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Abstract
Engelsma, K.A. (2012). Use of SNP markers to conserve genome-wide genetic
diversity in livestock. PhD thesis, Wageningen University, the Netherlands

Conservation of genetic diversity in livestock breeds is important since it is, both
within and between breeds, under threat. The availability of large numbers of SNP
markers has resulted in new opportunities to estimate genetic diversity in more
detail, and to improve prioritization of animals for conservation of genetic diversity.
The aim of this thesis was to further explore the potential of SNP markers for
estimation and conservation of genetic diversity within livestock breeds. This was
evaluated analyzing Holstein cattle populations, genotyped with a commonly used
50k SNP chip. Genetic diversity was estimated with SNP markers and compared to
genetic diversity estimated with pedigree information. Both methods could detect
differences in overall genetic diversity, even between two closely related
populations. With SNP markers, differences in genetic diversity at the chromosomal
level could be identified as well. Subsequently, SNP markers and pedigree
information were used to prioritize animals for conservation in a gene bank using
optimal contributions. SNP based prioritization was slightly more effective than
pedigree based information, both over the whole genome and at specific regions of
the genome. We extended the optimal contribution method to simultaneously
conserve a single allele at a specific frequency and maximize the overall genetic
diversity conserved in a gene bank. The loss of overall genetic diversity was larger
when the target frequency for animals conserved in the gene bank differed more
from the original frequency in the population. It can be concluded that dense SNP
data form a powerful tool for estimation and conservation of genetic diversity in
livestock breeds. Although pedigree information gives a good representation of the
overall genetic diversity, SNP markers can provide more detailed information about
the genetic diversity over the genome. Especially for small populations, SNP markers
can play an important role in conservation of unique alleles, while simultaneously
minimizing the loss of genetic diversity at the rest of the genome.
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1 General introduction

1.1 Genetic diversity in livestock

Genetic diversity in many livestock breeds across the world is threatened. Decades
of selection aimed mainly at production increase has led to the irreversible loss of
genetic diversity (FAO, 2009). This loss can be disappearance of breeds. In countries
all over the world local breeds have been replaced by high production breeds, such as
the Holstein Friesian cattle breed. In Box 1.1, the breed risk status of the major
livestock species in the world is given.

Box 1.1 Breed risk status in the world.
Of the in total 7616 livestock breeds in the world that have been reported in the FAQ’s
Global Databank, about twenty percent of the breeds are classified at risk, and almost
one breed per month was lost during the last six years (FAO, 2007a). Especially local
breeds are threatened with extinction. In figure 1, breed risk status for the major
livestock species in the world is shown.
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Figure 1. Breed risk status of the major livestock species in the world (FAO, 2007b).
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1 General introduction

Loss of genetic diversity can also take place within breeds in the form of loss of genes
and genotypes. Strong selection in high production breeds has resulted in decreases
in effective population sizes (Goddard, 1992). In many breeding programs a limited
number of parents is used, resulting in loss of diversity associated with increased
inbreeding. Furthermore, the less popular breeds have become smaller in population
size, often resulting in loss of genetic diversity associated with increased inbreeding
(Gandini and Oldenbroek, 1999).

Genetic diversity is essential for the sustainability of livestock (and other) species for
a variety of reasons. First of all, genetic diversity within breeds is needed for long-
term genetic improvement of livestock breeds, for selection of new traits or traits in a
changing environment, and to prevent low performance due to inbreeding. Secondly,
genetic diversity between breeds is important, because rare and local breeds may
fulfil specific requirements that might be necessary in the future. For example, rare or
local breeds may be used to support maintenance of genetic diversity in the high
production breeds. Thirdly, there are historic and esthetical reasons, as many local
breeds are part of our cultural heritage. And finally, many local breeds have a socio-
economic value, as they can be necessary for the livelihood in harsh areas (Gandini
and Villa, 2003). Therefore, it is important to prevent further loss of breeds and of
diversity within breeds. The importance of conservation of genetic diversity has been
recognized by many countries by signing the Convention of Biodiversity in 1992 and
adopting the Global Plan of Action for Animal Genetic Resources in 2007. These
initiatives highlight the responsibility and obligation of each country to conserve their
native livestock breeds, and to take action to prevent further loss of genetic
diversity.

1.2 Different strategies to conserve livestock genetic
diversity

Conservation of genetic diversity in livestock breeds can be achieved in different
ways. In situ conservation, defined as the conservation of live farm animals in their
normal habitat, is the preferred method, because it is the most viable option in the
long term. When a breed is kept in its natural environment, it can fulfill its cultural
and socio-economic role, and it can adapt to changing circumstances and keep
evolving. However, full attention for genetic management is needed, to prevent a
breed becoming vulnerable to effects of random drift and inbreeding. If in situ
conservation is not possible, or when the breed is threatened by genetic drift and
extinction due to a small population number, ex situ in vivo conservation is an
alternative. Ex situ in vivo conservation can be defined as the conservation of live
animals outside their normal habitat, for example in a zoo. Because animals are
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1 General introduction

kept outside their production or natural environment, maintenance of the genetic
diversity of the breed is not guaranteed. A third method is ex situ in vitro
conservation, defined as the storage of genetic material (e.g. semen, embryo’s) in
liquid nitrogen. In several countries, gene banks have been set up with the aim to
conserve genetic diversity between and within livestock breeds as an insurance for
the future. Gene bank material can be used in different situations: to support
populations to prevent or overcome genetic problems (drift, inbreeding, genetic
defects), to reconstruct a breed in case of extinction or loss of a substantial number
of animals, to create new lines/breeds, to quickly modify or reorient selection of a
breed, or for research purposes (Hiemstra, 2003). The objectives of the Dutch gene
bank and the different breeds/lines that are conserved are represented in Box 1.2.
In practice, often a combination of in situ and ex situ conservation is applied, which
can result in a successful conservation strategy (Oldenbroek, 2007).

Conservation of genetic diversity in a population with in situ or ex situ conservation
involves two important actions. First, the amount of genetic diversity that is
available in the population has to be identified. Second, animals have to be
selected for conservation, both for in situ and ex situ conservation, with the main
objective to conserve as much genetic diversity as possible. Such selection is
necessary, because in many situations only a limited number of animals can be
conserved. Estimation of genetic diversity and prioritization of animals for
conservation can be done with pedigree or molecular marker information. In the
next section of this introduction, first the definition of genetic diversity will be
described. Then, estimation of genetic diversity with pedigree information and
molecular markers will be introduced, and subsequently the conservation of
genetic diversity with pedigree information and molecular markers will be
discussed. Finally, we formulate the research questions and the aim of this thesis.

1.3 Definition of genetic diversity

Genetic diversity can be defined as the additive genetic variance within and
between breeds or populations (Meuwissen, 2009). For genetic diversity studies it
is reasonable to use the additive genetic variance, because it determines the
possible response to selection. Genetic diversity in this thesis refers to the neutral
additive genetic variance, which is not linked to specific traits. Genetic diversity can
be estimated as the overall genetic diversity as an average measure over the whole
genome, but also for one chromosome, for a chromosome region, or for smaller
parts of the genome.

13



1 General introduction

Box 1.2 The Dutch gene bank.
In the Dutch gene bank, a substantial semen collection has been established for most
Dutch rare and several commercial domestic animal breeds (Table 1.1).

Table 1.1 Number of breeds/lines, number of donor animals and number of straws per
species in the Dutch gene bank (2010).

Species Nr of breeds/lines Nr of animals Nr of semen straws
Cattle 9 4,585 181,753
Dogs 2 10 162
Goats 2 30 3820
Horses 5 59 10,906
Pigs 16 519 69,981
Poultry 20 270 18,827
Sheep 7 228 23,810

The general objective of the Dutch gene bank is to conserve all rare domestic animal

breeds and to stimulate animal breeders to back-up their commercial Dutch breeds or

lines in the gene bank. Storage of the breeds is done using semen, but in the future it

might be possible to also store other genetic material like somatic cells and embryo’s.

The Dutch gene bank is maintained by the Centre for Genetic Resources, The

Netherlands (CGN). Activities of CGN are:

e Policy advise on conservation, management and sustainable use of animal genetic
resources

e  Development and management of gene bank collections of farm animals

e  Research on improvement and development of methods for cryopreservation of
genetic material

e  Research to support conservation decisions and sustainable genetic management
of breeding populations

e  Monitoring of diversity in farm animals and documentation of gene bank
collections and live populations

e  Enhancement of international collaboration in the above areas

(Source: Brochure Maintaining the Dutch cultural heritage, www.cgn.wur.nl)

Genetic diversity within a population or breed can be estimated from the
relationship between individuals, called the coancestry or the coefficient of kinship
(Falconer and Mackay, 1996). The coefficient of kinship is based on the relation
between kinship and diversity, where kinship is defined as the probability that two
alleles drawn at random from a neutral locus are identical by descent (copies of the
same ancestral allele). A high mean kinship implies low genetic diversity in the
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1 General introduction

population, which is illustrated by the relationship between kinship and additive

genetic variance under Hardy-Weinberg equilibrium, o-i =(1—f)af\yo, where 0'3\,0

is the original additive genetic variance, and f the mean kinship in the current

population.

1.4 Pedigree based genetic diversity estimation

Estimation of pedigree kinships with pedigree information relies on a base
population: the population of animals whose parents are either unknown or ignored,
and in which we define identical copies of an allele to be alike in state, but not
identical by descent. In that way, pedigree kinships between animals will become
higher when more generations in the pedigree become available. An average mean
pedigree kinship of for example 0.25 in a population means a 25% decrease of the
additive genetic variance since the base population. Pedigree kinships have been
used in several studies to estimate genetic diversity within breeds (e.g. Hagger, 2005;
Melka and Schenkel, 2010; Selvaggi et al., 2010). Pedigree kinship is seen as an
accurate estimate for the overall loss of genetic diversity relative to the base
population, provided that a reliable pedigree is available. Accuracy decreases with
low pedigree depth, pedigree errors, and missing pedigree data. The estimated mean
pedigree kinship in a population with a complete and deep pedigree can be very high,
but when only a few generations of the pedigree are available (which means that the
base population is very close to the current population), the estimated mean
pedigree kinship will be much lower. Hence, this merely reflects the amount of
pedigree information, rather than true differences in diversity. Furthermore, missing
pedigree data and pedigree errors can result in a low estimated pedigree kinship in a
population that is highly inbred, resulting in a negative effect on conservation of
genetic diversity (Mucha and Windig, 2009; Oliehoek and Bijma, 2009).

1.5 Genetic diversity estimation using molecular markers
Molecular markers can be a good alternative source of information to estimate
genetic diversity, in case of missing pedigree data or pedigree errors. But also when
pedigree information is available, markers may allow to estimate genetic diversity
more precisely, as will be explained below. An overview of the most common
molecular markers that have been used for genetic diversity estimation is given in
Table 1.2.
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1 General introduction

Table 1.2 Examples of use of molecular markers in genetic diversity studies.

Marker Typical example # markers # alleles per marker
Blood groups (Buys, 1990) 1 11

Allozymes (Taggart et al., 1981) 13 2-5

AFLP (Ajmone-Marsan et al., 2001) 219 2

RAPD (Kantanen et al., 1995) 3-7 2

Microsatellite (Canon et al., 2001) 16 11 (on average)
SNP This thesis (2012) 47,213 2

Sequence Not yet >1,000,000 1-2

Blood groups were the first molecular markers, based on the presence or absence of
inherited red cell antigens. Blood groups have been used especially in studies on
cattle (Larsen and Hansen, 1986; Georges et al., 1990), but their low number
prohibits genetic diversity estimation on a fine scale. Other markers used in past
genetic diversity studies are allozymes, based on protein variants in enzymes.
Because of their low number of loci and polymorphism level other markers have
taken over (Schlotterer, 2004; Toro et al.,, 2009). With the arrival of new DNA
techniques, nuclear DNA markers like AFLPs (amplified fragment length
polymorphisms), RAPDs (randomly amplified polymorphic DNAs) and microsatellites
were used in genetic diversity studies since 1990. AFLPs and RAPDs have been
successfully used to analyze population genetic structures (Lynch and Milligan, 1994;
Schlotterer, 2004). However, because of their dominant mode of inheritance and
their difficulty to reproduce they have a reduced power to analyze within breed
diversity (Schlotterer, 2004; Toro et al., 2009). Microsatellites have been the most
widely used markers for genetic diversity estimation in recent years (Maudet et al.,
2002; Fabuel et al., 2004; Freeman et al., 2006; Dalvit et al., 2008; Tapio et al., 2010).
Microsatellites are tandemly repeated sequences, and because they are highly
polymorphic and evenly distributed over the genome they have been very popular
(Schlotterer, 2004).

The availability of genome-wide SNP (single nucleotide polymorphisms) markers
provides new possibilities for genetic diversity estimation. A SNP marker is a single
base change in a DNA sequence, with two possible nucleotides at a given position
(Vignal et al., 2002). In contrast to other markers, SNP markers have a dense
distribution over the genome, which enables the evaluation of genetic diversity
across the whole genome in detail. SNP markers are now the markers of choice in
QTL analysis and genomic selection, and already several studies used SNP data for
genetic diversity estimation in livestock breeds (Zenger et al., 2007; Muir et al., 2008;
Kijas et al., 2009; The Bovine HapMap Consortium, 2009; Flury et al., 2010; Lin et al.,
2010; Silié et al., 2010).
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1 General introduction

Methods to estimate genetic diversity with markers are observed and expected
heterozygosity (Lin et al., 2010), allelic diversity (Zenger et al., 2007), marker kinship
(Eding and Meuwissen, 2001), epistatic kinship (Flury et al., 2006) and marker
similarity (Lynch and Ritland, 1999). In this thesis our aim was to estimate the neutral
additive genetic variance within breeds with SNP markers, for which expected
heterozygosity and marker kinship were the estimates of choice. Expected
heterozygosity is based on allele frequencies of SNP markers in the population,
marker kinship is based on similarities between SNP markers in the population. The
two estimates are directly linked to each other. In contrast to pedigree kinship,
expected heterozygosity and marker kinship (both based on SNP markers) do not
rely on a base population. It is merely observed whether or not markers are
identical in two individuals, but a distinction between identity in state and identity
by descent is not made. This means that SNP markers give a direct reflection of the
genetic diversity currently present in the population, without expressing the
diversity relative to a base population. However, it is possible to correct the marker
kinship for the probability that markers are alike in state, as done by Eding and
Meuwissen (2001). This is particularly useful with data involving multiple
populations, where the lowest between-population kinship provides a natural
choice for the identity in state in the base population. After this correction, marker
kinships are IBD probabilities relative to the base population.

1.6 Advantages of genetic diversity estimation with SNP
markers

In several situations, use of SNP markers instead of pedigree information for genetic
diversity estimation can be helpful. First of all, for situations with poor or absent
pedigree information. The advantage is small or absent when low density markers
are used (Baumung and Solkner, 2003; Fernandez et al., 2005; Oliehoek et al., 2006),
but not when large numbers of markers like SNPs (>10,000) are used. Genetic
diversity can be estimated by combining pedigree and SNP data (Bémcke, 2011), or
by using SNP markers only.

A second advantage is that SNP markers can be used for a more precise estimation of
genetic diversity than pedigree information — even when pedigree information is
available and accurate — in case the density of the SNP data is high enough. The SNP
data allows to estimate the absolute genetic diversity, without relying on an arbitrary
base population. Additionally, with SNP markers we can observe the Mendelian
sampling, which makes it possible to observe which allele is inherited from which
parent. This result in a direct reflection of the true IBD. With pedigree information
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1 General introduction

this is not possible, as pedigree based diversity only reflects the average genetic
diversity. For example, full-sibs actually share between 45% and 55% of their genes
rather than exactly the expected 50% (Vanraden, 2007).

A third advantage of SNP markers is that we can observe genetic diversity at specific
regions over the genome. As pedigree based diversity reflects an average estimate of
the genetic diversity, genome regions with higher or lower diversity cannot be
identified. Identification of region-specific genetic diversity allows to identify regions
with the lowest diversity, where the risk to loose genetic diversity is the greatest.
When we have identified regions with low genetic diversity, we can subsequently
take action to conserve the genetic diversity at these regions. How to conserve the
genetic diversity at specific regions with SNP markers has yet to be investigated.

1.7 Prioritization of individuals for conservation

Prioritization has to be done in such a way that as much genetic diversity as possible
is conserved, whether animals are prioritized for in situ or for ex situ conservation.
Prioritization of animals is usually based on pedigree information, mainly because of
the low costs and relatively simple use when pedigree information is available. The
method of choice to prioritize animals with pedigree information is optimal
contribution selection. Optimal contribution selection was developed to maximize
genetic gain while constraining the inbreeding rate to a fixed value, but can also be
used to minimize the average relatedness in the next generation. By minimizing the
average relatedness among animals prioritized for conservation, the conserved
genetic diversity is maximized. This method has been used in several conservation
studies (Meuwissen, 1997; Grundy et al., 1998; Sonesson and Meuwissen, 2000).
Pedigree information is however not always suitable for prioritization of animals. In
many situations pedigree information is unreliable or not available, and in some
situations it is not possible to obtain pedigree information, like for example in wild
animal populations. In that situation SNP markers are more suitable. Genotyping
costs have decreased since the introduction of SNP chips, and in the future these
costs will further decrease. Therefore we expect that use of SNP markers for
conservation purposes will become more popular in the future. Another advantage of
SNP markers for prioritization of animals is the possibility to conserve genetic
diversity at specific regions or loci over the genome.

Optimal contribution selection can also be performed using SNP markers, by
estimating the relatedness between animals using SNP markers. Until now, optimal
contributions based on SNP markers has been mainly used to increase genetic gain
while controlling inbreeding (Sonesson et al., 2010; Nielsen et al., 2011), but it may
be used to prioritize animals for conservation as well.

18



1 General introduction

1.8 Aim and outline of the thesis

The availability of SNP markers has resulted in new opportunities to estimate
genetic diversity within livestock breeds in more detail, and to improve
prioritization of animals for conservation of genetic diversity. It is hypothesized that
SNP markers can give a better estimation of the genetic diversity within breeds than
pedigree information, for both the overall genetic diversity and the genetic diversity
at specific genome regions. We also hypothesize that SNP markers can help improve
the prioritization of animals in order to conserve genetic diversity within breeds, and
especially to conserve genetic diversity at specific genome regions. However, little is
known about how the genetic diversity varies over the genome, and what the
differences are between pedigree and SNP based diversity estimates. Additionally,
we do not know how much more genetic diversity can be conserved when we use
SNP markers instead of pedigree information, and what the effects are of
conservation that targets a specific region or locus only. The overall objective of this
thesis is to further explore the potential of SNP based genetic diversity estimators
for conservation of livestock breeds.

The first aim in this thesis was to compare different methods to estimate genetic
diversity with SNP markers. In order to do so, two different genetic diversity
estimates based on SNP markers, expected heterozygosity and IBD probabilities,
were evaluated in a simulation study (Chapter 2). In this study, genetic diversity at a
given position on the genome was estimated by using the neighboring SNP markers.
The next step was to apply one of these SNP based diversity estimates in a small
Holstein cattle population (Chapter 3). Genetic diversity was estimated with pedigree
kinship and expected heterozygosity based on SNP markers. The aim was to compare
both estimates by evaluating the differences in genetic diversity for the whole
genome, at the chromosomal level and at specific chromosome regions. In Chapter 4,
the differences in prioritization of animals for conservation in a gene bank with
pedigree or SNP information were investigated. This was achieved by prioritizing
animals for conservation using optimal contribution selection based either on
pedigree or SNP information, using two different Holstein cattle populations. The aim
was to investigate the consequences of prioritization with pedigree or SNP
information for the genetic diversity, by comparing the conserved genetic diversity
over the whole genome and at the chromosomal level. Finally, in Chapter 5 animals
from a Holstein cattle population were prioritized for conservation in a gene bank
using optimal contribution selection based on SNP information, with the focus on
conserving a single locus. The aim in this study was to quantify the risk of losing
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1 General introduction

genetic diversity when conserving a single locus, and to investigate the effect of allele
frequency of the single locus and population stratification on the loss of diversity.
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Abstract

With the advent of high throughput DNA typing, dense marker maps have become
available to investigate genetic diversity on specific regions of the genome. The aim
of this paper was to compare two marker based estimates of the genetic diversity in
specific genomic regions lying in between markers: IBD-based genetic diversity and
heterozygosity. A computer simulated population was set up with individuals
containing a single 1-Morgan chromosome and 1665 SNP markers and from this
one, an additional population was produced with a lower marker density i.e. 166
SNP markers. For each marker interval based on adjacent markers, the genetic
diversity was estimated either by IBD probabilities or heterozygosity. Estimates were
compared to each other and to the true genetic diversity. The latter was calculated
for a marker in the middle of each marker interval that was not used to estimate
genetic diversity. The simulated population had an average minor allele frequency
of 0.28 and an LD (rz) of 0.26, comparable to those of real livestock populations.
Genetic diversities estimated by IBD probabilities and by heterozygosity were
positively correlated, and correlations with the true genetic diversity were quite
similar for the simulated population with a high marker density, both for specific
regions (r=0.19-0.20) and large regions (r=0.61-0.64) over the genome. For the
population with a lower marker density, the correlation with the true genetic
diversity turned out to be higher for the IBD-based genetic diversity. Genetic
diversities of ungenotyped regions of the genome (i.e. between markers) estimated
by IBD-based methods and heterozygosity give similar results for the simulated
population with a high marker density. However, for a population with a lower
marker density, the IBD-based method gives a better prediction, since variation and
recombination between markers are missed with heterozygosity.

Key words: genetic diversity, SNP, IBD, heterozygosity, simulation, genome



2 Genetic diversity across the genome

2.1 Introduction

Conservation of genetic diversity in livestock is of vital importance to cope with
changing environments and human demands (Oldenbroek, 2007). Intensive
livestock production systems have limited the number of breeds and lines used,
and many native breeds have become rare or extinct, causing a loss of genetic
diversity. To conserve biodiversity and ensure its sustainable use, efforts are being
made world-wide (FAO, 2007a), for example in the form of genetic diversity
conservation via gene banks or by maintaining genetic diversity in breeding
populations. Determining and evaluating genetic diversity present within livestock
breeds are crucial to make the right conservation decisions and to efficiently use
resources available for conservation.

To evaluate genetic diversity in livestock populations, several methods have been
developed (Woolliams and Toro, 2007). These methods are based on pedigree
information, or on molecular data when pedigree information is not available.
During the last decade, availability and use of molecular information have
increased, and numerous types of markers have become available to evaluate
genetic diversity. Microsatellites have been widely used for conservation purposes,
but are gradually being replaced by SNP markers which are available in large
numbers across the entire genome. These dense marker maps enable us to
evaluate genetic diversity more precisely and to obtain information on the genetic
diversity separately for each specific segment of the genome.

Basically, there are two approaches to evaluate genetic diversity. In molecular and
population genetics, heterozygosity of markers is the most widely used genetic
diversity parameter (Toro and Caballero, 2005). In quantitative genetics and animal
breeding, additive genetic variance of traits estimated with the help of pedigrees is
generally used to evaluate genetic diversity (Falconer and Mackay, 1996). To
determine additive variance with markers, the probability that two alleles are
identical by descent (IBD), i.e. originate from the same ancestral genome, is
estimated (Meuwissen and Goddard, 2001). The probability of IBD is closely related
to the relationship coefficient (r) calculated from pedigrees for the estimation of
additive variance. Although theoretically both approaches should give similar results,
in practice they are weakly correlated (Reed and Frankham, 2001; Toro et al., 2009).
As dense marker maps have become available, it is possible to estimate additive
genetic effects of markers and this is routinely used in, for example, QTL-detection
(Fernando and Grossman, 1989) and genomic selection (Meuwissen et al., 2001;
Calus et al., 2008) .
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2 Genetic diversity across the genome

A crucial difference between heterozygosity on the one hand and IBD probabilities
and r on the other hand is that the latter depend on a base population. Markers can
be alike in state (AIS) but not IBD if they originate from different ancestors in the base
population. With heterozygosity this distinction is not made. For example, in the case
of QTL detection, IBD probabilities are used because they better predict whether two
chromosome intervals carry the same QTL. The reason is that if an individual carries
markers at two loci around an interval that are both AIS, but not IBD (i.e. originate
from different ancestors), it is less likely that the interval between the markers is
completely AIS and carries the same QTL. However, if both markers are IBD the
interval will also be IBD (and AlS), unless a double recombination has occurred in the
interval.

Both heterozygosity and IBD probabilities can be used to estimate genetic diversity in
specific regions of the genome, in which it may deviate from the average diversity
calculated over the whole genome. Heterozygosity and IBD probabilities as genetic
diversity measures may also deviate from each other. It is unclear how substantial
the difference is between the two approaches and whether it varies over the
genome. These local differences may be averaged out if the average diversity is
calculated over the whole genome. However, both approaches can be used to
estimate the genetic diversity for sequences lying in between genetic markers.
Because IBD probabilities are used specifically to predict the presence of QTL
between markers one may expect that IBD probabilities better predict genetic
variation between markers. Whether this is a substantial difference is not clear.

The aim of this paper was to compare two different estimates of the genetic diversity
of a region lying in between markers over the genome i.e. IBD probabilities between
marker haplotypes and heterozygosity. Towards this aim, we generated genetic
diversity over a genome by computer simulation of two populations each with a
different marker density. IBD-based genetic diversity and heterozygosity were
compared for the average diversity of regions in the genome containing several
marker intervals, and for the genetic diversity at each marker interval. To evaluate
how well these estimates predict the genetic diversity over the genome, both were
compared to the true genetic diversity.

2.2 Material and methods

A population was computer simulated with neutral SNP markers across the genome.
Next, for each locus in the genome, the genetic diversity was estimated in three
ways: (1) based on IBD probabilities with flanking markers; (2) based on expected
heterozygosity with flanking markers; (3) the true expected heterozygosity of the
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2 Genetic diversity across the genome

marker itself. For (1) and (2), the marker at the locus itself was assumed to be
unknown. In this way the predicted diversities (1) and (2) could be compared with
true genetic diversity (3).

Simulated population

Simulations were aimed at generating a population with a neutral genetic diversity
varying over the genome. We avoided selection as this may cause specific patterns
in genetic diversity (e.g. selective sweeps). Variation in diversity in the simulated
population was generated by random mating, recombination, mutation and
sampling of maternal and paternal chromosomes. The simulated population
started with 1000 animals with an equal sex ratio, and this structure was kept
constant for 1000 generations. Animals were mated by drawing parents randomly
from the previous generation, and mating resulted in 1000 offspring (500 males
and 500 females) in each generation. A genome containing a single 1-M
chromosome was simulated, starting with 2000 SNP marker loci with positions on
the genome determined at random. This density is roughly equivalent to the
current SNP chips available for livestock species (e.g. 50K SNP chip for the 30-M
genome in cattle). In the first generation (base population), marker loci were coded
as 1 or 2 and allocated at random, so that allele frequencies (p) averaged 0.5. This
was comparable to the simulation used in the study of Habier et al. (2007). During
the simulation of the 1000 generations, marker alleles were dispersed through the
population by random mating, recombinations and mutations. Recombinations
between adjacent loci occurred with a probability calculated with Haldane’s
mapping function, based on the distance between the loci. Mutations occurred for
each locus only once during the 1000 generations, where mutations changed the
allele state from 1 to 2 or from 2 to 1, with equal probability. Three additional
generations were simulated after the first 1000 generations, which were assumed
to be genotyped, to analyze genetic diversity over the genome, e.g. similarly as in
livestock breeds where only recent generations are genotyped. All SNP markers
with a minor allele frequency in generations 1002 and 1003 of <0.02 were
discarded from the analysis. Thus, the generated population consisted of 3000
animals (generation 1001, 1002 and 1003) with a known genotype, and 1665 SNP
markers were still segregating in these generations.

To determine whether marker density would influence the genetic diversity
estimation with the different estimates, a second population was obtained with a
lower marker density. This population was based on the first population, by
changing only the number of SNP markers from 1665 to 166, by systematically
deleting 90% of the SNP markers.
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IBD probabilities

Genetic diversity was estimated for each marker interval on the genome. A marker
interval was defined as the interval between two genotyped markers, with one
marker lying in between these two markers which was not taken into account for
the genetic diversity estimation (ungenotyped marker) (Figure 2.1). In the next
marker interval, this middle ungenotyped marker became the flanking marker of
the interval with the adjacent marker being the ungenotyped marker. The genetic
diversity estimation was based on IBD probabilities between haplotypes, where a
haplotype was defined as a combination of ten consecutive markers, i.e. five
markers on either side of the marker interval (Meuwissen and Goddard, 2001).
Haplotypes were reconstructed from the genotypes using the methods of Windig
and Meuwissen (2004). By using IBD probabilities, the chance of markers being
similar (AlS) but not IBD is taken into account. This contrasts with heterozygosity,
where similar markers are all assumed to originate from the same ancestor
(AIS=IBD). Additionally, because haplotypes were used, the recombination history
is taken into account to estimate the probability of IBD. For example, a long string
of identical markers strongly indicates a recent common ancestor (probability of
being IBD must be high), because strings of identical markers from non-recent
ancestors are generally broken up by recombination.

IBD probabilities were calculated between the existing haplotypes in the simulated
population for each marker interval, by combining linkage disequilibrium and
linkage analysis information, where both pedigree and marker information were
used. IBD probabilities were first calculated for the first generation of genotyped
animals, using the algorithm of Meuwissen and Goddard (2001). In this method,
IBD probabilities are calculated for a fictitious locus A in the middle of a marker
interval, where information is used from the markers on either side of this locus A.

M1 Mun M2
Faternal chromosome: 1 2 2ol d = 4 fE s g
Maternal chromosome: 1 2 1 | < B O o #E g W

\._Y_J

marker interval

Figure 2.1 Definition of marker interval, ungenotyped marker (Mun), and adjacent markers
(M1, M2, ...) used for the genetic diversity estimation. The ungenotyped marker is placed in
the middle of the marker interval. Genetic diversity was estimated for each marker interval,
using the adjacent markers left and right of the interval.
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In our case, locus A is positioned at the marker locus in the middle of each marker
interval. The probability of A in two haplotypes being IBD or not IBD is estimated by
weighing all possible combinations of the markers in the haplotype being IBD or not
IBD with recombinations. The IBD probability is calculated back to an arbitrary base
population, T generations ago (we used T=1000). In this calculation, effective
population size (we used Ne=1000 during the 1000 generations) and recombination
probabilities based on marker distances are taken into account. As the number of
markers with identical alleles increases, the probability that the two fictitious
alleles for A are IBD also increases.

After calculating IBD probabilities for the haplotypes in the base generation, the
haplotypes of the animals in later generations were added, and the elements in
the IBD matrix for those descendant haplotypes were calculated using the
algorithm of Fernando and Grossman (1989). In this algorithm, IBD probabilities
between offspring are calculated based on the IBD probabilities between the
parents and the inheritance of the markers (Meuwissen and Goddard, 2001).
Whenever the IBD probability of descendant haplotypes with one of their parental
haplotypes exceeded 0.95, the descendant haplotype was clustered with this
parental haplotype. This was done to avoid excessive numbers of near identical
haplotypes resulting in long computation times.

Genetic diversity based on IBD probabilities

The genetic diversity for all marker intervals on the genome in the simulated
population was estimated using haplotype frequencies and IBD probabilities
between haplotypes. Haplotype frequencies (frequency of the different haplotype
configurations in the population) per marker interval were obtained by:

C[=Nij/N[ (1)

where c; is a contribution vector with haplotype frequencies for all haplotypes on
marker interval i, Nj is the number of haplotypes of type j on marker interval i, and
N; is the total number of haplotypes in the population on marker interval i.

Genetic diversity per marker interval was determined by calculating the average
haplotype relatedness at each locus (Meuwissen, 1997):

ri =C,"IBD,'C,' (2)

where r; is the average relatedness for marker interval i, and IBD; is the IBD-matrix
for marker interval i. The genetic diversity for marker interval i was calculated as:
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GD_IBD; =1~r, (3)

This is the predicted probability that the marker in the middle of the interval is not
IBD.

Heterozygosity

Expected heterozygosity (Falconer and Mackay, 1996) was calculated for each
marker interval on the genome in the simulated population, using one flanking
marker on either side of the interval. Heterozygosity was calculated in two
different ways: average heterozygosity of the two adjacent markers around the
marker interval (He,_AVG), and heterozygosity for the interval treating both
markers as a single two-marker haplotype (He,_HAP2). For the calculation of
Hexo_AVG, first expected heterozygosity was calculated for the markers on the left
and right of the interval separately (see Figure 2.1, markers on the left and right of
the interval are in bold):

Hexo,; =2pP;4; (4)

where p and g are the allele frequencies for marker j in the simulated population.
Subsequently, the expected heterozygosity for each marker interval (Hey,_ AVG)
was calculated by taking the average of the expected heterozygosity for both
markers left and right of the marker interval.

Hexp_HAP2 was calculated for the combination of the two markers on the left and
right of the interval as a two-marker haplotype (see Figure 2.1, haplotype is shown
with the two markers in bold), where four combinations were possible (11, 12, 21,
and 22). Hey,_HAP2 for marker interval i was calculated as:

Hexp _HAP2; =1- " p? (5)
k

where p; is the frequency of the haplotype with combination k at marker interval i.

Comparison GD_IBD and heterozygosity

Comparison between genetic diversity measures GD_IBD, H¢,_AVG and Hey, HAP2
was done by calculating Pearson’s correlations. Correlations were calculated
between the genetic diversity measures for each marker interval, but also between
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the measures averaged over groups of adjacent marker intervals, to investigate
whether the correlations would change when the measures were averaged over
larger regions of the genome. Therefore, correlations were calculated between
GD_IBD, Hexp_AVG and H,,_HAP2 for 4, 10, 20 and 40 marker intervals together.
For example, for 10 marker intervals together, the correlations were calculated
with the average measures for interval 1-10, 11-20, 21-30, etc.

Comparison with true diversity

To evaluate whether one of the approaches better predicts genetic diversity, a true
genetic diversity was calculated for the ungenotyped marker lying within each
marker interval. This marker was not used to estimate genetic diversity with
GD_IBD, Hep_AVG and He,,_HAP2, but the adjacent markers were used to predict
the diversity in this ungenotyped marker. The true genetic diversity for the
ungenotyped marker in the marker interval was determined by calculating the
expected heterozygosity (Equation 4). To compare true genetic diversity
(Hexp_TRUE) with GD_IBD and heterozygosity (Hey,_AVG and Hey,_HAP2), Pearson’s
correlations were calculated for each marker interval and for groups of marker
intervals (4, 10, 20 and 40). Two correlations were estimated for each comparison:
between true genetic diversity of the even markers and their estimated genetic
diversity based on the uneven (flanking) markers, and the other way around. This
was done because the genotyped marker in one marker interval became the
ungenotyped marker in the next marker interval.

2.3 Results

Simulated population

In the simulated data, 1665 SNP markers were still segregating in generations 1001,
1002 and 1003. Marker distances ranged from 0.00 cM to 0.50 cM, with an average
of 0.06 cM. The number of marker haplotypes used for GD_IBD after clustering
varied from 1 to 56, with an average of 20.70 haplotypes. The average minor allele
frequency over the 1665 SNP markers was 28%, ranging from 2 to 50%. The
average linkage disequilibrium (rz) between adjacent markers, calculated as the
square of the correlation of allele frequencies (Hill and Robertson, 1968), was 0.26.
The simulated population was comparable to real livestock populations. For
example, in cattle nowadays ~50,000 SNPs are used for a 30-M genome, which
gives an average marker distance of 0.06 cM. On the cattle 50k SNP chip, for HF
dairy cattle the r’ between adjacent markers is between 0.15 and 0.20 for an
average marker distance of ~0.06 cM (De Roos et al., 2008; Khatkar et al., 2008).
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Figure 2.2abcd Distribution of the estimated genetic diversity across the simulated genome.
(a) True genetic diversity calculated by expected heterozygosity for the ungenotyped marker
loci within the marker interval (He,,_TRUE); (b) Estimated genetic diversity with IBD
probabilities between marker haplotypes (GD_IBD); (c) Estimated genetic diversity with
expected heterozygosity as an average for the two flanking markers (H,, AVG); (d)
Estimated genetic diversity with expected heterozygosity for the two flanking markers as a
two marker haplotype (Hey, _HAP2).

The true genetic diversity over the simulated genome, calculated as the expected
heterozygosity for the marker locus within each marker interval (Hexp_TRUE),
ranged from 0.04 to 0.53 with an average of 0.36 (Figure 2.2a). A large number of
Hexo_TRUE values was found between 0.48 and 0.50 (Figure 2.3a), which is in
accordance with a population in Hardy-Weinberg equilibrium for an allele
frequency range 0.4-0.5.

Genetic diversity estimates

Genetic diversity estimated by IBD probabilities (GD_IBD) varied considerably over
the genome, with values ranging from 0.00 to 0.75, with an average of 0.52
(Figures 2.2b and 2.3b). Expected heterozygosity calculated for the two adjacent
marker loci around each marker interval as an average (He,_AVG) resulted in
systematically lower values with a smaller range compared to GD_IBD (0.05 to 0.50,
average of 0.36) (Figures 2.2c and 2.3c). When expected heterozygosity was
calculated for flanking markers as a two-marker haplotype (He,_HAP2), the level
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and range of values increased and were more similar to GD_IBD (0.05 to 0.75,
average of 0.55) (Figures 2.2d and 2.3d). This result was expected, since genetic
diversity estimation with He,, HAP2 is more similar to GD_IBD because H,,_ HAP2
also uses a haplotype construction, but with only two markers instead of ten. Both
heterozygosity estimates fluctuated more over the genome compared to GD_IBD,
reflecting a lower correlation between values of adjacent marker intervals for the
heterozygosity estimates (Hey,_AVG: r=0.23; He,, HAP2:r=0.28; GD_IBD: r=0.64).
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Figure 2.3abcd Frequency of the estimated genetic diversity across the simulated genome.
(a) True genetic diversity calculated by expected heterozygosity for the ungenotyped marker
loci within the marker interval (He,_TRUE); (b) Estimated genetic diversity with IBD
probabilities between marker haplotypes (GD_IBD); (c) Estimated genetic diversity with
expected heterozygosity as an average for the two flanking markers (He, AVG); (d)
Estimated genetic diversity with expected heterozygosity for the two flanking markers as a
two marker haplotype (Hcy, HAP2).
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Comparison with true genetic diversity

The correlation between He, TRUE and GD_IBD was weak (r=0.21), and
comparable to the correlations between He,, TRUE and He,_ AVG (r=0.19) and
Hexp_HAP2 (r=0.20) (Table 2.1 and Figure 2.4). These results indicate that both
GD_IBD and heterozygosity estimates are similar in predicting the genetic diversity
for ungenotyped regions of the genome in the current simulated population. The
correlation between GD_IBD and He, AVG was 0.46, and was slightly higher
between GD_IBD and Hey, _HAP2 (r=0.49) (Table 2.1).

Comparison with true genetic diversity averaged over marker
intervals

When GD_IBD, Hey,_ AVG and He,_HAP2 were averaged over groups of marker
intervals, the correlations between H,,, TRUE and these estimates increased. They
were moderate when estimates were averaged over 40 marker intervals (r=0.61-
0.64, Table 2.1). Correlations of all three estimates with H.,_ TRUE were
comparable to each other. The correlation between GD_IBD and heterozygosity
estimates Hexp_AVG and He,_HAP2 increased with an increasing number of marker
intervals, and in the case of 40 marker intervals equaled 0.75 and 0.82,
respectively. This indicates that GD_IBD, Hey, AVG and Hey, HAP2 are similar in
predicting the genetic diversity for specific regions of the genome in a population
with a high marker density.

Table 2.1 Correlations of true genetic diversity (He,_TRUE) with IBD-based diversity
(GD_IBD) and heterozygosity (Hexp_ AVG and He,, HAP2).

Mm@ True vs. True vs. True vs. GD_IBD vs. GD_IBD vs.
GD_IBD"® Hexp_ AVG" Hep HAP2®  Ho AVG® Hexp_HAP2”
1 0.20 0.19 0.20 0.46 0.49
0.33 0.27 0.28 0.54 0.58
10 0.46 0.37 0.38 0.64 0.70
20 0.56 0.47 0.50 0.73 0.80
40 0.62 0.61 0.64 0.75 0.82

® The number of marker intervals taken into account to estimate the genetic diversity.

® Correlations were calculated for values per marker interval, and for average values for a
group of marker intervals (4, 10, 20 and 40 marker intervals); for the latter, correlations
were calculated for the true genetic diversity of even ungenotyped markers with the
estimated genetic diversity based on uneven (flanking) markers, and the other way around;
the average of both correlations (even and uneven) is presented.
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Figure 2.4abc Relationship between the true genetic diversity (H.,_TRUE) and estimated
genetic diversities. (a) by IBD probabilities between marker haplotypes (GD_IBD); (b) by
expected heterozygosity as an average for the two flanking markers (H.,,_AVG); (c) by
expected heterozygosity for the two flanking markers as a two marker haplotype
(Hexo_HAP2).

Influence of marker density

When genetic diversity over the genome was estimated in a population with a
lower marker density, the correlations between the true genetic diversity and
GD_IBD, Heyy_AVG and H,,_HAP2 changed, and turned out to be slightly higher for
GD_IBD (Table 2.2). This result suggests that GD_IBD is a better predictor for
genetic diversity when using marker maps with a lower marker density.
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Table 2.2 Correlations of true genetic diversity (He,_TRUE) with IBD-based diversity
(GD_IBD) and heterozygosity (Hex,_AVG and He,, HAP2), for a low marker density
population (166 SNPs).

mi@ True vs. True vs. True vs. GD_IBD vs. GD_IBD vs.
GD_IBD"® Heop AVG®  Hep HAP2®  Hop AVG®  He HAP2P

1 0.15 0.06 0.04 0.43 0.43

4 0.34 0.18 0.20 0.53 0.53

10 0.51 0.41 0.46 0.79 0.77

20 - - - - -

40 - - - - -

® The number of marker intervals taken into account to estimate the genetic diversity.

® Correlations were calculated for values per marker interval, and for average values for a
group of marker intervals (4 and 10 marker intervals); for the latter, correlations were
calculated for the true genetic diversity of even ungenotyped markers with estimated
genetic diversity based on uneven (flanking) markers, and the other way around; the
average of both correlations (even and uneven) is presented.

‘ There were not enough estimates left over to calculate the correlation.

2.4 Discussion

The aim of this paper was to compare two different estimates of genetic diversity of a
region lying in between markers over the genome i.e. IBD-based genetic diversity and
heterozygosity. Genetic diversities estimated by IBD probabilities and by
heterozygosity of flanking markers were positively correlated. The correlation of
GD_IBD and heterozygosity with the true genetic diversity was quite similar for a
simulated population with a high marker density, for both specific and large regions
over the genome. For a population with a lower marker density, GD_IBD turned out
to be a better predictor of genetic diversity.

The assumption that is made for genetic diversity in the ungenotyped marker
interval is different for GD_IBD and heterozygosity. With GD_IBD the assumption is
that in the base population relatedness was 0, i.e. all markers were not-IBD and
“heterozygosity” was 100%. With heterozygosity, no such base population is
assumed and the assumption is that heterozygosity in the current generation for
genotyped markers is predictive for ungenotyped markers. This explains why the
average GD_IBD estimated in this study was higher than the heterozygosity
estimates and the true heterozygosity. Heterozygosity based on SNP markers with
only two alleles will have, under HWE, a maximum heterozygosity of 50% when the
minor allele frequency is 50%, as was simulated in this study. For markers that have
an unlimited number of alleles, the true heterozygosity would probably be on
average closer to GD_IBD, while for markers with a low diversity the true
heterozygosity would be below both GD_IBD and heterozygosity estimates.
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When the genotyped marker is actually part of the gene of interest, e.g., when the
marker is a known QTL, then heterozygosity at the marker fully determines the
additive genetic variance due to the QTL. In that case, additive genetic variance due
to the QTL simply equals Hexpocz, o denoting the allele substitution effect of the
gene (Falconer and Mackay, 1996). Hence, when markers coincide with genes of
interest, i.e. there are no QTL other than the genotyped markers, there is no need
to consider IBD probabilities. However, in most cases, the genes of interest and
their QTL will be unknown, and it is unlikely that they coincide precisely with
genotyped markers. Consequently, prediction of diversity in the ungenotyped
regions between markers is more relevant than the expected diversity at the
markers, because most genes of interest will be in the regions between two
markers. Such a prediction requires LD between the genotyped markers and the
regions in-between markers, similar to the requirements in QTL mapping (Dekkers
and Hospital, 2002). Our results show that the IBD-based method and
heterozygosity are similar in using LD information in the current simulated data
with 1665 SNP markers. However, when a population with a lower marker density
was used, GD_IBD became a slightly better predictor of the genetic diversity in the
marker interval. In this second population the LD between markers is low due to a
larger marker distance, and in that case the IBD-based method was expected to be
a better predictor, based on QTL mapping and genomic selection studies.
Explaining genetic diversity at a ungenotyped locus is similar to the approaches of
QTL mapping and genomic selection, where the objective is to predict genetic
variance at one or more unobserved QTL. In those approaches, it has been shown
that using an IBD-based method to predict genetic variance at the unobserved QTL
is beneficial when the LD between the marker(s) and the QTL is low, while this
benefit disappears when the LD increases (Grapes et al., 2004; Calus et al., 2008).

In our study we ignored the non-segregating SNP markers, as these markers are
fixed in the simulated population and show no variation. This can be compared
with common practice where base pairs for which no SNP markers are detected are
considered uninformative. However, we do not know whether this variation was
never there or existed in earlier generations and disappeared. In the latter case,
these base pairs indicate a genetic diversity of 0, and should not be ignored. In
addition, when non-segregating markers are used in another population, they
might show variation and become informative. However, the correlations between
the different estimates for genetic diversity as estimated in this paper are unlikely
to be influenced by the exclusion of non-segregating markers.
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In this study, the estimation of genetic diversity was done for a neutral genome
without selection. The correlation between genetic diversity estimates and true
genetic diversity was weak, but might increase if adaptive trait variation is taken into
account. The availability of dense marker maps has opened up new possibilities to
identify reduced or increased levels of variability on specific regions of the genome,
associated to functional genes (Toro et al., 2009). In case of selection, larger regions
with less variation can be found on the genome (Toro and Maki-Tanila, 2007) and a
better prediction of the genetic diversity is possible.

How well the two methods predict genetic diversity depends on the variation in
diversity between adjacent markers. In contrast to GD_IBD, the heterozygosity
estimates assume that diversity is similar for adjacent markers and for instance
ignore recombination. When regions of the genome form ‘haplotype blocks’,
adjacent markers have (near) identical diversity. In this case, heterozygosity will
better predict the genetic diversity. This was seen when we simulated a population
with an effective population size of 100 instead of 1000, and ‘haplotype blocks’
occurred due to the loss of variation. In this population the correlation between
the heterozygosity estimate H.,,_AVG and the true genetic diversity was higher
compared to the correlation between GD_IBD and the true genetic diversity (0.97
and 0.90, respectively). However, when a population contains more variation,
diversity in between markers can be missed by heterozygosity, as heterozygosity is
only based on the variation of the markers itself. In that situation, GD_IBD also
takes into account the variation and possible recombination in between markers,
and is then expected to be a better estimator of the genetic diversity over the
genome. Consequently, as shown in this study the method of choice will also
depend on the marker density (Grapes et al., 2004; Calus et al., 2008), with high
marker densities (i.e. > 50 markers per cM) heterozygosity is likely to perform
better, with lower marker densities (i.e. <10 markers per cM) GD_IBD is likely to
perform better.

2.5 Conclusions

In conclusion, the IBD-based method and heterozygosity used to estimate genetic
diversity of ungenotyped regions of the genome (i.e. between markers) give similar
results for a simulated population with a high marker density. However, for a
population with a lower marker density, the IBD-based method gives a better
prediction, since variation and recombination between markers are missed with
heterozygosity. IBD-based methods can provide more insight in the genetic
diversity of specific regions of the genome, and subsequently contribute to select
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more accurately the animals to be conserved, for example, to construct a gene
bank.
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Abstract

Genetic diversity is often evaluated using pedigree information. Currently, diversity
can be evaluated in more detail over the genome based on large numbers of SNP
markers. Pedigree- and SNP-based diversity were compared for two small related
groups of Holstein animals genotyped with the 50k SNP chip, genome-wide, per
chromosome and for part of the genome examined. Diversity was estimated with
coefficient of kinship (pedigree) and expected heterozygosity (SNP). SNP-based
diversity at chromosome regions was determined using 5-Mb sliding windows, and
significance of difference between groups was determined by bootstrapping. Both
pedigree- and SNP-based diversity indicated more diversity in one of the groups; 26
of the 30 chromosomes showed significantly more diversity for the same group, as
did 25.9% of the chromosome regions. Even in small populations that are
genetically close, differences in diversity can be detected. Pedigree- and SNP-based
diversity give comparable differences, but SNP-based diversity shows on which
chromosome regions these differences are based. For maintaining diversity in a
gene bank, SNP-based diversity gives a more detailed picture than pedigree-based
diversity.

Key words: diversity, gene banks, pedigree, SNP
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3.1 Introduction

Maintaining genetic diversity in livestock breeds has become even more important
since the globalization of breeding programs (FAO, 2009). Over the last decades,
genetic diversity of livestock populations had been alternatively measured using
pedigree information or microsatellite data when genealogy is not available.
Currently, the availability of high-density SNP chips has opened up new
opportunities to evaluate genetic diversity based on genetic markers. Up to now,
conservation decisions for gene banks were often based on pedigree information,
while the use of high-dense markers may give a more detailed picture of the
diversity across the genome.

The correlation between pedigree-based diversity and molecular diversity depends
on the number of markers, their frequencies and on the dispersion of the
coancestry coefficient. The correlation is weak when a few markers are used,
because the markers only reflect inbreeding at some (random) points along the
genome, while pedigree-based diversity gives an overall estimate. For example, in
humans, the correlation between pedigree inbreeding and homozygosity based on
410 microsatellite markers and 10,000 SNPs was 0.39 and 0.56, respectively
(Carothers et al., 2006), and in Holstein sires, the correlation between pedigree
inbreeding and multilocus homozygosity with 10,000 SNPs was around 0.5
(Daetwyler et al., 2006). With larger number of markers, stronger correlations are
possible; for example, in an Iberian pig population genotyped for 60,000 SNPs, this
correlation was much higher (0.92) (Silid et al., 2010). Correlations of unity are
unlikely reached because Mendelian sampling is ignored in pedigree-based
inbreeding. Moreover, pedigree information can be incomplete or wrong.

In genetic conservation of livestock, diversity of often small groups of related
animals within a breed has to be compared. Examples are when herds have to be
prioritized for support or when the amount of diversity conserved in a gene bank is
evaluated. In endangered breeds, often only a few animals remain. In European
cattle, there are, for example, 13 breeds with < 100 females (Duclos and Hiemstra,
2010). Typically, differences in diversity are small in such groups because all
animals tend to be related. Under these conditions, the effect of Mendelian
sampling can be pronounced. Consequently, using dense SNP marker maps may be
an attractive alternative to pedigree-based diversity.

Another source of differences between pedigree- and marker-based diversity is the
difference in definition of the founder population: identical by descent (IBD) versus
identical by state (IBS). Pedigree-based diversity is estimated as the probability that
two alleles drawn randomly from two individuals are IBD, indicating that they
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descend from the same ancestor since the base population (Falconer and Mackay,
1996). This base population is the founder population in the pedigree, in which all
alleles are defined as being not IBD. Alleles being identical in the base population
are IBS but not IBD. With marker-based diversity, the probability of alleles being
IBD is estimated without reference to a base population, and therefore, all alleles
being IBS are assumed to be IBD (Oliehoek et al., 2006; Powell et al., 2010).
Consequently, pedigree- and marker-based diversity is estimated on a different
scale, as pedigree-based diversity reflects only diversity as a result of recent
ancestry.

Large numbers of SNPs have been used in Holstein cattle to estimate effective
population size and divergence between different populations (De Roos et al.,
2008; Flury et al., 2010), but never to evaluate diversity for conservation purposes.
Different animals may be prioritized for inclusion in a gene bank when the
prioritization is based on SNP-estimated diversity instead of pedigree-based
diversity (Engelsma et al., 2011). A next important step is to investigate whether
diversity of groups of animals within a breed is estimated differently, using
pedigree or SNP information, and whether there is variation in diversity across the
genome.

The objective of this study was to compare diversity based on pedigree information
with diversity based on SNP information over the whole genome, at the
chromosomal level and at specific chromosome regions. Specifically, we want to
determine whether the difference in diversity between two small groups of related
animals depends on the type of analysis (SNP-based versus pedigree-based) and on
the part of the genome examined. For this purpose, two groups of Holstein animals
were available that were genotyped with the 50 k SNP chip.

3.2 Material and methods

Animals

To compare pedigree- and SNP-based diversity, 90 Holstein Friesian heifers were
used, consisting of two groups of animals. Although somewhat arbitrarily, the two
groups might reflect different herds, bloodlines or flocks that are typically present
in small populations that need to be considered for gene banks. For another
experiment, the groups were selected for a high (51 heifers) or low (39 heifers)
genetic production index for milk, fat and protein (Inet) and came from the same
population. Selection was based on the pedigree index of the sire and maternal
grandsire. Heifers were purchased in 2003 from 61 different farms throughout the
Netherlands. The difference in Inet between the two groups was on average 195
Euros, representing 10 years of ongoing selection at that time (Beerda et al., 2007).
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Heifers were 100% Holstein Friesian (n=84) or 87.5% Holstein Friesian and 12.5%
Dutch Friesian (n=6, of which 1 with high and 5 with low production). Although
differences in terms of generations selection were small, substantial differences in
phenotypes were observed (Beerda et al., 2007; Windig et al., 2008).

Next to the selection differences, the two groups differed slightly in their pedigree
completeness. The average number of discrete generation equivalents (Woolliams
and Mantysaari, 1995) was eight generations for all 90 heifers, with 7.6 generations
(ranging from 6.3 to 8.6) in the group with high breeding values (further on group
EBVhign) and 8.1 (ranging from 6.3 to 8.9) for the group with low breeding values
(further on group EBV,,) (Table 3.1). The heifers were sired by 49 different bulls,
with 23 sires in group EBVy;g, and 28 sires in group EBV|,,, with on average 2.2 and
a maximum of six offspring per sire for group EBVyg,, and on average 1.4 and a
maximum of four offspring per sire for group EBV,, (Table 3.1). Based on these
results, we expected the relatedness in group EBV g, to be somewhat higher.

Table 3.1. Pedigree information for each Holstein group (high and low EBV).

Group EBV g Group EBV\,,,
Number of individuals 51 39
Contribution of Dutch Friesian (%) 0.25 2.88
Average number of known generations 7.6 8.1
Number of sires 23 28
Average number of offspring per sire 2.2 14
Maximum number of offspring per sire 6 4
Average birth date sires 19-07-1994 19-01-1995
Average inbreeding coefficient 0.057 0.036

Genotyping

For the evaluation of the genetic diversity, DNA was extracted from 96 heifers and
used to determine genotypes at 54,001 SNP loci with the Illumina Bovine SNP50
Bead Chip (lllumina Inc., San Diego, CA) array. SNP quality was checked before
analysis, and for this check, we used an additional dataset of 600 genotyped
Holstein cows genotyped at the same time. This group of 600 animals consisted of
a mixture of animals of various origin used in different experiments and could not
be used for the comparison of genetic diversity of different groups. First of all,
animals with >5% missing SNP genotypes were removed. SNPs without known
position on the genome were removed from the dataset, and for each SNP to be
included in the data, we used a call rate of more than 90%, a GenCall score more
than 0.2 and a GenTrain score more than 0.55 (Illumina descriptive statistics
relating to genotype quality). Additionally, SNPs with extreme deviations from
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Hardy-Weinberg equilibrium were removed (chi-square test x> > 600, following
Wiggans et al. (2009)). Non-segregating SNPs, and SNPs with a very low minor allele
frequency (MAF), were not removed from the dataset as we were also interested in
the regions on the genome with extremely low or no variation. After all editing
steps, 90 animals and 47,213 SNPs were left and used in the analysis. The number
of SNPs is higher than what generally remains after the editing steps in, for
example, genome association studies (Schulman et al., 2011), because SNPs with
low MAF and SNPs from the X chromosome are included.

Remaining SNPs were phased using the software package fastPHASE (Scheet and
Stephens, 2006). This implied attributing alleles to one of the chromosomes
(paternal or maternal) and imputing missing alleles, based on haplotype
frequencies in the population. Phasing was carried out for the whole population of
690 animals. The percentage of missing alleles before imputation was with 0.10%
for group EBVy, (ranging from 0 to 0.72%) and 0.06% for group EBV,,,, (ranging
from 0.01 to 0.2%) very low.

Pedigree-based diversity

The overall genetic diversity based on pedigree information in the two groups was
estimated using the mean pairwise coefficient of kinship (f), representing the
probability that two genes taken at random from different individuals are IBD
(Falconer and Mackay, 1996). A high average kinship in a population thus implies
many identical alleles and low genetic variation. The pedigree of each animal used
in the study was traced back as far as known in the herd book, with an average of
eight generations. Kinships were estimated using the procedures of Meuwissen and
Luo (1992). Average mean kinships (f) were calculated excluding self-kinship, for
each group and for the two groups together. Additionally, inbreeding coefficients
(F) were calculated, representing the probability that two genes taken at random
from the same individual are IBD (Falconer and Mackay, 1996). Inbreeding of an
individual was given by:

Fi=fs,d

where s denotes sire and d dam. The average inbreeding coefficient was calculated
for each group and for the two groups together.

SNP-based diversity

The overall genetic diversity based on SNP marker data was evaluated for group
EBVhign and EBV,,,, using the expected heterozygosity (Hey,) (Falconer and Mackay,
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1996), which is the most widely used parameter to measure within population
genetic diversity. H,,, is related to kinship, while observed heterozygosity (Hops)
(the actual number of heterozygous animals) is more related to inbreeding (Toro et
al.,, 2009). We initially also estimated the overall H,,, but because results were
very similar to He,, we only presented Heyp.

Hexp was calculated for each SNP marker over the 30 chromosomes and
subsequently averaged over all 30 chromosomes. We also calculated the average
Hexo Over chromosome 1-29, because we expected a difference in H, for the sex
chromosome because of the different effective size of sex-linked genes (Caballero,
1995). Results were almost similar, but because of this known effect we used the
overall Hey, over chromosomes 1-29. H,,, was based on the allele frequencies of
the SNPs within each group. Allele frequencies were estimated by counting the
number of alleles 1 and dividing them by the total number of alleles. H., per SNP
within groups was calculated as:

Hexp,i,x = Zpi,xqi,x

where H,, is the expected heterozygosity for marker i in group x, and p and q are
the allele frequencies for marker i in group x. He, Was compared for the two
groups using confidence intervals (see section: test statistics for SNP-based
diversity), where the difference in the H,,, estimates between the two groups was
taken as the measure for the population difference. For both groups, we also
compared Heyp t0 Hops.

To indicate the differentiation between the two groups, we used H,, between the
two groups. In that way, we investigated to what extend the two groups genetically
differ from each other. He,, per SNP between the two groups was calculated as:

Hexpi =P1,i92,i +P2,i91,

where p;; and g, are the allele frequencies for group EBVyg, and p,; and g, for
group EBV,,. Hepn was averaged over all SNPs (genome-wide) and at the
chromosomal level.

Hexp is equivalent to genomic kinships that are estimated from the between
individual similarity (Hayes and Goddard, 2008). The similarity for a SNP locus
between individuals is defined as 1 for homozygotes with equal alleles, 0 for
homozygotes with unequal alleles and 0.5 in all other cases (Eding and Meuwissen,
2001). If we denote the frequency of homozygotes 11 in the population as z4; and
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of homozygotes 22 as z,, the frequency of pairwise similarities being 1 is 2112 +
25", If the frequency of heterozygotes is denoted as z;,, the frequency of pairwise
similarities being 0.5 is 2122 + 271129, + 2 z,Z1;. Consequently, the average
similarity of the total population is equal to 2112 + 2222 + 0.52122 + 211212 + Z22215.
The frequency p of allele 1 in the population is given by z;; + 0.5z, and the
frequency q of allele 2 by z,;, + 0.5z;,. Consequently, 1-Hey, = p2+q2 = (211+O.5212)2 +
(223 + 0.5245)° = 201 + 235" + 0.521,° + 211215 + 22221, Which is exactly equal to the
average genomic similarity in the population. The average genomic similarity is
usually transformed to genomic relationships by scaling them to the range 0-1
(Hayes and Goddard, 2008).

As genomic kinships and H.,, are equivalent, we only analyzed H.,,. Additionally,
the average MAF and the percentage of fixed alleles were calculated for the whole
genome and each chromosome.

SNP-based diversity within chromosome regions

Neighboring SNPs showed substantial differences in diversity, and therefore, it was
difficult to recognize specific regions with higher or lower diversity based on
individual SNPs. To identify differences in diversity at specific chromosome regions,
Hex was estimated over sliding windows with a window size of approximately 5
Mb, to smoothen the heterozygosity values. This was based on the method used by
Weir et al. (Weir et al., 2005). For each chromosome, the first sliding window was
identified by taking the SNPs at the first 5 Mb of the chromosome. Subsequently,
the window slides over the chromosome by moving the window one SNP to the
right, until the end of the chromosome was reached, maintaining the same number
of SNPs in each sliding window for that specific chromosome, which was on
average 92 SNPs. In that way, window size will not always be exactly 5 Mb. For
each sliding window, He, Was estimated by taking the average of all He, values of
the SNPs lying in that sliding window.

Test statistics for SNP-based diversity

To test whether the estimated SNP-based diversity (Hey,) differed significantly
between chromosomes, chromosome regions and the two groups, bootstrapping
was used (Efron and Tibshirani, 1993). Bootstrap samples were created by repeated
random sampling of loci, with replacement in the following way. In each iteration, a
vector of size 47,213 (= the number of loci) was created. Each locus was associated
with a number between 1 and 47,213 (index number), and the vector was filled by
randomly drawing index numbers with replacement. Alleles of all 90 animals were
repeated according to the frequency of the index number of their locus in the
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random vector (i.e. excluded if the index number was never drawn). This resulted
in a new dataset (= bootstrap sample) in which the same loci appeared more than
once, while other loci were not included at all. Bootstrapping was carried out in
10,000 iterations and 95% confidence intervals were estimated by taking the 250th
and 9750th value after ranking. In each iteration, the MAF, % fixed alleles and H,,
for both groups was calculated as well as the difference between the two groups,
for the whole genome, chromosomes and chromosomal regions. In this way, the
variability in the estimates within and between groups of individuals caused by
differences in more or less diverse loci was quantified.

The number of iterations was determined with trial runs on chromosome 1.
Between 1000 and 2000 iterations, approximately 1% of the chromosome regions
changed from significantly different between the two groups to not significantly
different, or the other way around. Between the 9000th and 10,000th iterations,
<0.1% changed significance, and no changes were observed between 10,000 and
100,000 iterations. The mean of the 10,000 bootstrap samples was in each case
almost identical to the original estimate. The distribution was symmetrical with the
upper and lower confidence intervals at equal distances of the mean. Therefore, all
bootstrappings were based on 10,000 iterations.

Non-overlapping, 95% confidence intervals, is a too conservative test for a
significant difference, i.e. the 5% level is too high. In the bootstrapping procedure,
this can be seen by comparing iterations at the 95% boundaries. If in an iteration a
low value was found for diversity in group EBV g, the diversity in group EBV,,,, was
relatively low as well, i.e. when loci are sampled that give a relatively low diversity
in one group they should not be compared in the other group with another sample
of loci that give a relatively high diversity. Therefore, for a direct test, it is better to
calculate the difference between the groups in each bootstrap iteration and
determine confidence intervals for the difference. If this interval contains 0, the
two groups can be considered not significantly different. Consequently, groups
with the same loci (e.g. group 1 and group 2 at the same chromosome) were
considered significantly different when the 95% confidence intervals of the
difference between the two groups did not include 0. Groups with different loci
(e.g. different chromosomes) were considered significantly different if their 95%
confidence intervals of the means did not overlap, but one should bear in mind that
this is a conservative test. 44,498 chromosome regions were tested for a significant
difference between the two groups. Consequently, because of multiple testing, the
5% significant level is too high. Therefore, we use the test here only as a threshold
to separate regions with a high difference in diversity between the two groups
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from regions with a small difference, or an opposite difference and not as a test to
identify single regions with a significant difference.

3.3 Results

Genome-wide diversity

Both pedigree- and marker-estimated diversity indicated substantial differences in
diversity between the two groups. Mean pedigree kinship and inbreeding
coefficient over all 90 animals was 0.089 (Table 3.2) and 0.048 (Table 3.1),
respectively, with a higher pedigree kinship and inbreeding coefficient for group
EBVhign (f=0.124 and F=0.057 for group EBVyg; f=0.072 and F=0.036 for group
EBV,,w; Table 3.1 and 3.2). With marker-based diversity, also a lower diversity was
found in group EBVp,,. Mean expected heterozygosity (Hex,) over all 90 animals
was 0.311, with a higher H, for group EBV sy (He,=0.303 for group EBVye, and
Hexp=0.312 for group EBV,,; Table 3.2). Confidence intervals for Hey, within the
two groups did not overlap (0.301 to 0.304 for group EBV e, and 0.311 to 0.314 for
group EBV,,), so the difference in diversity between the two groups was
substantial. Based on average MAF and percentage fixed alleles, similar differences
between the two groups were found. In group EBV,,,, average MAF was higher
(MAF=0.228 for group EBVygn, MAF=0.236 for group EBV,,,), and percentage fixed
alleles was lower (% fixed alleles=9.7 for group EBV g, % fixed alleles=8.7 for group
EBV ow)-

Diversity between the groups was higher than the diversity within one or both
groups (f between groups = 0.073, H.,, between groups = 0.316, Table 3.2),
indicating that SNP-based diversity will be higher if the groups are mixed than
within the separate groups.

Table 3.2. Pedigree based genetic diversity (kinship) and SNP based genetic diversity
(expected heterozygosity (He,) and observed heterozygosity (H,ps) in two Holstein groups
(high and low EBV), for chromosomes 1 to 29 (excluding the X chromosome), with diversity
estimated over all animals, within each group, and between the two groups, with 95%
confidence intervals based on bootstrapping for the SNP based diversity.

Pedigree based  SNP based

Kinship Hexp Hobs

Mean Mean (range) Mean
Over all 90 animals 0.089 0.311 (0.309-0312) 0.310
Within group EBV g, 0.124 0.303 (0.301-0.304) 0.306
Within group EBV ,,, 0.072 0.312 (0.311-0.314) 0.316
Between group EBV g, and EBV|q,, 0.073 0.316 (0.314-0.317) -
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Diversity at chromosome level

With marker-based diversity, we could observe the diversity in more detail across
the genome. Average H,, within all 90 animals varied over chromosomes from
0.298 (chromosome 24) to 0.322 (chromosome 29) (Figure 3.1).

For each chromosome, He, was higher for group EBV,,, but differences varied
over chromosomes and were significant for 26 of the 30 chromosomes (Figure 3.2).
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Figure 3.1. Expected heterozygosity (H.,) based on SNP data in two Holstein groups (high
and low EBV) over all 30 chromosomes, including 95% confidence intervals based on
bootstrapping for each group for each chromosome.
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Figure 3.2. Difference in expected heterozygosity (He,) based on SNP data between two
Holstein groups (high and low EBV) over all 30 chromosomes, including 95% confidence
intervals based on bootstrapping for each chromosome.
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Based on MAF and percentage fixed alleles, also a higher diversity was found in
group EBV,,, for most chromosomes. Largest difference in both H.,, and MAF, with
a higher diversity for group EBV,,, was found at chromosome 26 (difference
Hexp=0.0154, difference MAF=0.0148). Based on percentage fixed alleles, largest
difference with higher diversity for group EBV,,, was found at chromosome 17. For
some chromosomes, diversity was higher for group EBVyg,, but differences were
very small and not always found by all three diversity measures. With percentage
fixed alleles, we saw a higher diversity for group EBV g, at chromosome 24 (% fixed
alleles=9.7% for group EBVyg, % fixed alleles=10.2% for group EBV,,), but this
difference at chromosome 24 was not found with He,, or MAF. Based on He, and
MAF, a higher diversity for group EBV e, Was not found. Smallest difference in Hey,
was found at chromosome 21 (0.0003), smallest difference in MAF was found at
chromosome 30 (0.0004). Thus, with SNP-based diversity, we were able to identify
significant differences in diversity between chromosomes and between the two
groups.

Diversity within chromosome regions

When variation was smoothed by using a sliding window of 5 Mb, differences in
diversity within chromosomes and between the two groups were more clear and
specific chromosome regions with significant differences could be identified.

For all chromosomes, regions with an increase or decrease in SNP-based diversity
were found, with He,, ranging from 0.207 (chromosome 1) to 0.393 (chromosome
30). Over the whole genome, for most of the SNPs, H,,, was higher in group EBV,,
where the difference was significant for 25.9% of the SNPs (Figure 3.3). For only
0.3% of the SNPs, H,,, was significantly higher in group EBV\;g,, leaving 73.9% of
the SNPs with no significant difference.

The differences between the two groups varied over chromosomes, the percentage
significant SNPs with a higher H¢, in group EBV,, ranged from 2.4% for
chromosome 21 to 54.8% for chromosome 18 (Figure 3.3). The percentage
significant SNPs with a higher He,, in group EBVye, was much lower and ranged
from 0% for 24 of the 30 chromosomes to 5.7% for the X chromosome (Figure 3.3).
In comparison to the estimated diversity per chromosome, differences in diversity
between the two groups were larger when diversity was estimated for specific
chromosome regions, as was expected according to the lower size of SNP samples.
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Figure 3.3. Percentage SNPs with expected heterozygosity significantly higher or lower in
one of the groups, given for each of the 30 chromosomes, where significance was defined
with 95% confidence intervals based on bootstrapping (not corrected for multiple testing).

The variation in diversity over chromosome regions varied substantially over
chromosomes and also the differences in diversity between the two groups (Figure
3.4). Largest differences were found at chromosome 4, 7, 8, 10, 19, 26, and 30,
ranging from 0.036 for chromosome 10 to 0.045 for chromosome 30 (Table 3.3,
Figure 3.4). For all these ten differences, diversity was higher for group EBV,,,. A
remarkable result was the large difference at chromosome 30 that was found in
the end of the chromosome, without any differences found at the rest of
chromosome 30.

Table 3.3 10 chromosome (BTA) regions with the largest differences in expected
heterozygosity (H..,) between the two Holstein groups (high and low EBV).

BTA Size BTA (Mb) Peak position of the Difference Heyp
SNP (Mb) (EBV joy, — EBV g

30 88.5 82.0 0.045

4 124.1 101.0 0.044

19 65.2 47.5 0.043

26 51.7 38.1 0.043

19 65.2 60.1 0.042

4 124.1 115.6 0.038

8 116.9 33.4 0.037

7 112.1 61.9 0.036
124.1 106.9 0.036

10 106.2 60.5 0.036
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Figure 3.4. Expected heterozygosity (He,) based on SNP data for two Holstein groups (high
and low EBV) for 5 Mb sliding windows at chromosomes with the largest differences
between groups, with significant differences marked on the x-axis with 95% confidence
intervals based on bootstrapping.

54



3 Pedigree- and marker-based diversity

3.4 Discussion

The objective in this study was to compare pedigree- and SNP-based diversity
evaluated for conservation purposes, for the whole genome, per chromosome, and
for specific chromosome regions. For that purpose, two groups of Holstein animals
were used that were expected to differ only slightly in diversity, i.e. represent
groups of animals in a typical population that should be considered for inclusion in
a gene bank. Although the two groups were genetically close, differences in
diversity could be detected, with higher diversity in one of the groups. Pedigree-
and SNP-based diversity gave a similar picture of diversity, but SNP-based diversity
shows on which chromosome regions differences in diversity are concentrated.
Both pedigree- and SNP-based diversity have been used in studies to evaluate the
genetic diversity in different cattle populations all over the world (Zenger et al.,
2007; Kim and Kirkpatrick, 2009; MacEachern et al., 2009; Mrode et al., 2009; Flury
et al., 2010), but the current study shows that SNP-based diversity provides a more
detailed picture.

In conservation of endangered breeds, populations are generally small and animals
highly related and consequently differences in diversity are hard to establish. This
research shows that even in these situations one can, with the help of dense
marker maps, get a detailed picture of where on the genome more or less
differences in diversity between populations can be found. It is, however, hard to
draw conclusions on the cause of these differences nor to extend the conclusions
to differences between high and low genetic merit animals in general. The
differences between the two populations will have been caused by a mixture of
selection, genetic drift (choice of small samples with different allelic frequencies by
chance) and differences in relatedness of parents. We can, however, determine
approximately the expectation of the differences in diversity given their known
history.

Because the breeding values between both groups differ by around 195 EURO Inet,
which is approximately ten years of selection, we assume that group EBV ,,, reflects
the average Holstein Friesian population approximately ten years ago (1993), while
group EBVyg, reflects the current Holstein Friesian population (2003). With a
generation interval of approximately five years, this corresponds to approximately
two generations. The change in expected heterozygosity (He,) based on drift can
be obtained as follows. With an N, of 50, approximately the N, in Holstein Friesian
populations (Sgrensen et al., 2005; Koenig and Simianer, 2006) and an initial
= Heypo(1—AF)" = 0.304,

H., =0.310, Hep two generations later equals H

exp exp,t
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where t=2 and AF=1/(2x50)=1%. So if we assume that both populations differ
approximately two generations, we expect a difference in H, of 0.006.

One can also argue that both groups descend from the same base population with
a certain He,. Theoretically, the average H,,, under Hardy-Weinberg equilibrium is
directly related to the pedigree-based inbreeding coefficient: 1-F = H;/H,, where F
is the pedigree-based inbreeding coefficient, H; the observed heterozygosity in the
current generation and H, the observed heterozygosity in the founders. As the F
for, respectively, the high and low genetic merit animals was 0.06 and 0.04, this
leads to Hpign=0.94 Hy and H,,,=0.96 Hy, and Hyigh=0.979 H,qy. If we calculate He,
in the founder generation back from the average heterozygosity of both groups, we
obtain Hyounger=0.325 and Hyigh=0.306 and H,,=0.312. So with both lines of
reasoning, the difference in H., between the two groups is expected to be small
(0.006), somewhat smaller than the actual difference found (0.009). This indicates
that although the difference between the two groups seems substantial using
pedigree information (f=0.072 versus 0.124), and small using genomic information
(Hexp 0.303 versus 0.312), this is actually because f and He, vary on a different
scale.

Besides drift, selection may have had an effect on the differences in our study. The
expected difference in He, caused by the effect of selection for Inet can be
approximated as follows. Results from genome-wide association studies suggest
that milk-, protein-, and fat yield are determined by many genes of small effect.
Pryce et al. (2010) found 213-292 associated SNPs for each of the three traits
underlying Inet and assuming approximately 100 SNPs were associated with more
than one trait this leads to a total of approximately 400 SNPs associated with Inet.

When assuming 400 loci of approximately equal effect, and using O per = 99 Euro

(https://www.cr-delta.nl/nl/fokwaarden/pdf/E9.pdf) and He,=0.310, the average

effect of a single locus follows from o-ﬁwfr =4OOHeXpa2, giving oo = 9 Euro. The

required average change in allele frequency (A_p) to obtain a difference of 195

Euro follows from 195 = 400><2a><A_p, giving A_p ~ 0.027. The original He,,=0.310
corresponds to an average MAF of approximately 0.192. When assuming that the
frequent allele is favorable, i.e. that selection in the past has pulled most favorable
alleles already to the hi