215.98 1.6 216.04 1.0

12.4 Confidence Intervals for the QTL Location

In the preceding section, we attempted to estimate the asymptotic variance-covariance
matrix for all the QTL parameters, including the QTL location (6). To avoid non-
identifiability between the QTL effect and position under the null hypothesis, we
often treat the QTL location as a constant. If the QTL location is fixed, the above-
mentioned asymptotic derivation is only needed for the QTL effects and residual
variance, arrayed in 2. In this case, we need to estimate the sampling error and
confidence interval for the QTL location based on other approaches.

Lander and Botstein (1989) proposed a dropoff method to estimate the “support
intervals” or confidence intervals (CI) for the QTL location based on the likelihood
ratio test. Using this method, the CI is calculated by finding the location at either
side of the estimated QTL location that corresponds to a decrease in the LOD score
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of 1 or 2 units. The total width corresponding to a 1 or 2 LOD dropoff is then taken as
the CI and, asymptotically, these should be approximately equivalent to 96.6 percent
and 99.8 percent CI, respectively (Mangin et al. 1994). However, they noted that the
LOD dropoff method of Lander and Botstein (1989) consistently underestimated the
CI, especially for small QTL effects. They derived a complicated test statistic that
accurately estimated the CI for small QTL effects, but the distribution of this test
statistic must be computed empirically (Mangin et al. 1994).

A confidence interval can also be estimated by the simulation of a large number of
samples. If 1000 samples are generated, the 95 percent confidence limits are obtained
by determining the 25 lowest and 25 highest estimates for each parameter. Darvasi et
al. (1993) estimated QTL parameter estimation error variances based on the Fisher
information matrix and by repeated simulation for the backcross design with marker
brackets. The 95 percent CI was then estimated as a 42 estimation SE for each
parameter. Darvasi et al. (1993) also directly estimated the 95 percent CI for each
parameter by repeated simulation. All methods were very accurate for estimation of
QTL effect variances. Estimates based on the second derivative tended to slightly
overestimate the SE for QTL means relative to the empirical estimates, especially for
a large spacing between markers.

For the QTL map location, the estimates based on the empirical 95 percent CI
and estimates based on four times the empirical SE were generally similar. However,
estimates based on the second derivative matrix tended to underestimate the CI for
small marker intervals and overestimate the CI for large marker intervals. Differences
were in some cases more than two-fold. Clearly, for this parameter, the asymptotic
properties of the second derivative matrix do not hold.

Empirical methods for estimating the CI also include parametric and nonparamet-
ric bootstrap and jackknife methods (Efron and Tibshirani 1993). In the parametric
bootstrap method, parameter estimates are first obtained by any of the methods con-
sidered. In the second step, a large number of bootstrap samples are then derived
from the assumed theoretical distribution, assuming that the original parameter es-
timates are the parameter values. Parameter estimates are then obtained for each
sample. The CI for each parameter is then derived from the empirical distributions
of the parameter estimates from the samples generated.

In nonparametric bootstrapping (Visscher et al. 1996), a large number of boot-
strap samples are generated by sampling with repeats from the original data. Thus,
in a particular sample some of the actual records will appear more than once, while
other observations will be missing. If the actual data consist of at least several hundred
points, it will be possible to draw a virtually unlimited number of different samples
in this method. The parameter estimates are then derived for each sample, and as in
parametric bootstrapping, the distribution of these estimates is used to derive empir-
ical CI limits. This method is not strictly nonparametric because assumptions about
the distribution are still employed to derive parametric estimates for each sample.
This method is more robust to violations of assumptions used to derive parameter
estimates.
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12.5 Exercises

12.1 There has been an increasing number of data sets for QTL mapping in various or-
ganisms. Try to work on a real example and practice how a critical threshold can be
determined using different approaches.

12.2 By fixing a putative QTL at a given chromosomal position, Kao and Zeng (1997)
derived general formulas for estimating the MLEs of QTL effects and nuisance pa-
rameters and the asymptotic variance-covariance matrix of the MLEs. Chen (2005)
derived the simultaneous estimation of the asymptotic variance-covariance matrix for
the QTL position and effect and nuisance parameters with the EM context. The dif-
ference between these two studies lies in the estimation strategy for the QTL position.
Kao and Zeng used a grid approach, whereas Chen made use of a closed form of the po-
sition estimation. Chen’s approach made it possible to directly estimate the sampling
variance of the QTL position.

In his derivations for the backcross, however, Chen (2005) used simplified but
approximated conditional probabilities (Table 10.4). As shown before, this approxi-
mated form works only when marker intervals are reasonably small, which is hard in
many practical mapping studies. It would be a nice addition to the mapping literature
if Chen’s approach could be incorporated by exact conditional probabilities (Table
10.3). Please try to answer the following questions:

(a) Show how the MLE of the QTL position and its sampling error can be estimated
by considering the conditional probabilities of Table 10.3.

(b) Derive the asymptotic variance-covariance matrix for the QTL effect, position, and
nuisance parameters for the Fa.

(¢) Consider how the exact conditional probabilities of the F2 can be incorporated for
the estimation of the asymptotic variance-covariance matrix.
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Composite QTL Mapping

13.1 Introduction

Lander and Botstein’s interval method has an advantage for mapping QTLs genome-
wide by scanning for the position of a QTL throughout the genome. But this method
can lead to biased estimates of QTL positions and effects when multiple QTLs occur
on the same linkage group because it makes use of one single-marker interval at a time
and has no mechanism to alleviate the impact of other QTLs outside the interval.
For this reason, if a real QTL is located near a marker interval with no QTL, interval
mapping may still detect a “ghost” QTL due to the linkage between the real QTL
and the interval being tested (Martinez and Curnow 1992). Although a simultaneous
search for multiple QTLs on different intervals can overcome this problem, this will
bring about new difficulties in parameter estimation and model identifiability.

Referring to Fig. 10.1, if the interest is in mapping a QTL effect in the interval
(M, N), there could be confounding effects from markers (or QTLs) that are outside
the interval. A natural way to eliminate the influences of genetic background is to
attempt to remove this confounding information using covariates or cofactors. This is
the approach of composite interval mapping, which constructs test statistics by com-
bining interval mapping on two flanking markers and multiple regression analysis on
the other markers. This composite interval mapping strategy, proposed independently
by Zeng (1993, 1994) and Jansen and Stam (1994), removes some of the interference
from QTLs outside the interval being tested. Zeng (1993) particularly demonstrates
the advantages and disadvantages of composite interval mapping.

In this chapter, we introduce the basic theory for composite interval mapping
and its algorithm for the estimation of QTL position and effect parameters. We will
compare the advantages of composite interval mapping over interval mapping through
simulation studies and real examples. The areas in which composite interval mapping
can be improved toward a complete characterization of the genetic architecture of a
quantitative trait are mentioned.
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13.2 Composite Interval Mapping for a Backcross

We start the description of the analysis of composite interval mapping with a back-
cross design toward the homozygous parent carrying unfavorable alleles. Assume that
this backcross has a size n in which a number of markers (Mj,...,M,,) have been
genotyped to construct a linkage map. At a putative QTL bracketed by a particular
pair of markers, M; and M;,1, there are two classes of genotypes, heterozygote Qq
(1) and homozygote ¢qq (0), in the backcross.

A linear model for combining the testing interval formed by the two flanking
markers and other markers is expressed as

m—2
(13.1) Yi = [+ (:r“{h- — x’{)li)a + Z bpxii + €5,

k=1
where y; is the phenotypic trait of the ith progeny in the backcross, u is the overall
mean, a is the additive genetic effect of the QTL, m*{li and a:(*)‘i are the indicator
variables that define the QTL genotype (Qq or qq) of progeny i at a fixed location
in M;~M;; based on the interval information, xzy; is the genotype of progeny ¢ on
the kth marker outside of the interval and defined as 1 for the marker heterozygote
and 0 for the marker homozygote, by, ..., b,,_o are the partial regression coefficients
(additive marker effects) to be estimated, and e; is the residual error, which includes
effects exerted by other QTLs and nongenetic factors, e; ~ N(0,02).

This approach is essentially interval mapping but controlling for the effects outside

the interval. Thus, the methodologies are very similar to those in Section 11.2; except
they are complicated by the necessity of estimating the additional effects.

13.2.1 The Likelihood

Following the development in Section 11.2, similar to equation (11.3), we have the
likelihood

n

(13.2)  L(a,b,0%, wyj;,woly) = H[w1|if1(yi|aa b, 0?) + woji fo(yi|b, 0?)]

=1
or
L(a,b,0%,60ly) = [ [ f1(vila,b,0”)
=1
< [J1(1 = 0) f1(vila, b, o) + 0 fo(yilb, o))
(13.3) =t

< TL6A1 (ks b, 0%) + (1 — ) foailb, o)

i=1

X H fo(yilb,o?)
i=1
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The mixture-model-based likelihood in equation (13.2) is specified by a general
form of mixture proportions, wy|; and wyj;, the conditional probabilities of QTL geno-
types Qq and qq, respectively, given the marker interval genotype of progeny i. The
conditional probabilities in the likelihood of equation (13.3) are a simple form assum-
ing no double recombination (Table 10.4).

The normal density probability of the trait value within each QTL genotype class
is defined as

filylab.o?) = N (a+X;p",0?).

folyslb,o?) = N (XibT,a2) :

because
m—2
Yi=p+a+ Z brwki +e; = a+X;bT + e, for Qq (z; = 1),
k=1
m—2
=p+ Z braki +e; = Xib™ 4 ¢, for qq (z; = 0),
k=1

where b = (,u, bl, ceey bm_g) and Xz = (1,1‘11;, LGy 7x(m—2)i)-

13.2.2 Maximizing the Likelihood

The parameters contained in the likelihood (13.2) are estimated by implementing
the EM algorithm. This can be done using a procedure similar to that described in
Section 11.2.2. In the E step, we define the posterior probability that progeny i carries
a particular QTL genotype given its marker genotypes and phenotypic value as

w1|if1 (yi|a’a b, 02)
wijif1(yila, b, 02) + woji fo(yilb, 02)

woli fo(yilb, 0%)
w1)i f1(yila, b, 02) + wojs fo(yi|b, 02)

Py =
(13.4)
Foji =

In the M step, the parameters are estimated in terms of the posterior probabilities
by differentiating the log-likelihood (13.2) with respect to each parameter, setting the
derivatives equal to zero, and solving the log-likelihood equations. This procedure is
described as follows.

For a, we have

d x bt

which leads to
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4o S (i — Xb) Py,
Z?:l Pl\i
1
(13.5) = —(y—=Xb")"Py,
where y = {yi}nxh X = {Xi}nxh P, = {Pl\i}nxla and ¢ = Z?Zl P1|i'
For b and o2, we have

n

) 1
—InL(a,b,0%,0ly) o< > [P1;X;(yi —a— X;b") + Py X,(y; — Xib")]— =0

ob P o
and
92 L(a,b,0?,0y) Zn:[P X, (yi —a—X;b")? 4+ Py X, ( -fX-bT)z]i
902 ntia,b,0",0y) X 1i8\Yi — a i 0]i4%i\Yi i 204
1=1
— n —
202 ’
leading to
(13.6) b= (X"X)"'X"(y — Pb),
(13.7) 6% = (y = Xb")T(y — Xb") — a’c.

For the estimation of the QTL position 6, two approaches can be used, one based
on its closed form, like equation (11.7), derived from likelihood (13.3), and the second
based on a grip scan for a series of fixed positions within a marker interval. Given the
initial values for the unknown parameters (a, b, 0?), the E and M steps are calculated
with equations (13.4) and (13.5)—(13.7), respectively, and repeated until the estimates
are stable.

13.2.3 Hypothesis Testing

The significance of the genetic effect of a QTL detected by composite interval mapping
can be tested by formulating the hypotheses

Hy:a=0vs. H :a#0.

The likelihood value under the alternative hypothesis is calculated by plugging the
MLEs of parameters into likelihood (13.2). The likelihood under the null hypothesis
is constructed as

n

L(b,o’ly) = [[ f(wilb,0?),

i=1

from which the MLEs are derived as
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b=(X"X)"'XTY

o= Ly —Xb)T(y - Xb).
n

The likelihood ratio test statistic is then calculated using

L(a=0,b,5%y
L(a,b,52y,M) |

Note that the calculation of the likelihood under the alternative hypothesis involves
marker information (M), whereas under the null hypothesis marker information is
not needed. The critical threshold for declaring the existence of a QTL is determined
using the approaches proposed in Chapter 12. In practice, empirical approaches based
on permutation tests, although they are computationally expensive, are widely used
because they do not rely upon the distribution of the test statistics.

(13.8) LR =—2In

13.3 Composite Interval Mapping for an F,

A similar procedure for composite interval mapping can be developed for the Fq
in which three genotypes at a QTL are denoted as QQ (2), Qq (1), and gq (0),
respectively. The linear model of the phenotypic value of progeny i over the tested
interval M;—M;1, similar to equation (13.1), which explicitly models additive and
dominance effects, can be written as

m—2 m—2
(13.9) Yi = p+ (3, — zop)a +23,d + Z Tribr + Z zkihg + €i,
k=1 k=1

where xQ‘Z, xy;, and Jco are the indicator variables for the QTL genotypes for progeny
1 determined Ly its marker interval genotype, a and d are the additive and dominant
effects of the QTL, zx; and zi; are the indicator variables for marker genotypes at
Mk7

% for MkMk
Tpi = 0 for Mypmy
—% for mymy

and

)1 for Mymy,
K=Y 0 for the other,

and by and hj are the additive and dominance effects associated with marker M.
The likelihood function of the observed phenotypic (y) and marker data (M) in
the Fy is

n

(13.10) L(Qly,M) = H[w2|if2(yi) + wi)i f1(i) + woyifo(yi)l,

i=1
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where the w;;’s (j = 2,1,0) are the Fy weights for each QTL genotype given the
marker genotype of progeny ¢, which are determined by the QTL position in the
marker interval (see Table 11.7), and the normal distributions are given by

1 (y; — X;bT +a)? ]

f2 (yb) - 27‘[’0’ eXp 20_2 bl
1 [ (g — X;b" +d)?]

fily) = = exp | o :
1 [ (i - X" —a)?]

with

m—2 m—2
X,b' = "+ Z Tribr + Z Zrihg,
k=1 k=1

Xi = (1, Llgye--y m(m—Q)ia AT Z(m—2)i)7
b= (/J’v b17 RS bm727 h17 RS hm72)~
The likelihood (13.10) contains an unknown vector © = (a,d,b, 0% w;);). As in
the backcross, the EM algorithm can be implemented to obtain the MLEs of the

parameters (£2) that maximize the likelihood (13.10).
In the E step, we define the posterior probability of QTL j for progeny i by

= w;1i 15 (y:)
T olwiifi ()

with Pyj; +Py); + Pgj; = 1. Then, in the M step, we obtain the MLEs of the unknown
parameters as follows:

(13.11) P

T
(y —Xb )"Py

¢ 21TP,
(13.12)  d= y=Xb )Py o
1Tp, ’

b= (X"X)"'X"[y — (2P; + P1)a — P1d],

1 ~T ~T
6> =~-[(Y-Xb )T(y —Xb ) —4(1"Ps)a* — (1"Py)(a + d)?],
n
where PQ = (PQU_, PN ,len)T and P1 = (P1|17 NN 7P1‘n)T.
Equations (13.11) and (13.12) construct an iterative procedure to solve for the
MLES of the unknown parameters.

For the Fo, hypothesis tests include three steps. First, the existence of a QTL can
be teste on the basis of
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(13.13) Hp:a=d=0vs. Hy : at least one of them is not equal to zero.
Second, the significance of the additive effect of the QTL (a) can be tested by
(13.14) Hy:a=0vs. Hy:a#0.
Third, the dominance effect of the QTL (d) is tested using
(13.15) Hy:d=0vs. Hy:d#0.

In each case, the log-likelihood ratios under the null and alternative hypotheses
are calculated. The critical threshold for the first hypothesis (13.13) can be deter-
mined empirically from permutation tests. Those for the second (13.14) and third
hypotheses (13.15) can be determined empirically by simulation studies. In fact, hy-
potheses (13.14) and (13.15) do not contain nonidentifiable parameters in their null
hypothesis, and therefore their log-likelihood ratios can each be thought to follow a
x? distribution with one degree of freedom.

13.4 A Statistical Justification of Composite Interval Mapping

Zeng (1993) has shown that, under the assumption of no crossover inference and no
epistasis, the true partial regression coefficient (true parameter) of a trait on a marker
depends only on those QTLs that are located on the interval bracketed by these two
flanking markers, independent of any other QTL.

Ideally, the test statistic constructed from a marker interval hypothesized to carry
a QTL is independent of the effects of any possible QTL at the chromosomal region
outside the interval. This relationship is a property of the parameters in a regression-
based composite interval mapping model. Much of the discussion on the statistical
foundations of composite interval mapping is from Zeng (1993).

13.4.1 Conditional Marker (Co)variances

Suppose there are two markers, M; with two alleles M; and m; and Mj, with two
alleles M} and my, genotyped for a backcross population. These two markers are
linked with the recombination fraction ;. We denote by 1 and 0 the “values” for the
heterozygote and homozygote, respectively, at each marker in the backcross. Thus,
the frequencies and “value” of the two backcross genotypes are expressed as

Mmj Mymg | Mymgmygmy |[mgmg Mg [mgm g mgmy,

Frequency | 5(1 —rjx) 37k 37k 3(1—7k)
“Value” at M, 1 1 0 0
“Value” at My 1 0 1 0
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The variances at each marker can be calculated as

1
(13.16) sz = gi =7
and the covariance between the two markers calculated as
1
(13.17) Ojr = Z(l —2rjk),

with a correlation of 1 — 2r;;. Based on equations (13.16) and (13.17), the conditional
variance of marker M, given marker M; is

2
2 _ 2 ki
Okl; = %k 032
1 G =2
4 4

(13.18) = 7jk(l = 1jk).

Considering three markers, M;, Mj, and M;, we similarly derive the covariance be-
tween markers M; and M}, conditional upon marker M; as

g OOk
jk|l = Ojk 012
= 2100~ 250 = (1= 201 — 2rk0)]
0 for order M;M; M}, or M;;IM; M,

= (1l — 1) (1 —2rj,)  for order M;M;M; or M;M;M;
rii(1 —r;)(1 —2r;;)  for order M;M;M;, or M;;M,;M,,
(13.19)

because, without inference, (1 — 2r;;) = (1 — 2ry)(1 — 2rg;) for order M;M; M, or
M M;M;. Equation (13.19) states that, conditional on an intermediate marker, the
covariance between two flanking markers is expected to be zero.

Using equations (13.18) and (13.19), we derive the variance of marker M; condi-
tional on markers M, and M; as

2
Uz\kl = Q\k -
= o2 5
J J o2
2
_ o Yk
=05 2
Jl R
J?W for order M;M;;M,; or M;M ;. M,
_ UI%U for order M;M; M}, or M, M; M,
- (1 = ra Ve (1 = 7
Tjk( r]k)rﬂ( T]l) for order M;;M;M,; or M;M,;M,,.
rri(1 —7k) '

(13.20)
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According to equation (13.20), the conditional variance of a marker conditional
upon all other markers is only dependent on the markers that are right next to the
marker under consideration. This can be stated generally as follows. The variance of
marker M; conditional on all other markers is expressed as

2 _ 2
Tjls—; = TilG-1)G+1)
where s_; denotes a set that includes all markers except for marker M;.

Similarly, considering four markers with M; < My, and M; < M,,,, the conditional

covariance between marker M; and My, given M; and M,, is derived as

2 . T im|10 kmli
Ojklim = 94kl — 07271|l
o OjllmOKkl|m
= Ojklm — T2
llm
0 for order M;M;M;M,,
or MijMle
B Ujg'k\l for order M; M, M;M,,
— Ufk\m for order M;M,,, M ; M,
1-— m(1 = 7rem) (1 — 27
rell = roe)ren (= Tem) (L= 2058) g g M;M,;M;M,,..
Tlm(l - rlm)
(13.21)

Equation (13.21) contains two important conclusions. First, as long as we condition
on one intermediate marker, the covariance between any two markers will be zero.
Second, the covariance between two flanking markers given all other markers is only
dependent on the two markers that are the closest to each of the flanking markers.
In other words, conditioning on two flanking markers would make the covariance
between two interior markers independent of all those markers that are outside the
marker interval. This can be mathematically expressed as

2 2
Tjkls—jr — Tjk|(G—1)(k+1)

where s_jj, denotes a set that includes all markers except for markers M; and M.

13.4.2 Conditional QTL Variance

In this section, we extend the conditional marker variance to consider the conditional
variance involving QTL. Consider marker M; and QTL Q,, with two alleles, @, and
qu, whose genotypes, frequencies, and values are expressed in the backcross as

Mjm;Qugu | Mjm;qugu | mym;Qugu | M5 qudu

Frequency 5 (1= 7ju) 37ju 37ju 3(1—75u)
“Value” at M 1 1 0 0
Value at Q,, a 0 a 0
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where rj, is the recombination fraction between the marker and QTL and a,, is the
additive effect due to Q,,. It is easy to show o2 = +a? and 0, = $(1 — 2r;j,)a?
Considering a quantitative trait, y, controlled by U QTLs with no epistasis, we
derive the covariance between trait y and marker M; conditional on marker M, as
Uykdjk

Typile = Oyi —
yjl yJ ‘71%

U
1
=1 Z —2ryi) — (1 = 2ru) (1 = 2r51)] aw
k(1 —7jk) Z(l — 27y )Gy + Z Tuk (1 — k) (1 — 275,,)ay

usy Jj<u<k

for order MM,

k(1 —7jK) Z(l — 27y )Gy + Z Tuk (1 — k) (1 — 2754,)ay

u>j j<u<k

for order MM,
(13.22)

which suggests that the covariance between one marker and trait conditional upon a
second marker does not contain those QTLs that are beyond the conditional marker.
More clearly, let us consider two conditional markers. It is easy to derive

— o Oyl |k Tl |k
Kl — Cyjlk — 7 2
yJ\ ot
Oyk10 k|l
= Oyjlt — 2
O—l\m
Tyilk for order M ;M M,
Tyill for order M;M; M,
Tik 1-— Tik
_ 7’] El — TJ )) Tlu(l — tlu)(l — 2ruj)au+
ki K) 2
rip(l —7;
ik i) Tuk (1 — tur) (1 — 274 )ay for order M;M ;M.
rr(1 —11)

(13.23)

The general expression for equation (13.23) is 0,|s_, = 0yj|(j—1)(j+1)- Based on the
formulas above, the partial regression coefficient of the trait value on marker M;
conditional upon the rest of the markers is derived as
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Oyjls—;

byj|5—j ?

MAEEY]
IyilG-DG+1)
o2 . )

JIG-1)(G+1)
- v rG—1u(l = 7 1)u) (1 = 27y;)

r-1; (1 =7G-1);)

u

J—1l<u<y
(13.24) i Z -1~ Tugend — 2r5a)
j<u<j+1 TJ(J+1)(1 - j(j+1))

which contains two summations for all QTLs located between markers M;_; and
M, and for all QTLs between markers M; and M ;. This suggests that the partial
regression coefficient depends only on those QTLs located between markers M;_; and
M, 41, although this does not apply when QTLs display strong epistatic interactions.
In any case with no epistasis, if interval mapping with a pair of flanking markers is
combined with multiple regression analysis of other markers, all possible QTLs outside
this testing interval will be absorbed into the partial regression coefficients. For this
reason, the combination of interval mapping and regression analysis can limit test
statistics for QTL localization within a specific marker interval under consideration
and makes it independent of the effects of other possible QTLs outside the tested
interval on a chromosome. This has laid a statistical foundation for composite interval
mapping.

With further derivations, Zeng (1993) showed that the sampling variance of the
partial regression coefficient can be reduced and therefore the statistical power of QTL
mapping can be increased when conditional on unlinked markers. According to the
analysis of the sampling variance of the partial regression coefficient, the combination
of interval mapping and a multiple-regression analysis can reduce the influence of
multiple linked QTLs on hypothesis testing and thus the precision of the QTL test and
estimation when the conditioned markers are linked, although this possibly reduces
the statistical power. The tradeoff between the power and precision of QTL mapping
can be balanced for a practical problem. If one purports to separate multiple QTLs
on the same genomic region, linked markers should be chosen for regression analysis.
On the other hand, if one hopes to increase the power of QTL mapping, regression
analysis should be constructed with unlinked markers.

Zeng (1993) derived the form of the sampling correlation between two partial
regression coefficients on different markers. He showed that such a correlation is gen-
erally zero unless the two markers are adjacent. This property helps to derive the
correlation of test statistics between two testing positions in two intervals for an in-
terval test and determine the significance threshold of a test statistic under a null
hypothesis for an overall test covering the entire genome.

Zeng (1993) thought that the theoretical aspects of composite interval mapping
derived for the backcross are also applicable to the Fs. For the Fo with no dominance,
the underlying theory is qualitatively equivalent to the backcross. But for the Fy with
dominance, the regression analysis needs to introduce one more parameter to reflect
dominance deviation.
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13.4.3 Marker Selection

Composite interval mapping integrates interval mapping and multiple regression
analysis. The selection of markers as cofactors is an important issue. Conditioning
on linked markers helps to separate multiple linked QTLs on a region but leads to
the reduction of statistical power. Although conditioning on unlinked markers can
increase analytical power by reducing residual variance, it has little to do with the
separation of linked QTLs. These properties of composite interval mapping make its
marker selection difficult.

Unfortunately, there is no theoretical derivation for the choice of markers as cofac-
tors. Zeng (1994) proposed forward or backward stepwise regression analysis to add
or drop markers. As discussed above, marker selection should also be made empiri-
cally on the basis of the purpose of the study. The high-resolution mapping of linked
QTLs favors the inclusion of more linked markers, whereas statistical power can be
increased by conditioning on more unlinked markers.

13.5 Comparisons Between Composite Interval Mapping
and Interval Mapping

Zeng (1994) performed extensive simulation studies to compare the advantages and
disadvantages of composite interval mapping and interval mapping. He simulated four
chromosomes of equal length. Ten QTLs with different effect sizes were simulated for
a quantitative trait. Composite interval mapping conditional on linked markers can
detect individual QTLs that are located on the same chromosome. Composite interval
mapping conditional on all the markers displays greater power, but it cannot well
separate linked QTLs on some chromosome. Traditional interval mapping has lower
power and also is biased for the estimation of QTL positions.

We used two examples to demonstrate the differences between these two different
approaches. In both examples, there are multiple linkage groups, each corresponding
to a different chromosome. Marker selection includes three options: (1) linked markers
on the same chromosome, (2) unlinked markers on a different chromosome, and (3)
all markers on the same and different chromosomes. The results from these options
are compared with those for interval mapping.

Example 13.1. Revisit Example 3.1. Two inbred lines, semi-dwarf IR64 and tall Azu-
cena, were crossed to generate a heterozygous F;. The haploid chromosomes for pol-
lens (gametes) of the F; were doubled to produce 123 doubled haploid (DH) plants.
These DH plants, equivalent to a backcross progeny, were genotyped for 135 RFLP
and 40 isozyme and RAPD markers, from which a linkage map covering the entire
genome of 12 chromosomes was constructed (Yan et al. 1998; Fig. 3.3). Each of the
DH lines was measured for plant height at each of ten consecutive weeks.

As an example, the first chromosome was used to perform composite interval
mapping (CIM) for plant weight at week 10. We first used interval mapping (IM) to
scan for the existence of a QTL throughout rice chromosome 1. The log-likelihood
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ratio (LR) test statistics were calculated by fixing the position of a putative QTL at
every 2 cM in each marker interval. After scanning for a QTL from the first to the
last interval, we draw a smoothed LR profile with a series of discrete LR values (Fig.
13.1). Two LR peaks were observed by IM, a flatter one between markers RZ730 and
RZ801 and a more narrow one between markers RG810 and RG331. The LR values
at the two peaks (> 55) are largely beyond the critical threshold at the 5 percent
significance level (10.39) determined from 100 permutation tests by destroying the
original phenotype—marker relationships. It was found that these two QTLs detected
by IM for height growth are highly significant.
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Fig. 13.1. Profile plot of likelihood-ratio statistics (LRs) as a function of map position of the
putative QTL in a DH population of rice. IM, Interval Mapping; CIM, Composite Interval
Mapping; CIM1, linked markers on the same chromosome; CIM2, unlinked markers on a
different chromosome; and CIM3, all markers on the same and different chromosomes. The
critical thresholds for IM, CIM1, CIM2 and CIM3 are 10.39, 7.47, 9.79, and 7.13, respectively,
as determined from 100 permutation tests.

To test whether each of the two LR peaks detected by IM correspond to a differ-
ent QTL or collectively present a QTL on chromosome 1, we carried out composite
interval mapping conditional upon linked markers on the same chromosome (CIM1).
According to the property of CIM found by Zeng (1993), CIM1 has greater power to
separate multiple linked QTLs. As shown in Fig. 13.1, CIM1 detects three distinct LR
peaks at marker intervals RG381-RZ19 and RG690-RZ730 and marker RZ801, larger
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than the 5 percent critical threshold (7.47). It seems that CIM1 dissolves a big flat
peak by IM into three smaller but narrower ones, suggesting that CIM1 has better
resolution for mapping linked QTLs than IM. However, because CIM1 has increased
sampling variances, the caution should be taken for the estimation precision of QTL
position and effect parameters.

Composite interval mapping conditional upon unlinked markers (CIM2) can in-
crease the power of QTL mapping by controlling some residual variance (Zeng 1993).
It is not surprising to find that CIM2 in this example identified two higher LR peaks
(> 70) at positions similar to those detected by IM, leading to increased significance
levels (compared to the 5 percent threshold of 9.79). However, as expected, CIM2 has
no improvement for the separation of these two peaks compared with IM.

Composite interval mapping conditional upon both linked and unlinked markers
(CIM3) displays results different from those for IM, CIM1, and CIM2. It detects four
different peaks at marker intervals RG146-RG345, RG381-RZ19, RG690-RZ730 and
RZ730-RZ801, with LR values being larger than the 5 percent threshold (7.13) (Fig.
13.1). Perhaps CIM3 preserves the advantages of CIM1 and CIM2, thus leading to
the better separation of more linked QTL and the better power of QTL detection.

In summary, CIM3 conditional upon unlinked markers, although increasing the
power of QTL detection, obtains results similar to those by IM. CIMI1 conditional on
linked markers has better resolution for multiple linked QTL, and its power can be
improved when some unlinked markers are involved in the partial regression analysis.
To determine the reliability of the results about QTL detection, simulation studies can
be performed by mimicking the above example in terms of the genomic distribution
of QTLs, their inheritance mode and effect sizes.

Ezample 13.2. Revisit Example 3.2. Cheverud et al. (1996) constructed a linkage map
using 75 microsatellite markers in a population of 535 Fy progeny derived from two
strains, the Large (LG/J) and Small (SM/J). The F5 progeny were measured for body
mass at ten weekly intervals starting at age 7 days. The raw weights were corrected
for the effects of each covariate due to dam, litter size at birth, and parity but not for
the effect due to sex. We used chromosome 2 composed of nine markers to map the
QTL affecting body weight at age 10 weeks with interval mapping (IM) and different
types of composite interval mapping (CIM). In each case, permutation tests were used
to empirically determine critical thresholds.

Interval mapping (IM) obtains a flat LR profile covering most of the chromosome
(Fig. 13.2), suggesting that more than one QTL on this chromosome may exist to
affect mouse body weight. Composite interval mapping conditional upon unlinked
markers (CIM2) obtains a similar LR profile, although the peak detected by CIM2 is
larger than that by IM. Composite interval mapping conditional upon linked markers
(CIM1) detects no QTL, despite some distinct small peaks, suggesting that CIM1
tends to decrease the power in this particular example. Composite interval mapping
conditional upon both linked and unlinked markers (CIM3) produces a different LR
profile, with a single peak in marker interval DZMIT17-DZMIT26, showing no ev-
idence for the presence of two QTLs. To examine the reliability of each mapping
scheme above, simulation studies by mimicking the example would be helpful.
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Fig. 13.2. Profile plot of likelihood-ratio statistics (LRs) as a function of map position of
the putative QTL. IM, Interval Mapping; CIM, Composite Interval Mapping; CIM1, linked
markers on the same chromosome; CIM2, unlinked markers on a different chromosome; and
CIM3, all markers on the same and different chromosomes.

13.6 Multiple Interval Mapping

Both interval mapping and composite interval mapping model one QTL at a time.
Although composite interval mapping that combines the idea of interval mapping
and marker regression analysis can overcome the problem of multi-QTL linkage, it
has less power to characterize the detailed genetic architecture of a quantitative trait.
Because a complex trait may be controlled by a number of QTLs, it is crucial to
have a mapping approach that can model multiple QTLs simultaneously and identify
and locate all the QTLs responsible for quantitative variation. Such an approach has
been proposed by Zeng and colleagues, and is named multiple interval mapping (Kao
et al. 1999; Zeng et al. 2000). Kao and Zeng (1997) have derived general formulas
for obtaining maximum likelihood estimates for the positions and effects of multiple
QTLs.

Multiple interval mapping models multiply QTLs in such a way that QTLs can
be directly controlled in the model through the simultaneous use of multiple marker
intervals. They have proven more powerful and precise for estimating the positions
and effects of QTLs than conventional interval mapping and composite interval map-
ping. In addition, by searching and mapping all possible QTLs in multiple marker



302 13 Composite QTL Mapping

intervals simultaneously, multiple interval mapping allows the full estimation of the
genetic architecture of a quantitative trait in terms of the number of underlying QTLs,
their genetic effects, pleiotropic effects, and epistatic network among different QTLs.
The area of research that is open to multiple interval mapping is the procedure for
the model selection of multiple QTLs, and their genomic positions and effects that
collectively provides the best fit of the data observed.

13.7 Exercises

13.1 Given the likelihoods of composite interval mapping for the backcross (13.2) and Fs
(13.10), derive the MLEs of the parameters in the M step as shown by equations (13.5)
(backcross) and (13.7) (F2). (backcross) and (13.12) (F2), respectively.

13.2 Zeng (1993, 1994) provided the statistical properties of composite interval mapping
based on a simple backcross design, which are reiterated below:

(a) For additive QTLs (ignoring epistasis), the expected partial regression coefficient of
the trait on a marker depends only on those QTLs that are located on the interval
bracketed by the two neighboring markers, and is unaffected by the effects of QTLs
located on other intervals.

(b) Conditioning on unlinked markers in the multiple regression analysis will reduce the
sampling variance of the test statistic by controlling some residual genetic variation
and thus will increase the power of QTL mapping.

(c) Conditioning on linked markers in the multiple regression analysis will reduce the
chance of interference of possible multiple linked QTLs on hypothesis testing and
parameter estimation but with a possible increase in sampling variance.

(d) Two sample partial regression coefficients of the trait value on two markers in a
multiple regression analysis are generally uncorrelated unless the two markers are
adjacent markers.

Show that these properties apply to an Fao design with three different genotypes at
each locus. Hint: You can denote 2, 1, and 0 for the homozygote for one parent’s allele,
and heterozygote and homozygote for the other parent’s allele, respectively.

13.3 Perform simulation studies to show how many and what types of markers are involved
in composite interval mapping as cofactors.

13.4 Read Kao and Zeng’s (1997) paper to find out how general formulas for estimating
the asymptotic sampling variances of the MLEs of QTL positions and effects can be
derived in multiple interval mapping. Also, show how the asymptotic covariance matrix
for the MLEs can be derived with Louis’ (1982) mixture-model-based approach.
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QTL Mapping in Outbred Pedigrees

14.1 Introduction

QTL mapping approaches were developed originally for experimental crosses, such
as the backcross, double haploid, RILs, or Fa, derived from inbred lines. Because of
the homozygosity of inbred lines, the Mendelian (co)segregation of all markers with
two alternative alleles in such crosses can be observed directly. In practice, there also
is a group of species called outcrossing species, such as forest trees or large animals,
in which it is difficult or impossible to generate inbred lines due to long generation
intervals and high heterozygosity, although experimental hybrids can be commercially
used for their genetic improvement.

Many commercially available hybrid populations for outcrossing species can serve
directly as mapping material. But statistical mapping models used for these popula-
tions should vary, depending on the biological characteristics of species. Some species,
such as forest trees, can generate a large hybrid family (Grattapaglia and Sederoff
1994; Bradshaw and Stettler 1995), so that one single cross would be adequate to
obtain the power needed. On the other hand, for some species, such as dogs, it is im-
possible to produce a large family and thus multiple families, each with a small size
and including some from both related and unrelated parents, will be needed (Bliss et
al. 2002; Todhunter et al. 2005). Linkage analysis for these two different types of out-
crossing species has been described in Chapters 4 and 7, respectively. In this chapter,
we will present statistical models that concern QTL mapping for outcrossing species.
Based on the biological features of outcrossing species, two different types of mapping
models will be described, the first dealing with a full-sib family of large size and the
second type dealing with many related families, each with a small size.

For a given outbred line, some markers may be heterozygous, whereas others may
be homozygous over the genome. All markers may or may not have the same allele
system between any two outbred lines used for a cross. Also, for a pair of heterozy-
gous loci, their allelic configuration along two homologous chromosomes (i.e., linkage
phase) cannot be observed from the segregation pattern of genotypes in the cross. Un-
fortunately, a consistent number of alleles across different markers and their known
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linkage phases are the prerequisites for statistical mapping approaches described for
the backcross or Fs in the preceding chapters.

14.2 A Fixed-Effect Model for a Full-Sib Family

14.2.1 Introduction

Several particular statistical models have been proposed for QTL mapping in a full-sib
family (Schéifer-Pregl et al. 1996; Johnson et al. 1999; Song et al. 1999). In some stud-
ies, more sophisticated statistical algorithms, such as Bayesian approaches relying on
a Markov chain Monte Carlo method, have been proposed to take the complexity of
full-sib family mapping into account (Hoeschele et al. 1997; Sillanpa and Arjas 1999;).
Lin et al. (2003) derived a general model for full-sib mapping by integrating uncer-
tainties about allelic numbers and configurations into the mixture-model context. In
this section, this general model will be described and illustrated by an example.

14.2.2 A Mixture Model for a Parental Diplotype

For a full-sib family derived from two outbred parents, up to four marker alleles,
besides a null allele, can occur at a single locus. Also, the number of alleles may vary
over loci. Each of the marker alleles is dominance to the null allele. In Section 3.4, all
possible cross types for a segregating marker locus were tabulated in Table 3.2.

Consider two outbred parental lines denoted as P; and Ps, which contain two
homologous chromosomes, 12 and 34, respectively, in a set. The cross between these
two lines, 12 x 34, results in four possible parental chromosome pairings: 13, 14, 23,
and 24. We used bold Arabic numerals to denote parental chromosomes. Although
there may be many different marker types in a full-sib family derived from the two
outbred parental lines, all observed markers, no matter which type they come from,
are generally expressed as 1 and 2 for parent Py and 3 and 4 for parent Ps.

Suppose there is a QTL located between the two markers. The four alleles of the
QTL are denoted by 1 and 2 for parent P; and 3 and 4 for parent Ps, which will
be segregating to generate zygotes 13, 14, 23, and 24 following a 1:1:1:1 ratio in the
family. The recombination fractions between the two markers, between marker My
and the QTL and between the QTL and marker M, are denoted by r, r1, and ro,
respectively, with

r1+ 1o for no double recombination
r=1< ry+ry—2riry for independent recombination
r1 4+ 19 — 2¢rire  for interfered recombination,
where ¢ is the coefficient of coincidence between the recombinations at two differ-
ent intervals. Parent-specific difference of linkage is ignored. The alleles of these two

markers and the QTL are arranged between the two homologous chromosomes in each
of a total of four possible linkage phases for each parent.
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But the allelic linkage phases of the two markers can be known for both parents
through linkage analyses of markers using a strategy proposed in Chapter 4. Thus,
under a fixed marker linkage phase, we will have 2 x 2 = 4 parental combinations
(®’s) of linkage phase (or diplotype) of the QTL relative to the two markers, which
are schematically expressed, along with the order of the four QTL genotypes in the
progeny, as

1[2 3|4

@, = 1/2| x 34| — (13,14,23,24),
112 3|4
112 3|4

@, = 12| x 4|3] — (14,13,24,23),
1[2 3|4

(14.1)

112 3|4

Py = 21| x 3|4] — (23,24,13,14),
1[2 3|4
112 3|4

By = 21| x 4(3] — (24,23,14,13),
112 3|4

where the first and second subscripts of ® denote two possible phases of parents P
and Ps, respectively, and the vertical lines for each diplotype combination denote
two parental chromosomes, 12 and 34, each for a parent. Each parent, no matter
which possible diplotype combination it has, will generate eight three-locus haploid
gametes (haplotypes), with the haplotype frequencies depending on the recombination
fractions of the three loci. Table 14.1 gives the frequencies of the eight haplotypes,
denoted by p111, p121, P112, P122, P211, P221, P212, and paga, for parent Py along with
the haplotype frequencies for the two markers, denoted by pi11, p12, P21, and pas. The
corresponding haplotype frequencies can also be given for parent Ps.

The marker—QTL haplotype frequencies can be expressed in terms of the recom-
bination fractions between each marker and QTL (r; and r2) when no double re-
combination (case 1) or independent recombination (case 2) is assumed. However, if
interference exists between different intervals during meiosis (case 3), the haplotype
frequencies should be expressed differently. Let goo, 901, 910 and g11 be the occurrence
probabilities of no recombination both in the M;—QTL and QTL-Mj intervals, one
recombination only in the M1—QTL interval, one recombination only in the QTL-M,
interval, and one recombination in each interval, respectively. The haplotype frequen-
cies in the three cases are expressed as
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Haplotype Frequency | Case 1 Case 2 Case 3
D111 1 (1 —r1)(1—ry) 3900
D121 0 37172 3911
D112 iry 11 —ri)rs 1901
D122 ir iri(1—r) 3910
D211 ir iri(1—r2) 1910
D221 372 (1 =r1)rs 3901
D212 0 $rirs $o11
D222 1 (1 —r1)(1—ry) 3900

Table 14.1. Frequencies of haplotypes formed by two markers and a QTL that is located
between the two markers in parent P;.

Flanking Markers QTL
Haplotype Frequency 1 2
11 p11 = %(1 —-r) P11l Dp121
12 P12 = %r P12 P122
21 P21 = %r p211 Pp221
22 P22 = %(1 —-r) P212 D222

For the frequencies of two-marker haplotypes, the first and second subscripts correspond to
alleles from markers M and Ma, respectively. For the frequencies of three-locus haplotypes,
the second subscripts corresponds to the QTL alleles, whereas the first and second subscript
corresponds to the alleles of the two markers, respectively. It can be shown that p;1 =
P111 + P121, P12 = P112 + P122, P21 = p211 + P221, and paz = pai2 + p222.

The eight haplotypes from parent P; unite randomly with the eight haplotypes
from parent P to generate a total of 64 zygotic genotypes. The frequencies of these
genotypes in the full-sib family are calculated in terms of the haplotype frequencies
(expressed by ¢’s), which are tabulated in Table 14.1. It is noticed that the two par-
ents for the cross have four possible combinations of parental diplotypes, as shown
by display (14.1), but one and only one combination is correct. Under these different
diplotype combinations, the two parents form the same set of 64 zygotic genotypes,
but the formation frequencies of genotypes are phase-specific. The genotype frequen-
cies presented in Table 14.1 correspond to different parental diplotype combinations
D11, Pia, P21, and Pos.
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Table 14.2. Genotype frequencies for the two markers and the QTL bracketed by the
markers in a full-sib family generated by two outbred parents under different diplotype

combinations.
Phase QTL genotype

Py 13 14 23 24

D5 14 13 24 23

Flanking Markers Py, 23 24 13 14

No. Genotype Frequency  ®Pao 24 21 14 13

Gy,

1 13/13 p%1 p%n P111P121 Pi21pPii1l pfgl
2 13/14 P11P12 P111P112  Pi11Pi22  P121P112 Pi21Pi22
3 13/23 P12p11 P111P112  P1i2Pi121  Pi122Pi11 Pi21Pi22

4 13/24 Pia Piiz Pi12p122  P122P112 Plao
5 14/13 Pp11p21 P111P211  P111P221  Pi121P211  Pi21P221
6 14/14 p11p22 P111P212  P111P222  Pi21P212  P121P222
7 14/23 P12p21 P112P211  P1i2P221  Pi122P211  P122P221
8 14/24 Pp12p22 Pii2P212  Pi112P122  Pi22P212  P122D222
9 23/13 P21P11 P211P111 P211P121  P221P111 P221Pi121
10 23/14 P21P12 P211P112  P211Pi22  P221Pii2  P221P122
11 23/23 P22P11 P212P111  P212P121  P222P111  P222P121
12 23/24 P22P12 P212P112  P212P122  P222P1i2  P222P122

13 24/13 p%1 P%n P211p221  P221P211 p%gl
14 24/14 Dp21P22 P211P212  P211P222  P221P212  P221P222
15 24/23 Pp21P22 P211P212  P212P221  P222P211  P221P222

16 24/24 P3a P32 DP212P222  P222P212 P3as

Note: The genotype frequencies under parental diplotype combination ®¢,¢, (¢1,02 = 1,2)
are arrayed into a (16 x 4) matrix Gy, ¢,. By adjusting the order of the QTL genotypes in
the full-sib family under parental diplotype combinations ®11, ®12, ®21, and P22, matrices
Gi1, Gi2, G21, and Ga2 can be generated.
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Let p and ¢ be the probabilities with which the first diplotype in display (14.1)
occurs for parents P1 and Ps, respectively. Thus, the corresponding probabilities of the
four parental diplotype combinations will be ¢11 = pgq, P12 = p(1 —q), ¢21 = (1 —p)g,
and ¢oo = (1 —p)(1—q) for @11, P19, Poy, and Pos, respectively. Let Gy, Gia, Goy,
and Gao be the matrices for genotype frequencies under the corresponding diplotype
combinations (Table 14.2). Thus, the observed genotype frequencies G in the full-sib
family should be a mixture of the genotype frequencies weighted by the diplotype
combination probabilities, expressed as

(14.2) G = ¢$11G11 + P12G12 + P21 G2y + P22 Goao,

which is a (16 x 4) matrix with 16 rows for two-marker genotypes and four columns
for QTL genotypes in the full-sib family. According to Bayes’ theorem, the conditional
probabilities of a QTL genotype, uv (with alleles w = 1,2 inherited from parent Py
and alleles v = 3,4 inherited from parent Ps), given marker genotypes are estimated
by dividing G by the marker genotype frequencies given in Table 14.2. The conditional
probability of a particular QTL genotype given the marker genotype of individual i
is correspondingly expressed as

11 12 21 22
(14.3) Wapli = P11Wyy); T P12We5); + G21Wyy); T P22wWy5)ss

where the right side contains parental diplotype-specific conditional probabilities.

14.2.3 Quantitative Genetic Model

In a full-sib family, a QTL generates four genotypes. Let 11,, be the value of a QTL
genotype inheriting allele v from parent P; and allele v from parent Ps. Based on
quantitative genetic theory, this genotypic value can be partitioned into the additive
and dominance effects as
Py = b+ 0y + By + Y,

where f is the overall mean, a,, and 3, are the allelic (additive) effects of alleles u and
v, respectively, and 7, is the interaction (dominance) effect at the QTL. Considering
all possible alleles and allele combinations between the two parents, there are a total
of four additive effects (7 and ag from parent P; and s, and (4 from parent Ps)
and four dominance effects (7y13, 714, Y23, and 7y34). But these additive and dominance
effects are not independent and therefore are not estimable. After parameterization,
there are two independent additive effects, « = oy = —ag and § = 83 = —f4, and
one dominance effect, v = 13 = —vy14 = —723 = 724, to be estimated.

Let u = (ftuy)ax1 and a = (u, o, 8,7)", which can be connected by a design matrix
D. We have

u = Da,
where
1 1 1 1
1 1-1-1
D=1, 1.

1-1-1 1
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The MLE of a can be obtained from the MLE of u by

a=D"'u.

14.2.4 Likelihood Analysis

Suppose there is a full-sib family of size n derived from two outbred lines. Consider
a QTL for a quantitative trait that is bracketed by two markers. The linear model of
the trait value for individual i (y;) affected by this bracketed QTL is written as

2 4
(144) Yi = Z Z giuv/”‘uv + €4,

u=1v=3

where &;,,,, is the indicator variable for QTL genotypes, defined as 1 if a particular
genotype uv is considered for individual ¢ and 0 otherwise, and e; is the residual
error normally distributed with mean 0 and variance o2. The probability that indi-
vidual 7 carries QTL genotype uv can be inferred from its marker genotype, with this
probability expressed as wy,|;-

The log-likelihood of the trait values (y) and marker information (M) is given by

u=1v=3

where €2 is the vector for unknown parameters QTL that include the QTL position
(r1 and ro), parental phase probabilities, QTL genotypic values (pty, ), and the resid-
ual variance (0?). The first two parameters, denoted by €2, are contained in the
mixture proportions of the model above, whereas the second two, denoted by €2, are
quantitative genetic parameters.

As usual, the MLEs of the unknown vector are obtained by differentiating the log-
likelihood function with respect to each unknown (2., setting the derivatives equal to
zero, and solving the log-likelihood equations. This procedure is shown as follows:

55 108 LS. M)

- Z Z Z qu yZ aﬂ uv|i + wuvll@%f“@(yz)

i=1 u=1v=3 Zu’ 1 Zv/ 3 wu’v’\zfu o (Yi)

ZZ Z Wyvli Juw y7)wu1u|1 a6, Yuvli . Wuv\ifuv(yi)% log fuv(yi) ]
= 2 4

i=1 u=1v=3 Z /=1 Zv’ =3 wulvl‘ fulv' (yl) Zu’:l Ev’:?, wu’u’\ifu’v’ (yl)

8 8

i=1 u=1v=3

where we define
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wuv\ifuv(yi)
212;’:1 Zi’::} wu/v/\ifu’v’(yi) ’

which could be thought of as the posterior probability that individual ¢ has a QTL
genotype uv. We then implement the EM algorithm with the expanded parame-
ter set {Q,IT}, where IT = {II,,;}. Conditional on IT, we solve for the zeros of
aim log L(2]y, M) to get the estimates of € (the M step). The estimates are then
used to update IT (the E step), and the process is repeated until convergence. The
values at convergence are the maximum likelihood estimates (MLEs).

The estimates of the genotypic values and variance in the M step are derived as

ﬂ _ Z:l 1Huv\zyz
uv ZZ 11—[1“)‘1 s

ZZZHW — )

11u1v3

(14.7)

The estimates of the parental diplotype probabilities will be difficult because these
probabilities are contained at a lower hierarchy of the mixture proportions, as shown
by equation (14.3).

Substituting equation (14.3) into the log-likelihood (14.5), we have

log L(Qy, M) = " loglwis fia(y:) + wiafia (i) + was fas(yi) + waa faa (4i)]
1=1

= > tog { [pawtd, + p(1 = @l + (1= plawty, + (1= p)(1 — @), ] fis(vs)

n
i=1

~.

+ |pawliy + P = @i + (1 = plawty, + (1= p)(1 - | fru(w)
+ [pakly +p(1 — @l + (1= plawdh, + (1 - p)(1 — Q)] foslwe)
+ [pqw%iu +p(1 = Qwys; + (1 — plawiy,; + (1 —p)(1 - q)o@iu} f24(yi)}7

from which the closed forms for the estimates of the parental diplotype probabilities
are derived as

3

1
p== (011055 + Pollig); 4 Pallag); + allay);)
(14.8) -
Ao 1 /H IH /H IH
9= Z (Wi yg); + oIliap + 5Tlag); + ¥4Tloy);)
i=1
where

pawiy; + p(1 — Qw3
1= )
W13li
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~ pgwiyy; + (1 — @),
g =
Wi4li ’
11 12
s = Pqwa); + P — q)way),
W23|i ’
. Pawsyy; + (1 — Q)ws);
4 =
Wa4|q 7
11 12
W = Pqwyy; + (1 = p)gwyy),
! w134 7
o pawiy; + (1= p)awis),
? Wi4lq ’
o - Pawsg, + (1 — p)aws3),
s W23|q ’
b pawyyy; + (1 = p)aws3);
h = .

Waq|i

There are two approaches for estimating the recombination fraction between the
markers and QTL (r; or r2) that describes the QTL position when no double re-
combination (case 1) or independent recombination (case 2) is assumed. The first is
based on genome-wide scanning where the QTL position is estimated by treating rq
(and therefore 7o) as fixed. Using a grid search, we can obtain the MLE of the QTL
position from the peak of the profile of the log-likelihood ratio test statistics across a
chromosome. The second is based on closed-form estimates of haplotype frequencies
p’s (and therefore the recombination fractions). If interference is assumed between
different intervals (case 3), only the closed-form estimate is used. Combining Table
14.2 and equation (14.3) will generate a mixture of conditional probabilities in terms
of p. Closed forms can be derived for the MLEs of p’s, with constraints p121 = p212 =0
for case 1 and pi21 + p212 = (P121 + P212 + P122 + P211) (P121 + P212 + Pr12 + P221) for
case 2 and no constraint for case 3. In each case, the MLEs of p’s are used to obtain
the MLEs of the recombination fractions by

MLE Case 1 Case 2 Case 3

1| Pro2 + D211 Di21i + D212 + P22 +Parr Doz + Por1 + Pra1 + D212

) D12 + D221 Pi21 + D212 +Pri2 + Do Pri2 + Po2t + Pi21 + Poio

Note that the MLEs of the recombination fractions may be different among the three
cases, with the degrees depending on how much these cases are consistent for a given
data set.
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14.2.5 Fitting Marker Phenotypes

We have built a general framework for QTL mapping in a full-sib family based on
marker zygote genotypes. But in practice only the phenotypes of the marker zygotes
can be observed. The number of zygote phenotypes of a marker is 4, 3, or 2, depending
on marker cross types (see Fig. 3.3). We can design different incidence matrices I to
connect zygotic genotypes to zygotic phenotypes for all different marker types listed in
Table 3.2. Thus, the joint frequency matrix of two markers and a QTL for particular
marker types can be derived by using the corresponding incidence matrices, which
are expressed as .
G= (IMI ® IMz)G7

where ® is the Kronecker product and In, and Ing, are the incidence matrices for
markers M; and M. The frequency vector of two-marker genotypes can also be
collapsed in a similar way.

The pattern and structure of an incidence matrix (I) relating the zygotic genotypes
to phenotypes for a marker depend on the cross type of this marker. Let a, b, ¢, and
d be alleles at a marker between two outbred parents P; x Ps, all dominance to a
null allele 0. We have

1000
I— 0100
0010
0001
and for marker cross type ab X cd,
[1100]
0010 for ab x ab
0001
ot J
[1000]
0100 for ab x ao,
(0011 ]
[1010]
0100 for ao x ab
0001
o)t J
(10007
0101 for ab x ao,
10001 ]
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(10007
0110 for ab x ao
10001
I:
[1001]
0100 for ab x ao,
10001
[1110]
0001 for ab x ao
[1101]
0010 for ab x ao
I:
[1011]
0100] for ab x ao
[1000]
0111] for ab x ao,
I— 1100
T |lo0011]°
I— 1010
T l0101]|°

With the marker-QTL joint frequencies and marker frequencies for a given marker
type, the conditional probability (w,,|;) of a QTL genotype given the marker geno-
type of individual i can be calculated. This is used as a basis for QTL mapping in
outcrossing species.

14.2.6 Hypothesis Tests

The existence of a QTL of significant effect within a marker interval can be tested by
calculating a log-likelihood ratio (LR) test statistic under the null (Hy: There is no
QTL) and alternative hypotheses (H;: There is a QTL) expressed as

LR = —2[log Lo(piuy = fi,5%,5,q) — log L1()].

Because the position of a QTL under the null hypothesis is not identifiable, the LR
under the null hypothesis may not be asymptotically x2-distributed with four degrees
of freedom. Churchill and Doerge (1994) proposed a permutation test approach to
determine a critical threshold for declaring the existence of a QTL at a given type I
error rate.
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Hypotheses can be made regarding the significance of genetic additive (Hp : o =
£ = 0) and dominance effects (Hp : v = 0). The log-likelihood ratio (LR) test statistics
are calculated for each test, in which the critical thresholds can be determined either
by simulation studies or from the y? distribution with two or one degrees of freedom,
respectively, if the sample size used is sufficiently large.

In a full-sib family derived from two outbred parents, it is possible that a putative
QTL does not segregate in a 1:1:1:1 ratio. In practice, the segregation pattern of a
significant QTL should be tested because this is important for designing an efficient
breeding strategy. We can test if the QTL detected is diallelic, segregating 1:2:1 or
1:1. The hypothesis that a significant QTL conforms to segregation type ab x ab, for
example, can be tested by formulating

HO = ﬁa
Hy: a#p.
Similarly, the hypothesis for testing for the consistency of the QTL segregation to
type ab x bb can be formulated as
Hy: a=0o0r =0,
H : Neither of them equals zero.
As usual, the critical values for claiming the significance of these effects are deter-
mined on the basis of simulation studies.

We can also make a hypothesis test for the occurrence of double or interfered
recombinations by formulating the null hypotheses

(14.9) Hy :pra1 = p212 =0
and
(14.10) Hy:c= P121 + P212 _

(p121 + p212 + Pi22 + P211)(P121 + P212 + Pr12 + P221)

respectively. The LR values under each of the two null hypotheses (14.9) and (14.10)
and its alternative are calculated, which can each be thought to asymptotically follow
a 2 distribution with one degree of freedom.

Ezample 14.1. The first examples of using a controlled cross to map QTL for outbred
trees include studies in poplar (Bradshaw and Stettler 1995), eucalyptus (Grattapaglia
et al. 1995) and loblolly pine (Groover et al. 1994). Here, we use an example from the
hybridization between two poplar species, Populus deltoides and P. euramericana.
A genetic linkage map was constructed using a so-called pseudo-testcross strategy
(Grattapaglia and Sederoff 1994) based on 90 genotypes randomly selected from the
F; interspecific hybrid family with random amplified polymorphic DNAs (RAPDs),
amplified fraction length polymorphisms (AFLPs), and inter-sample sequence repeats
(ISSR) (Yin et al. 2002). This map comprises the 19 largest linkage groups for each
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parental map, which roughly represent 19 pairs of chromosomes. The 90 hybrid geno-
types used for map construction were measured for wood density with wood samples
collected from 11-year-old stems in a field trial. The measurement for each genotype
was repeated 4-6 times to reduce measurement errors. The means of these genotypes
were calculated and used for QTL mapping here.

A significant QTL for wood density is detected on linkage group D17 reported
in Yin et al. (2002). In this example, the empirical estimate of the critical value is
obtained from 1000 permutation tests. It is found that the critical value for declaring
the existence of a QTL on the whole linkage group under consideration is 6.9 at
the significance level p = 0.05. The profile of the LRs of the full vs. reduced model
across the length of linkage group D17 has a steep peak between a narrow marker
interval AG/CGA-480-AG/CGA-330 (Fig. 14.1). The LR value at this peak is 11.7,
well beyond the empirical critical threshold at the significance level p = 0.05.
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Fig. 14.1. The profile of the log-likelihood ratio (LR) test statistic for QTL detection across
linkage group D17 in Yin et al. (2002) using the mixed-phase analysis. The empirical thresh-
old based on permutation tests (Churchill and Doerge 1994) is indicated at the horizontal

line. The marker names across the linkage group are given below the profile. Adapted from
Lin et al. (2003).

The additive effect of this significant QTL detected is 0.033, or equivalent to 7
percent relative to the overall mean. This QTL was found to explain about 30 percent
of the phenotypic variance for wood density in hybrid poplars. The MLE of phase
probability p is 0.82, thus suggesting that there is quite a high probability of having
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a linkage phase ®11. This indicates that the positive allele of this QTL that increases
wood density is, at a probability of 0.82, in coupling phase with dominance alleles of
the two markers AG/CGA-480 and AG/CGA-330 flanking the QTL.

The same material was analyzed using a traditional interval mapping approach
that assumes a possible QTL-marker linkage phase at one time. This phase-separate
approach can also identify a significant QTL for wood density but cannot determine
a correct linkage phase because the maximums of the LR values are identical between
two possible linkage phases. Our method provides important information about non-
allelic arrangements on the homologous chromosomes.

14.2.7 The Influence of Linkage Phases

A simulation was performed to test the influence of incorrectly characterizing a linkage
phase on QTL detection and parameter estimation. A full-sib family is simulated for
six equally spaced (20 ¢cM) fully informative markers, forming five intervals. A QTL
is hypothesized at 26 ¢cM from the first marker (located within the second interval).
The phenotypic values for this full-sib family are simulated by giving a particular set
of unknown QTL effect parameters under the parental phase combination ®1; for the
two parents. The sample size simulated is 400 and the heritability of the trait is 0.4.

150 200
1 1

LR
100
1

Fig. 14.2. The profiles of the log-likelihood ratio (LR) test statistic from one random
simulation replicate for QTL detection across a linkage group under one mixed- (solid curve)
and four separate (dot curves) phase analyses. The heritability for the trait hypothesized is
H? = 0.4 with a sample size of 400. It should be noted that the same simulated data set
given o = 0.5,3 = 0.5, and v = 0.5) is used for all of these five different (one mixed- and
four separate-phase) analyses. Adapted from Lin et al. (2003).
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The simulated data under linkage phase combination ®;; were analyzed using
models based on this phase and three other different phases, ®15, ®51, and Py,.
Because different linkage phases only change the order of the parental chromosomal
pairings, the maximums of the LR values from the correct linkage phase ®1; and
the three incorrect linkage phases @19, @21, and P95 will be identical (see Fig. 14.2),
suggesting that phase-separate analyses have no power to select a most likely linkage
phase. Also, as shown by flat, crooked curves, the maximum LR value from a single
linkage phase model cannot be used to precisely determine the QTL position. Figure
14.2 also illustrates the LR values across the linkage group calculated when all linkage
phase combinations are considered simultaneously based on the same simulated data
set. A higher peak of the curve for a mixed-phase analysis indicates that the mixed
model is better at detecting a significant QTL than the usual phase-separate analyses.
When an incorrect linkage phase is used, the signs of the MLEs of the additive and
dominance effects of a QTL will reverse.

Ezample 14.2. Wullschleger et al. (2005) performed QTL mapping for biomass par-
titioning in a backcross, (T x D) x D, derived from two poplar species, Populus
trichocarpa Torr. & Gray (T) and P. deltoids Bartr. (D). The mapping population
includes a total of 171 backcross trees that were genotyped for microsatellite (SSR)
and AFLP markers. Because of the heterozygous nature of poplars, multiple types
of markers were observed. Of them, the testcross markers that are segregating in
parent F; but not in parent D include 92 SSR and 556 AFLP markers. A genetic
linkage map based on the F; parent was then constructed from these markers with
the pseudo-testcross strategy (Yin et al. 2004). This map is composed of 19 linkage
groups, equivalent to the Populus chromosome number.

If we are going to map an intercross QTL (Qg x Qq) using a pair of flanking
testcross markers (T'D x DD), the F; parent may have two different diplotypes,
[TQT]|[DgD] and [TqT)[DDD]. These two diplotypes with a probability of p and
1 — p, respectively, are incorporated into the model for QTL mapping, leading to the
detection of a few significant QTLs that affect biomass partitioning traits in poplar
(Table 14.2).

An intercross QTL for stem biomass was mapped to marker P_204_C?2 on linkage
group 6, whereas an intercross QTL near marker 74_10 on linkage group 13 was
observed for stem biomass, leaf biomass percentage, above-ground biomass, and total
biomass.

14.3 Random-Effect Mapping Model for a Complicated
Pedigree

14.3.1 Introduction

In the mixture model (9.4), we assume that different normal components are charac-
terized by a known or unknown number of QTL genotypes. Genetic effects of putative
QTLs on the phenotype, which are embedded within normal distributions, can be di-
rectly estimated by incorporating the fixed-effect model approach. This approach is
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Table 14.3. The detection of intercross QTLs and the parental origin of favorable QTL
alleles for biomass partitioning at year 2 in the field for a hybrid poplar family.

Trait Group Position Phase D a d LR
Stem biomass 6 P_204_C2 DQT 071 0.15 -0.02 29.51
Branch biomass 13 T4-10 DQT 0.82 092 023 35.03
Leaf% 13 T4-10 DT 081 079 0.18 31.03
Above-ground biomass 13 T4_10 DQT 082 0.83 0.19 32.84
Total biomass 13 T4-10 DQT 081 0.80 0.19 31.47

Note: a and d are the additive and dominance genetic effects of an outcrossed QTL, respec-
tively.

useful if the underlying genetic effects can be readily specified, as for controlled crosses
of large size derived from inbred or outbred lines (Lander and Botstein 1989; Haley
and Knott 1992; Zeng 1994; Lin et al. 2003). However, for many outcrossing popu-
lations, the size of a single family can be limited, so that the combination analysis
of multiple families derived from unrelated or related parents is merely a choice. Be-
cause these parents are heterozygous, in which the number of alleles at a locus and
the linkage phase of different loci are unknown, it would be difficult to specify the
genetic effects. A robust method based on a random-effect model approach (Xu and
Atchley 1995), which is not dependent on the parental diplotypes and the number of
QTL alleles, can be used.

Under the fixed model, all effects contained in the expected mean of the normal
distribution are fixed and can be estimated directly from the mixture model. Since
there are no variances for the fixed effects, the phenotypic variance only contains the
residual variance within a QTL genotype. However, in the random-effects model, all
effects contained in the expected mean cannot be estimated because their expectations
are zero. But their variances can be estimated by partitioning the total phenotypic
(co)variances into the corresponding components. Thus, where the fixed model ap-
proach estimates the effect of allelic substitution (or allelic effect), the random model
mapping approach estimates the segregating variance of the QTL.

The theoretical basis of the random model approach is the phenotypic resemblance
(or covariance) between genetically related individuals. The phenotypic variance of an
individual from a noninbred full-sib family is partitioned into the genetic variance due
to the putative QTL, the variance due to the family-specific effect, and the variance
due to the residual effect. Yet, the phenotypic covariance of two different individuals
within the same family can be partitioned into the genetic covariance due to the QTL
and the covariance due to the family-specific effect since the residual effects can be
assumed to be independent between the sibs.
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14.3.2 Statistical Model

Consider multiple related families, each with a different number of sibs. A quantitative
trait, y, is measured for each sib within each family. The phenotypic value of sib j
(j =1,...,m;) within family ¢ (i = 1,...,n) is expressed as a linear function of K
QTLs and other fixed covariates,

K L
(14.11) Yij :M+Zak+2ﬂle+eija
k=1 =1

where p is the grand mean, oy is the effect of the kth QTL, X;’s are some covari-
ates such as sex or age, (3; is the effect of the [th covariate that is assumed to be
uncorrelated with genetic and environmental errors, and e;; represents a random en-
vironmental error term. The total sample size is N = Y1 | m;.

Suppose there is a QTL of interest with an additive effect on the trait. Such a
one-QTL model can be written as

L
(14.12) Yij = 1+ aij +dij + gij + Z BiXi + eij,
=1

where a;; ~ N(0,02) is the additive genetic effect, d;; ~ N(0,03%) is the dominance
genetic effect, g;; ~ N (0, Jg) is the polygenic additive effect that reflects the effects of
unlinked genes or other familial influences, including environmental factors shared by
families (excluding the hypothesized QTL), and e;; ~ N(0,02) is the environmental
error.

Assuming that a;;, d;j, gi;; and e;; are uncorrelated random variables, each with
expectation 0, the total variance for a single observation (y;;) becomes

var(y;;) = 02 + 05 + 03 + o2,

The covariance between two sibs j and j’ from family 7 is
_ 2 2 2
cov(Yij, Yij') = TMiaOg + Tid0g + Pig0y,

where 7;, is the proportion of alleles identical-by—descent (IBD) shared by family
members j and j’, ;¢ is a binary variable indicating whether j and j' share both
alleles IBD, and ¢;, is the expected proportion of shared alleles IBD and is, by
expectation, equal to 0.5 for full-sib pairs. Therefore, the total variance-covariance
matrix for y is given by

(14.13) 3 =I,0. + Iy + @40, + 107,

where II, is the matrix of the proportion of shared marker alleles IBD, I1,; is the
matrix of binary variable m;4, and ®, is a matrix of the expected proportion of
shared alleles IBD, and I is the identity matrix.

We write the covariance matrix for two sibs j and j’ in the same family i as
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(14.14) 3, = Var [yij] =0’ [/j 'ﬂ =o’R,,

Yij

where o2 is the total phenotypic variance, and

o o3 &
(14.15) P <02> o (02> oo
= Tiah? + miahd + ¢igh,

where o2, 05, and 03, as defined, are the additive and dominance genetic variances
of the QTL and the polygenic genetic variance, respectively, and h2, hi, and h?, are
the additive and dominance heritabilities of the putative QTL and the proportion of
the phenotypic variance accounted for by the polygenic effect, respectively. The IBD

variables have discrete distributions

0 if no allele is IBD
Tia = % if one allele is IBD
1 if both alleles are IBD
and
B 1 if both alleles are IBD
Trid = 0  otherwise.

Equation (14.15) can be extended to relate individuals from different but related
families ¢ and ¢, in which case ¢ig should be denoted as ¢;;/g. The determination of
¢iirg should be based on quantitative genetic theory. For example, ¢;;4 = 1/4 for two
half-sibs, 1/8 for two cousins, and so on (Falconer and Mackay 1996).

14.3.3 IBD at a QTL

Since genotypes of a QTL cannot be directly observed, we need to use observed marker
information to infer QTL genotypes linked with the markers. It has been shown from
the joint probability for two linked loci that the expected IBD of one locus can be
expressed as a linear function of the IBD of another locus (Haseman and Elston
1972). More recently, a linear model for expressing the IBD of a putative QTL (7;,)
in terms of the IBD of two flanking markers M; and Mj has been developed (Fulker
and Cardon 1994). Let r1, 72, and r be the recombination fractions between marker
M; and the QTL, the QTL and marker M5, and the two markers, respectively. Fulker
and Cardon (1994) found the relationship

(1416) Tia :a—l—b17r1 +b271'2,
where 7 and 7o are the IBDs of the two markers, respectively,

(1 —2r1)% — (1 —27r9)%(1 — 2r)?
bl = )
1—(1—2r)
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by (1—2r3)% — (1 —2r1)%(1 —2r)?
2 1—(1—2r)* ’
a = (]. — b1 —b2)/2
The IBD of the QTL considered in equation (14.15) is then substituted by equation
(14.16).

Ezample 14.3. Consider two outbred parents with genotypes 12/12 and 34/34 at two
markers, respectively. These two parents are crossed to generate two offspring, j and
j', with two-marker genotypes 13/24 and 14/24 (see Fig. 14.3). The IBD coefficients of
alleles shared between sibs j and j’ are m; = 0.5 for marker A and w5 = 1 for marker
B. Suppose there is a QTL between the two markers with the recombination fractions
r1 = 0.05 and r9 = 0.10. The recombination fraction between the two markers is then
0.14, assuming no interference for crossover at meioses. Based on equation (14.16),
we calculate the IBD of the QTL as follows:

(1-2x0.05)% - (1—-2x0.10)%(1 — 2 x 0.14)?
1—(1-2x0.14)*
(1—2x0.10)%> — (1 —2 x 0.05)%(1 — 2 x 0.14)?
1—(1—-2x0.14)%
4_(1—2x0.05)2—(1—2><0.10)2’(1—2><0.14)2
1—(1-2x0.14)*
4_(1—2x0.10)2—(1—2><0.05)2(1—2><0.14)2
1—(1-2x0.14)*

Tia = -

x 0.5

x 1
= 0.6730

Parent 12/12 X 34/34

Offspring 13/24 14/24
j )

Fig. 14.3. Diagram for marker segregation between two outbred parents.

14.3.4 The Likelihood
Unrelated Families

The likelihood of observations for a pedigree can be constructed in terms of its struc-
ture. We will consider two types of pedigrees, one in which families are unrelated to
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each other and one in which families are related to different extents. Consider one (7)
of n unrelated families in which there are m; sibs. As defined in equation (14.14), R;
is now the m; x m; matrix with 1 on the diagonal and p; on the off-diagonals. Then,
under the normality assumption, we have a density function

1 1 Tp-1
14.1 (y,) = ———M8 —— ——(Z: R Z:
( 7) fl(yz) (27T0'2)"/2|Ri|exp |: 952 ( i Rz Z>:| s

where Z; = y; —1p— zlL:l Bi X1, ¥i = (Y1,,Ym,) T is an (m; x 1) vector of phenotypes,
and 1 is an (mj x 1) vector with all entries equal to 1. For n independent families,
we have the overall log-likelihood

(14.18) L(Q)y) = log[fi(y:)] + .. + log[fn(yn)]-

The unknown parameters Q = (u, 3,02, h2, h?l, h§7 r1,72) contained in the likelihood
(14.18) can be estimated using a maximum likelihood method. As usual, the estimate
of the QTL position can be based on a grid approach by treating r; or 2 as a known
constant and varying it throughout the marker interval. By taking the derivative of
the log-likelihood function with respect to p, 3, and 02, we obtain their MLEs as

n -1 n
_ [Z 1TRi—11] [Z 1TR;1yi] 7
i=1 i=1

1"RT')T(ATR ),

1 < AT -
~2 -1
5 N;Z R;'Z;,

=
|

>
I

where Z; = yi—lﬂ—zlel $,X; and N = >, m;. By plugging f, B,, and 62 into the
log-likelihood function, the MLEs of h2, hﬁ, and hg are estimated using the simplex
algorithm (Nelder and Mead 1965).

Related Families

If all families in the pedigree are related to each other, the likelihood function of
phenotypic data (y) is given, under the assumption of multivariate normality, by

(14.19) L(Qy) = 21) % 2] exp [—; (sz—lz)} :

where N is the total number of offspring from all families, Z = {Z;}7_ 1, y = {¥im, }7'y
is an (N x 1) vector of all phenotypes, 1 is an (N x 1) vector with all entries equal
to 1, and

% = o*(IL,h7 4 Tgh] + T,h% + 1)

14.20
(14.20) _ R,
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where I, IT;, and II; are the (IV x N) matrices for the coefficients of IBD alleles at
the QTL shared with any pair of individuals, the binary variables indicating whether
the IBD alleles are shared between any pair of individuals, and the coefficients of IBD
alleles generally shared with any pair of individuals in the pedigree, respectively. By
taking the derivative of the log-likelihood with respect to p, 3, and o2, their MLEs
can be obtained as

f=(TH) T ATH Yy),
fi=(TH )T ATH ),

R 1 _
6% =y —1p) H ' (y — 1p).

By plugging [, ﬁl, and 62 into the log-likelihood function, the MLEs of h2, hg, and
hf] are estimated using the simplex algorithm.

14.3.5 Hypothesis Testing

After the parameters are estimated, the hypothesis regarding the existence of QTLs
can be tested. This can be done by formulating the hypotheses

Hy: h2=h%2=0,
(14.21) s .
Hy : At least one of the heritabilities above is not equal to zero.

The likelihoods under the null (Lo(Qy) and alternative hypotheses (Li(€]y)) are
calculated, with which the log-likelihood ratio is calculated

(14.22) LR = —2[In Lo(Qly) — In L, (Qly)],

where € and Q are the MLEs of parameters under the Hy and Hy, with the former
not affected by marker genotypes. The critical value for the declaration of the exis-
tence of a QTL can be empirically determined by permutation tests. Similar tests for
the additive or dominance variances explained by the QTL can also be made. The
polygenic variance is important in explaining the results, whose significance can be
tested by constructing the corresponding log-likelihood ratio.

Ezample 14.4. (The Canine Genome Project). A canine pedigree was developed
to map the QTL responsible for canine hip dysplasia (CHD) using molecular markers.
Seven founding Greyhounds and six founding Labrador retrievers were intercrossed,
followed by backcrossing F;’s to the Greyhounds and Labrador retrievers and inter-
crossing the Fy’s. A series of subsequent intercrosses among the progeny at different
generation levels led to a complex network pedigree structure (Fig. 14.4) that maxi-
mized phenotypic ranges in CHD-related quantitative traits and the chance of detect-
ing a segregating QTL (Bliss et al. 2002; Todhunter et al. 2005). A total of 148 dogs
from this outbred population were genotyped for 240 microsatellite markers located
on 38 pairs of autosomes and 1 pair of sex chromosomes (Breen et al. 2001). A linkage
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map of the canine genome constructed with these markers displays good coverage of
each chromosome. The distances between adjacent markers were estimated in ¢M for
the linkage map (Breen et al. 2001). Age at detection of femoral capital ossification
(OSS), one of the important criteria for evaluating CHD, was measured for each of
the dogs studied at its left and right side.

Didi

Greyhound em - Labrador Retriever©oO Pedigree
Sunshine Knuckiahsad day

Sue Who

FXTE 38 30 48 30 68 7@ WBZ 3 47 ST 7 07

017 27 2 A Gi

wwwwww

cB10 20 30 % 50 60

Fig. 14.4. Diagram of an outbred pedigree in a dog. Squares and circles represent males
and females, respectively. Filled and open portions of each symbol represent the proportion
of Greyhound and Labrador Retriever alleles, respectively, possessed by that dog.

We will use the random-effect Mendelian model (14.12) to map OSS based on the
linkage map constructed by the 240 markers. For simplicity, this model ignores the
dominance effect of the QTL and covariate effects, which is expressed as

Yij = 1+ aij + gij + €4,

allowing the estimates of the overall mean (u), the genetic variance contributed by
the QTL (o7), polygenic variance (o), and residual variance (g?).

We identified 13 QTLs for OSS at the 0.1 percent genome-wide significance level,
as shown by the peaks of the genome-wide log-likelihood ratio profile that indicate
the MLEs of the QTL positions (Fig. 14.5). There are different estimation values
of 02, suggesting that QTLs contribute differently to the genetic variance. Of the
QTLs detected, six detected on CFA1, CFA3, CFA5, CFAS, CFA9, and CFA28 are
“generalist” in that they affect OSS for both the left and right sides of a hip (Fig. 14.5).
In most cases, consistent o2 estimates at the left and right imply that these QTLs
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play equally important roles in the susceptibility of CHD for the two sides. Other
QTLs are “specialist”, with two, on CFA17 and CFAX, being responsible for the left
side, while five, on CFA7, CFA10, CFA18, CFA22, and CFA37, being responsible for
the right side. As shown, these specialist QTLs have no contribution to CHD at the
opposite hip.

14.4 Exercises

14.1 The model for full-sib mapping assumes that marker phases were known prior to QTL
analysis. In other words, given the data set of a full-sib family, two steps are used
for QTL mapping: (i) the determination of marker phases using approaches described
in Chapter 4, and (i7) mapping QTL with known marker phases. Theoretically, the
full-sib QTL model can incorporate the uncertainty of marker phases into the mixture
model (14.4).

(a) Show the procedure for jointly modeling marker phases and marker-QTL phases.

(b) Compare the unifying and separate models. Is the former more advantageous than
the latter?

(c¢) Find a real example in full-sib mapping. Use the statistical models described in this
chapter to analyze the example and make statistical inferences from your analysis.

14.2 Mapping epistatic QTLs in outbred crosses

Mapping approaches for inbred crosses can be readily extended to map epistatic QTLs
by including more QTL genotypes within the mixture model. Similar modeling can be
done for epistatic mapping in outbred crosses. For fully informative loci, there are four
different alleles at a locus between two outbred parents. Consider two QTL, each of
which has four different genotypes, 13, 14, 23, and 24, in the outbred progeny popula-
tion of size n. Let fiy, v, /usv, be the genotypic value for QTL genotype uivi/ugve
for wi,us = 1,2 and vi,v2 = 3,4 and let u = (fy, 0, jusvs) b€ the correspond-
ing mean vector. Genetic effect parameters for two interacting QTLs are arrayed in
a= (,LL, at, B1,71, a2, B2, 72, Laa, Tap, Iga; 1ag; Jary, Jays Kyay Kyp, L’W)T’ where

a) p is the overall mean;

b) aa is the additive effect due to the substitution from allele 1 to 2 at the first QTL;

¢) B1 is the additive effect due to the substitution from allele 3 to 4 at the first QTL;

d) 71 is the dominance effect due to the interaction between alleles from different par-
ents;

(e) aw is the additive effect due to the substitution from allele 1 to 2 at the second QTL;

(f) B2 is the additive effect due to the substitution from allele 3 to 4 at the second QTL;

(g) ~v2 is the dominance effect due to the interaction between alleles from different par-
ents;

(h) Iae is the additive x additive epistatic effect due to the interaction between the
substitutions from allele 1 to 2 at the first and second QTLs;

(i) Iap is the additive x additive epistatic effect due to the interaction between the
substitutions from allele 1 to 2 at the first QTL and from allele 3 to 4 at the second
QTL;

(j) Isa is the additive x additive epistatic effect due to the interaction between the
substitutions from allele 3 to 4 at the first QTL and from allele 1 to 2 at the second
QTL;

(k) Inp is the additive x additive epistatic effect due to the interaction between the
substitutions from allele 3 to 4 at the first and second QTLs;

(
(
(
(
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Fig. 14.5. The profiles of the log-likelihood ratios (LR) between the full (there is a QTL)
and reduced (there is no QTL) models estimated from the interval model for OSS measured
at the left (OSSy, red) and right (OSSg, blue) of a canine hip across the entire genome from
chromosomes 1 to 39 using the linkage map constructed from microsatellite markers. The
horizontal line indicates the critical threshold at p = 0.001 determined from permutation
tests. Adapted from Liu et al. (2006).
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(1) Jag is the additive x dominance epistatic effect due to the interaction between the
substitutions from allele 1 to 2 at the first QTL and the dominance effect at the
second QTL;

(m)Jag is the additive x dominance epistatic effect due to the interaction between the
substitutions from allele 3 to 4 at the first QTL and the dominance effect at the
second QTL;

(n) Kap is the dominance x additive epistatic effect due to the interaction between the
dominance effect at the first QTL and the substitutions from allele 1 to 2 at the
second QTL;

(o) Kap is the dominance x additive epistatic effect due to the interaction between the
dominance effect at the first QTL and the substitutions from allele 3 to 4 at the
second QTL;

(p) Kap is the dominance x dominance epistatic effect due to the interaction between
the dominance effects at the first and second QTLs.

We relate the genotypic value vector and genetic-effect vector by

u = Da,
where the design matrix is

[t 11 11 11 11 1 1 1 1 1 1 17
111 1-1-1 1-1 1-1-1-1 1-1-1
1 11-11-1-1 1-1 1-1-1-1 1-1
1 1r11-1-1 1-1-1-1-1 1 1-1-1 1
1-1-1 1111 1-1-1 1-1-1-1-1
1-1-1 1-1-1 1-1-1 1-1 1-1 1 1
1-1-1-1 1-1-1 1 1-1-1 1 1-1 1
1-1-1-1-1 1-1-1 1 1 1-1 1 1-1
-1 1-1 11 1-1-1 1 1-1 1-1-1-1
-1 1-11-1-1-1 1 1-1 1-1-1 1 1
-1 1-1-1 1-1 1-1-1 1 1-1 1-1 1
-1 1 1-1-1 1 1 1-1-1-1 1 1 1-1
-1-17 111 1-1-1-1-1-1-1 1 1 1
1-1-1 1 1-1-1-1 1-1 1 1 1 1-1-1
1-1-11-1 1-1 1-1 1-1 1 1-1 1-1
$'t1-1-1 1-1-17 1 1 1 1 1-1-1-1-1 1

I = I Y e e e e e

By estimating the genotypic value vector, the genetic-effect vector can be readily
estimated as & = DTa. The likelihood for two interacting “outbred” QTLs can be
formulated as

n 2 4 2 4
L(y) = H Z Z Z Z wulvl/ugvg\ifulvl/ugvg (.%)»

i=1lu;=1v1=3 ug=1v9=3
where Wy, v, /usv,|i s the conditional probability of a QTL genotype given the marker
genotype of individual i and fu, v, juyv, (¥:) is a normal distribution density with mean
g vy Jugve and variance o?. The conditional probabilities can be derived in terms of
the recombination fractions between the markers and QTL.
The standard EM algorithm can be developed to estimate the genotypic values and
residual variance. By defining

W vg /u2U2|ifu1v1/u2v2 (yl)

uyvy fugvali = 2 1 2 1
=1 = D=1 Dougm W o g, ()

II
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in the E step, we derived the MLEs of the unknown parameters in the M step as

221:1 231:3 222:1 232:3 oy 0y fugva|i¥i

ﬂuwl/uzvz = 2 1 2 P )
Eu1:1 Zv1:3 EuQ:1 szzg, o vy fugvali

n 2 4 2 4
6% = %Z Z Z Z Z(yz - ﬂu1v1/u2v2)2nu1v1/u2v2\i‘

i=1 uy=1vy=3 ug=1v9=3

The E and M steps are iterated until the estimates are stable. After the parameters
are estimated, a number of hypothesis tests can be made.
(a) Show how you test for the existence of a QTL and determine the critical threshold
for declaring the existence of a QTL.
(b) Hypothesis tests for different genetic effects, including the additive, dominance, and
epistatic effects, can be formulated with the respective null hypotheses:

H02a1=0,
H0151=0»
H0:71:O7
HoZOéQIO,
H0:B2:0>
H0:72207
HO:IM:O,
Hy: I.g =0,
Ho : Igo =0,
Hoilgﬂ:(L
f]()IJoé»y:O7
Ho:Jg»y:O,
H()IK,YQ:O,
H()IKWQ:(L
Ho : Ly =0.

Under Ho : a1 = 0, the genotypic values should be constrained by

13713 + H13/14 + M13/23 + H13/24
+ H1a/13 + B1aj14 + Haag23 + 1424
= M23/13 + H23/14 + H23/23 + H23/24
+ H2a/13 + H2a/14 + Hoa/23 + H24a/24-

This constraint is implemented with the EM algorithm as described above, which
will lead to the MLEs of the genotypic values with «; restricted to 0. Provide the
constraints and algorithms for parameter estimation under each of the other null
hypotheses.
(¢) Use the algorithms you develop as a practical example for QTL mapping in out-
crossing populations.
14.3 Show how the relationship between the IBDs of the markers and QTL, as described
by equation (14.16), is derived.
14.4 To map QTLs in a complicated pedigree, we need the matrices IBD between each pair
of dogs. Using Fig. 14.4 as an example:
(a) Write down a (148 x 148) matrix for the proportion of alleles IBD at a QTL.
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(b) Write down a (148 x 148) matrix for the binary variables that indicate whether any
pair of dogs are IBD at the QTL.

(c) Write down a (148 x 148) matrix for the coefficients of IBD between each pair of
dogs for all genes.

14.5 Mapping epistatic QTLs in a complicated pedigree

If epistatic QTLs should be mapped for a pedigree as in Fig. 14.4, we need to incorpo-
rated epistatic variances, i.e., additive x additive (afm), additive x dominance (afa 2
dominance x additive (dea)7 and dominance x dominance (de ,) into the random-
effects model. In this case, the total variance for a single observation (y;;) is expressed

as
2 2 2 2 2 2 2 2 2 2
Var(yij) =04y + 04y + 04, + 04, +04,, + Tiga + Tiga + Tiga +og+toe.
The covariance between two sibs j and j’ from family i is

2 2 2 2
cov(Yij, Yij') = Tiay Oay + Tidy Ody + TiayOay + Tidy O,
2 2 2 2 2
FTiay Miay Oipg + Miay Tidy O,y + Midy Tidy Oy, + Tidy Midy Oiyy + PigTg,
where the second-order subscripts of 7w stand for the identification of a QTL.
(a) Formulate the likelihood for two interactive QTLs.

(b) Derive the algorithms for the estimates of the additive (o2, and oZ,) and dominance
variances (031 and 032) at two different QTLs and their epistatic variances.
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General Statistical Results and Algorithms

A.1 Likelihood Asymptotics

The following material is adapted from the book Statistical Inference, Second Edition,
by Casella and Berger (2001). The material is a bit advanced, and is included for those
who want to see a more complete picture of the asymptotics of likelihood.
After the data X = x are observed, the likelihood function, L(0]x), is a completely
defined function of the variable 6, and the LR statistic is
sup L(0|x)
O
Ax)= ———+—.
() sup L(0|x)
e
Even if the two suprema of L(f|x), over the sets ©g and O, cannot be analytically
obtained, they can usually be computed numerically. Thus, the test statistic A(x) can
be obtained for the observed data point even if no convenient formula defining \(x)
is available.
To define a level « test, the constant ¢ must be chosen so that

(A1) sup Py (A(X) <¢) < au
0O

Theorem A.1 (Asymptotic Distribution of the LRT-Simple Hy). For testing
Hy : 0 = 0y versus Hy : 0 # 0, suppose X1,...,X,, are iid f(x|0), 0 is the MLE of
0, and f(x|0) satisfies the usual reqularity conditions. Then, under Hy, as n — 00,

—2log A(X) — x? in distribution,
where x? is a x* random variable with one degree of freedom.

Theorem A.1 can be extended to the case where the null hypothesis concerns a
vector of parameters. The following generalization, which we also state without proof,
allows us to ensure equation (A.1) is true, at least for large samples.
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Theorem A.2. Let Xy,...,X,, be a random sample from a pdf or pmf f(x|6). Un-
der the usual reqularity conditions, if 0 € Oy, then the distribution of the statistic
—2log \(X) converges to a chi-squared distribution as the sample size n — oo. The
degrees of freedom of the limiting distribution is the difference between the number of
free parameters specified by 6 € Oy and the number of free parameters specified by
0eo.

Rejection of Hy: 6 € Oq for small values of \(X) is equivalent to rejection for
large values of —2log A\(X). Thus,

Hj is rejected if and only if — 2log A(X) > X?,,a,

where v is the degrees of freedom specified in Theorem A.2. The type I error prob-
ability will be approximately « if 8 € @y and the sample size is large. In this way,
equation (A.1) will be approximately satisfied for large sample sizes, and an asymp-
totic size o test has been defined. Note that the theorem will actually imply only
that

lim Py(reject Hp) = a for each 6 € Oy,

n—oo

not that the supycg, Po(reject Hp) converges to a. This is usually the case for as-
ymptotic size « tests.

Theorem A.3. Let Xy,...,X,, be a random sample from a pdf or pmf f(x|0), let 0
denote the MLE of 6, and let h(0) be a continuous function of 0. Under regularity
conditions,

Va[h(9) = h(8)] — n[0,v(8)],
where Var(h(0)) = v(0) can be approzimated by

[0 (0)]*|5—a
—% log L(9|X)|9=é

Var(h(0)) ~
where the denominator is fn(é), the observed information number.

Regularity Conditions. Theorems A.1, A.2, and A.3 refer to “usual regularity con-
ditions”. These are mathematically technical conditions, rather boring, and usually
satisfied in most reasonable problems. But they are a necessary evil.

These conditions mainly relate to differentiability of the density and the ability
to interchange differentiation and integration. For more details and generality, see
Casella and Berger (2001), Stuart, Ord and Arnold (1999, Chapter 18), Ferguson
(1996, Part 4), or Lehmann and Casella (1998, Section 6.3).

A.2 General Form of the EM Algorithm

Although we will give a detailed description of the workings of the EM algorithm, we
will suppress some of the more mathematical details. For those, we refer the reader
to Casella and Berger (2001, Chapter 7).
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We start the statistical formulation in the usual manner, having data y with
likelihood function L(f]y). Then the “missing data” z are introduced (sometimes
called the augmented data), and we refer to (y, z) as the complete data and L(fy, )
as the complete-data likelihood. (In the problems that we will encounter, it will usually
be clear how to choose L(f]y, z), as it will be clear what type of missing data will make
the computation easier.) Analogously, L(|y) is sometimes called the incomplete-data
likelihood or the observed-data likelihood. From these two likelihoods, the entire EM
algorithm follows.

The critical piece of the algorithm is the definition of the missing-data density k,
which is given by

L(fly, )

(A.2) k(z]0,y) = W7

which we then rearrange and take logs to get
(A.3) log L(fy) = log L(fly, z) — log k(z]6,y).

The EM algorithm is an iterated algorithm. At each step ¢t = 1,2, ..., we calculate an
estimate of 0, 0) with the property that as t — oo, 8 — @, the true MLE. To get
this sequence we work with the expected value of equation (A.3) in the following way.
At iteration ¢, we have §(), and we are ready to calculate 6(+1) | which we denote by
0 for now. To do so, we first take the expected value of both sides of equation (A.3)
(The E step) with respect to k(2|01 y) to get

Eje [log L(Oly)] = Esa [log L(0ly, z)] — Esa [log k(210 )]
(A.4) or
log L(0ly) = Eg [log L(fly, 2)] — Ej) [log k(2(0,y)]-

As the expectation is over the distribution of z, and log L(0|y) is free of z, we do not
need to take expectations.

Now here is the beauty of the EM algorithm. We choose (1) to be the value of 6
that maximizes Ej,[log L(0]y, 2)], the expected complete-data likelihood. By the EM
algorithm theory, this value of # automatically decreases the last term in equation
(A.4), Ej [logk(z|0,y)]. Thus, it follows that

log L(BW]y) < log L(0"*+V) |y)

and we do not have to calculate E;,[logk(z|0,y)]!
Thus, the EM sequence 1), . §®90E+D regults in an increasing likelihood
L(0y) and under a few mild conditions will converge to the MLE of 6.
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B.1 Chapter 2

(1) R program for Example 2.4

y<-c(79,82,85,87,100,101,102,103,124,125,126,127)
n<-length(y) ;nit<-20;
MAA<-array(max(y) ,dim=c(nit,1));
MAa<-array(mean(y) ,dim=c(nit,1));
Maa<-array(min(y) ,dim=c(nit,1));
S<-array(sd(y),dim=c(nit,1));S2<-array(sy,dim=c(nit,1));
S2[1]1<-5;
for(i in 2:nit){
templ<-.25%dnorm(y,mean=MAA[i-1],sd=S[i-1]);
temp2<-.5*%dnorm(y,mean=MAa[i-1],sd=S[i-1]);
temp3<-.25*dnorm(y,mean=Maa[i-1],sd=S[i-1]);
PAA<-templ/(templ+temp2+temp3) ;
PAa<-temp2/ (templ+temp2+temp3) ;
Paa<-1-PAA-PAa;
MAA[i]<-sum(y*PAA) /sum(PAA) ;
MAa[i]<-sum(y*PAa)/sum(PAa) ;
Maa[i]<-sum(y*Paa)/sum(Paa) ;
#S[i]l<-sqrt ((1/nit)*(sum((y-MAA[i])"2)

+sum( (y-MAa[i]) "2)+sum((y-Maa[il)"2)))
S2[i]<-(sum(PAA* (y-MAA[i]) "2)+sum(PAa*(y-MAa[i])~2)

+sum(Paax(y-Maal[i]) "2))/(n*sum(PAA+PAa+Paa))
S[il<-sqrt(S2[il)
}
par (mfrow=c(2,2))
par(mar=c(4,4,1,1))
plot (MAA,type="1",1wd=2,main="",

ylab="Mean AA" ,xlab="Iteration")
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plot (MAa,type="1",1lwd=2,main="",
ylab="Mean Aa",xlab="Iteration")
plot(Maa,type="1",1lwd=2,main="",
ylab="Mean aa",xlab="Iteration")
plot(S2,type="1",1lwd=2,main="",
ylab="Variance",xlab="Iteration")
MAA[nit];MAa[nit] ;Maalnit];S2[nit]

(2) R program for Example 2.12

y<-c(1339,154,151,1195);
m<-length (y) ;n<-sum(y) ;nsim<-10000;

lambda<-function(pl,p2,p3,x1,x2,x3)

(x1xlog(pl)+x2*log(p2)+x3*1log(p3)
+(n-x1-x2-x3) *log(1-p1-p2-p3));

plhat<-(y[1]+y[4])/(2*n) ;p2hat<-(y[2]+y[3])/(2*n);

Lnull<-lambda(plhat,p2hat,p2hat,y[1],y[2],y[3])

Lmax<-lambda(y[1]/n,y[2]/n,y[3]/n,y[1],y[2],y[3]1);

Tobs<- -2*(Lnull-Lmax) ;

Tsim<-array(0,dim=c(nsim,1));

for(i in 1:nsim)

{

x<-rmultinom(l,n,c(y[1]/n,y[2]/n,y[3]/n,y[4]/n))

Tsim[il<- -2*(lambda((x[1]1+x[4]1)/(2*n),
(x[2]+x[3]1)/(2*n) , (x[2]+x[3]1)/(2#*n),
x[1],x[2],x[3])-1lambda(x[1]/n,
x[2]/n,x[3]/n,x[1],x[2],x[3]))

}

hist(Tsim,main=expression(-2(log) (lambda)),
xlab="Simulated Observations",xlim=c(0,40),
freq=F,col="green",,breaks=50)

mean (Tsim>Tobs)

#The function rmultinom returns a random multinomial vector
#n=number of variables desired
#size=sum of cells
#prob=vector of cell probabilities
rmultinom <- function(n,size,prob){
K <- length(prob) # #{classes}
matrix(tabulate(sample(K, n*size,
repl = TRUE, prob)+K *0:(n-1),
nbins=n*K),
nrow=n, ncol=K, byrow=TRUE)}
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(1) R program for Example 8.6

#This gets MLEs for the Tomato data
y1<-c(79,82,100,102,124) ;y2<-c(85,87,101,103,125,126,127)
ni<-length(y1l) ;n2<-length(y2) ;n<-nl+n2

r<-.25;mi<-mean(y1l) ;m2<-mean(y2) ;s<-sqrt(var(c(yl,y2)))
miplot<-ml;m2plot<-m2;splot<-s;rplot<-r

nit<-100

for(i in 1:nit)

{

wil<-P1(y1l,m1,m2,s,r);w2<-P2(y2,ml,m2,s,r)

mi<-(sum(wl*y1l)+sum(w2*y2))/(sum(wl)+sum(w2))

m2<- (sum( (1-w1) *y1)+sum((1-w2) *y2) )/ (sum((1-w1))+sum((1-w2)))

s<-sqrt ((sum(wi*(y1-m1) "2+ (1-wl)*(y1-m2) ~2)
+sum (w2* (y2-m1) "2+ (1-w2) * (y2-m2) "2)) /n)

r<-(sum(1-wl)+sum(w2))/n

r<-min(r, .5)

mlplot<-c(mlplot,ml) ;m2plot<-c(m2plot,m2)

splot<-c(splot,s);rplot<-c(rplot,r)

par (mfrow=c(2,2))
par(mar=c(4,4,1,1))
plot(miplot,type="1",lwd=2,main="",
ylab="mean 1",xlab="Iteration")
plot(m2plot,type="1",1lwd=2,main="",
ylab="mean 2",xlab="Iteration")
plot(splot,type="1",1lwd=2,main="",
ylab="std",xlab="Iteration")
plot(rplot,type="1",1lwd=2,main="",
ylab="r",xlab="Iteration")

#-——— Define Functions for P1 and P2
Pi<-function(y,tl,t2,w,r)
{

templ1<-(1-r)*dnorm(y,mean=t1,sd=w)
temp2<-r*dnorm(y,mean=t2,sd=w)
return(templ/ (templ+temp2))

}

P2<-function(y,tl,t2,w,r)

{

templ<-r*dnorm(y,mean=t1,sd=w)
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temp2<-(1-r)*dnorm(y,mean=t2, sd=w)
return(templ/ (templ+temp2))
}

(2) R program for Example 8.6

#This gets permutation distribution for the Tomato data
y1<-c(79,82,100,102,124) ;y2<-c(85,87,101,103,125,126,127)
ni<-length(yl) ;n2<-length(y2) ;n<-nl+n2

y<-c(y1,y2)

r<-.25;mi<-mean(y1l) ;m2<-mean(y2) ; s<-sd(y)
Lplot<- logL(yl,y2,ml,m2,s,r)

H-———- Start Iteration------—-—-—7-————----—————————-
nperm<-5000 #number of permutation statistics
nit<-50 #number of iterations to find MLEs
for(j in 1:nperm)

{

yp<-sample(y);yl<-yp[1:n1];y2<-yp[(ni+1) :n]
for(i in 1:nit)
{
wi<-P1(y1,ml,m2,s,r);w2<-P2(y2,ml,m2,s,r)
mi<-(sum(wil*y1l)+sum(w2*y2))/ (sum(wl)+sum(w2))
m2<-(sum( (1-wl) *y1) +sum((1-w2) *y2) )/ (sum((1-wl) ) +sum((1-w2)))
s<-sqrt ((sum(wil*(y1-m1) "2+ (1-wl)*(y1-m2)"2)

+sum (w2* (y2-m1) "2+ (1-w2) * (y2-m2) "2) ) /n)
r<-(sum(1-wl)+sum(w2)) /n
r<-min(r, .5)

}

L<- logL(yl,y2,ml1,m2,s,r);Lplot<-c(Lplot,L)

}

#———————— Calculate Statistics———————-——-

m<-mean (y) ; s<-sd(y)
LHO<-loglL(yl,y2,m,m,s,.5)
Lplot<- -2%(LHO-Lplot)
sort(Lplot) [.95*nperm]
sort (Lplot) [.05*nperm]

hist(Lplot,main="Permutation Distribution",
freq=F,xlab="-2 log lambda")

#-——— Define Functions for P1 and P2
Pi<-function(y,tl,t2,w,r)
{

templ1<-(1-r)*dnorm(y,mean=t1,sd=w)
temp2<-r*dnorm(y,mean=t2, sd=w)
return(templ/ (templ+temp2))
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}

P2<-function(y,tl,t2,w,r)

{

temp1<—r*dnorm(y,mean=t1,sd=W)
temp2<-(1-r)*dnorm(y,mean=t2, sd=w)
return(templ/ (templ+temp2))

}

#-—mm Define Functions for log likelihood--——------
logl<-function(yl,y2,t1,t2,w,r)

{

Si<-sum(log((1-r)*dnorm(yl,tl,s)+r*dnorm(yl,t2,s)))
S2<-sum(log(r*dnorm(y2,t1,s)+(1-r)*dnorm(y2,t2,s)))
return(S1+S2)

+

(3) R program for Example 11.2

#This gets MLEs for the Poplar data
data<-read.table("PoplarMarker3.txt",sep = ",",header=F)
M<-datal[,1:4] ;nm<-dim(M) ;

Y<-datal,5] ;n<-length(Y)

mY<-mean (Y) ;sY<-sd(Y)

LLO<-sum(dnorm(Y,mY,sY,log=T))

#-————— Class1=11, Class2=10,Class3=01,Class4=00
Cl<-array(1l,c(am[1], (am[2]-1))) ;nc<-dim(C1l)
for(i in 1:nc[1])

{

for(j in 1:nc[21)

{

cl<=1x(M[i,jl==2)*M[i, (j+1)]1==2);
c2<-2x(M[i,jl==2)*(M[i, (j+1)]==1);
c3<=-3x(M[1i,jl==1)*M[i, (j+1)]1==2);
c4<-4x(M[1i,jl==1)*xM[1i, (j+1)]==1);
Cl[i,jl<-cl+c2+c3+c4

}

}

ML<-array(0,c(nc[2],4)) ;LL<-array(0,c(nc[2],1))

#-——————— Define the Y classes for each Interval----—------—-
for(j in 1:nc[21)

{

y1<-(C1[, jl==1)*Y;y1<-y1 [y1!=0]
y2<-(C1[, jl==2)*Y;y2<-y2[y2!=0]
y3<-(CL[, j1==3)*Y;y3<-y3[y3!=0]
v4<-(C1[, j1==4) *Y; y4<-y4 [y4!=0]
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#-———- Initialize Estimates—------—-

T<-c(mean(yl) ,mean(y4),sY, .25)

#-———- Start Iteration-——--—-—--—------"-"""—-———————————
nit<-1000

for(i in 1:nit){T<-c(MLE(y1,y2,y3,y4,T[1]1,T[2],T[3],T[4]1))}
ML[j,]1<-T
LL[j1<-2*x(logL(yl,y2,y3,y4,T[1],T[2],T[3],T[4])-LLO)

}

print (cbind (ML,LL))

# __________________________________________________________
#-——————— Define Functions for P1 and P2
Pi<-function(y,tl,t2,w,v)

{

templ1<-(1-v)*dnorm(y,mean=t1,sd=w)
temp2<-v*dnorm(y,mean=t2,sd=w)
return(templ/ (templ+temp2))

}

P2<-function(y,tl,t2,w,v)

{

temp1<—v*dnorm(y,mean=t1,Sd=W)
temp2<-(1-v) *dnorm(y,mean=t2, sd=w)
return(templ/ (templ+temp2))

}

#-—mm Define log likelihood---——-——-—-----
logl<-function(yl,y2,y3,y4,t1,t2,w,v)

{

Si<-sum(dnorm(yl,tl,w,log=T))
S2<-sum((1-v)*dnorm(y2,t1,w,log=T)+v*dnorm(y2,t2,w,log=T))
S3<-sum(v*dnorm(y3,tl,w,log=T)+(1-v)*dnorm(y3,t2,w,log=T))
S4<-sum(dnorm(y4,t2,w,log=T))

return(S1+S2+S3+54)

MLE<-function(yl,y2,y3,y4,t1,t2,w,v)

{

ni<-length(yl) ;n2<-ni+length(y2)

n3<-n2+length(y3) ;n<-n3+length(y4)
wil<-P1(y2,t1,t2,w,v);w2<-P2(y3,t1,t2,w,Vv)

t1<-(sum(y1) +sum(wil*y2)+sum(w2*y3))/(nl+sum(wl) +sum(w2))
t2<-(sum((1-w1) *y2) +sum((1-w2) *y3) +sum(y4) )/ (sum((1-w1))
+sum((1-w2))+n-n3)

si<-sum((y1-t1)~2)
s2<-sum(wil*(y2-t1) "2+ (1-wl) *(y2-t2) "2)

s3<-sum (w2* (y3-t1) "2+ (1-w2) * (y3-t2) "2)
s4<-sum((y4-t2)"2)
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w<-sqrt ((s1+s2+s3+s4)/n)
v<-(sum(1-wl)+sum(w2))/(n3-n1)
return(c(t1,t2,w,v))

}

(4) R program for Example 11.2

#This gets permutation distribution of MLEs
#for the Poplar data
data<-read.table("PoplarMarkerl.txt",
sep=",",header=F)

M<-datal[,1:4] ;nm<-dim(M) ;

Y<-datal[,5] ;n<-length(Y)

mY<-mean(Y) ;sY<-sd(Y)
LLO<-sum(dnorm(Y,mY,sY,log=T))

#-———— Class1=11, Class2=10,Class3=01,Class4=00
Cl<-array(i,c(am[1], (am[2]-1))) ;nc<-dim(C1)
for(i in 1:ncl1])

{

for(j in 1:nc[2])

{

cl<-1x(M[1i,jl==2)*(M[i, (j+1)]1==2);
c2<-2x(M[1i,jl==2)*x(M[1, (j+1)]1==1)
c3<-3x(M[1i,jl==1)*x(M[1, (j+1)]1==2);
c4<—-4x(M[i,jl==1)*xM[i, (j+1)]1==1)
C1l[i,jl<-cl+c2+c3+cd

}

}

#-—m— = Start Permutation Loop----————--------———————-
#——— Initialize Estimates------—-—————-—""""""""""""--—

nperm<-250;nit<-100;LRT<-1;

for(k in 1:nperm)

{
yp<-sample(Y);LL<-array(0,c(nc[2],1))

for(j in 1:nc[2])

{

y1<=(C1[, jl==1)*yp;yi<-y1i[y1!=0]

y2<-(C1[, jl==2)xyp;y2<-y2[y2!=0]

y3<-(C1[, j1==3) *yp; y3<-y3[y3!=0]

y4<-(C1[, j1==4) *yp;y4<-y4 [y4'=0]

T<-c(mean(yl) ,mean(y4),sY,.25)

for(i in 1:nit){T<-c(MLE(y1,y2,y3,y4,T[1]1,T[2],T[3],T[4]1))}
LL[j1<-2*(logL(yl,y2,y3,y4,T[1],T[2],T[3],T[4])-LLO)

}
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LRT<-c(LRT, max(LL))
X
hist (LRT, freq=F)

#-——————— Define Functions for P1 and P2
Pi<-function(y,tl,t2,w,v)

{
temp1<-(1-v)*dnorm(y,mean=t1,sd=w)
temp2<-v*dnorm(y,mean=t2,sd=w)
return(templ/ (templ+temp2))

}

P2<-function(y,tl,t2,w,v)

{

templ<-v*dnorm(y,mean=t1,sd=w)
temp2<-(1-v)*dnorm(y,mean=t2, sd=w)
return(templ/ (templ+temp2))

}

#-————— Define log likelihood--—-——-----—---—-
logl<-function(yl,y2,y3,y4,t1,t2,w,v)

{

Si<-sum(dnorm(yl,tl,w,log=T))
S2<-sum((1-v)*dnorm(y2,t1,w,log=T)+v*dnorm(y2,t2,w,log=T))
S3<-sum(v*dnorm(y3,tl,w,log=T)+(1-v)*dnorm(y3,t2,w,log=T))
S4<-sum(dnorm(y4,t2,w,log=T))

return(S1+S2+S3+54)

MLE<-function(yl,y2,y3,y4,t1,t2,w,v)

{

ni<-length(yl) ;n2<-ni+length(y2)

n3<-n2+length(y3) ;n<-n3+length(y4)
wil<-P1(y2,t1,t2,w,v);w2<-P2(y3,t1,t2,w,Vv)

t1<-(sum(y1) +sum(wl*y2)+sum(w2*y3))/(nl+sum(wl) +sum(w2))
t2<- (sum((1-w1) *y2) +sum((1-w2) *y3) +sum(y4) )/ (sum((1-w1))
+sum((1-w2))+n-n3)

si<-sum((y1-t1)~2)
s2<-sum(wix(y2-t1) "2+ (1-wl) *(y2-t2) ~2)
s3<-sum(w2* (y3-t1) "2+ (1-w2) * (y3-t2) ~2)
s4<-sum((y4-t2)"2)

w<-sqrt ((s1+s2+s3+s4)/n)

v<-(sum(1-w1)+sum(w2))/(n3-n1)

return(c(t1,t2,w,v))}
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