STELLINGEN

1. De genetische diversiteit aanwezig in een set van populaties, kan bepaald worden met

behulp van de gemiddelde bloedverwantschappen mssen en binnen populaties (Dir
proefschrift).

2. Vanwege de versnelde erosie van de genefische diversiteit binnen een bedreigde
populatie als gevolg van de kleine popufaticomvang, leidt het verlies van een bedreigd

ras over het algemeen tot een gering verlies aan genetische diversiteit (dit proefschrift).

3. Het gebruik van genetische afstanden als maat voor genetische diversiteit leidt tot

behoud van de meest ingeteelde rassen (dit progfschrif?).
4. Een ras is een ras als genoeg mensen zeggen dat het een ras is (Hammond, pers. med.).

5. Een van de meest waardevolle inzichien uit diverse genoomprojecten {C. Elegans,
Drosophila of het Human Genome Project) is dat zelfs moleculaire genetici nict onder

de toepassing van wiskundige statistick vitkomen (8 Walsh, 2001)

6. Als de MKZ-crisis iets heeft aangetoond, dan is het dit: Een model is ook maar een

standpunt.

7. Een zekere mate van gene flow vermindert de effecten van inteelt. In dat opzicht is de

achterdocht voor 'import’ in plaatselijke dorpsgemeenschappen contraproductief .

8. Music calms the savage mind. Het nummer Break stuff' van Limp Bizkit heeft definitief

afgerekend met dit misverstand.

Stellingen behorend bij het proefschrift
Conservation of genetic diversity: assessing genetic variation using marker estimated kinships.
Herwin Eding
Wageningen Universiteit, 18 januari 2002



PROPOSITIONS

1. The genetic diversity present in a set of populations can be assessed using mean kinships

between and within populations (this thesis)

2. The small population size of a population at risk causes accelerated erosion of the
genetic diversity within a population at risk of extinction, Hence, the loss of a population

at risk usually leads to a small loss in genetic diversity (this thesis).

3. Using genetic distances as a measure of genetic diversity leads to the conservation of the

most inbred populations (this thesis).
4. Abreed is abreed if enough people say it is (Hammond, pers. comm..).

3. One of the most valuable insights form the various genome projects (C'. Elegans,
Drosophila or the Human Genome Project) s that even molecular geneticists will have

to start to use statistical mathematics (Walsk, 2001).

6. If the Foot and Mouth crisis in the Netherlands has shown one ihing,‘ it is this: A

model is just another opinion.

7. A certain amount of gene flow lessens the effects of inbreeding. In that light the
suspicion with which newcomers are regarded in small village communities is

counter-productive.

8. Music calms the savage mind. The song ‘Break Stuff” by Limp Bizkit has put a
definitive end to this misunderstanding.

Propositions accompanying the doctoral thesis
Conservation of genetic diversity: assessing genetic variation using marker estimated kinships.
Herwin Eding
Wageningen University, 18 Januvary 2002
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VOORWOORD

Dit proefschrift is the neerslag van vier jaar onderzoek gedaan bij het instituut ID-Lelystad en
de Vakgroep Fokkerij en Genetica van de Landbouw Universiteit Wageningen. 'Een
proefschrift schrijf je niet alleer, zo iuidt het cliche. Vandaar dat ik op deze plaats toch een
aantal personen die, materieel en immaterieel, hebben bijgedragen aan het tot stand komen

van dit proefschrift.

Theo, jouw bijdrage aan dit proefschrifi is onschatbaar van waarde. Zonder jouw inzicht,
begeleiding, geduld en vertrouwen was dit proefschrift er niet geweest.

John, even though we met only occasionally, the discussions we had regarding the whole
concept of livestock core sets proved to be invaluable, as did your encouragement for the
approach we'd taken,

Professor en Ab, jullie kritische en verstandige beoordeling van de artikelen en het manuscript
hebben dit proefschrift zoveel beter gemaakt.

Ed and Olivier, thank you for sharing data and knowledge, as well as the hospitatity you and
everybody at ILRI have shown me. Especially your enthusiasm regarding the first results
from analysis of the 'Africa data' I showed you both convinced me we were on to something
after all.

Everybody participating in the EU concerted action workshops in Lelystad, Toulouse and
Edinburgh. You all provided me with an excellent start of my project. I learned a lot of all the
differing views you expressed.

Pap en Mam, jullie grenzeloze liefde en vertrouwen in mij hebben mij op moeilijke
moementen op de been gehouden. Dit proefschrift is voor jullie.

Jos en Rik, jullic vermogen tot relativeren hebben mij met de voeten stevig aan de grond
gehouden. Zeker op die momenten dat ik mezelf te serieus dreigde te nemen.

Anna en Jack, jullie waren geweldige kamergenoten. Altijd bereid voor een praatje of een
goede discussie. En erg geduldig of maandagochtenden.
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Lelystad, november 2001
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Chapter 1

GENERAL INTRODUCTION

Genetic variation in nature can be observed in the existence of different species of plant and
animals. Within species populations are generally be divided in breeds. Genetic variation in
livestock breeds is most obvious in phenotypic differences. These differences range from coat
colour and conformation traits to production traits and adaptation to the environment in which
breeds are kept. Genetic variation between breeds can have a number of causes. Adaptation to
local circumstances are the main force behind breed differentiation in for instance Afiica,
whereas the differences between breeds in the Western world is also caused by herd books
and specific selection of animals with respect to breeding goals associated with herd books
(Oldenbroek, 1999).

Genetic diversity can be observed both within and between breeds or populations. However,
there is a trend that high producing breeds or strains are replacing indigenous, locally adapted
breeds, which subsequently decline in numbers and sometimes become extinct. In the third
edition of the World Watch List, FAQ states that *32% of the recorded animal genetic
resources globally are at high risk of loss’ (Scherf, 2000). As a consequence the between
breed variation decreases and traits and genotypes, possibly of use now or in the future, are

lost.

The loss of genetic variation within and between breeds is a negative trend, not only from the
perspective of culture, but also with regard to utility. Traits, genotypes and alleles with
possible economic interest risk being lost. Within breeds high rates of loss of genetic variation
leads to decreased fitness through inbreeding depression. Furthermore, breeds are exposed to
a greater loss of alleles and haplotypes, as a consequence of small effective population sizes
or, equivalently, high rates of inbreeding (Falconer and MacKay, 1996). Continued loss of
within breed genetic variation also diminishes the possibility of genetic improvement of

breeds.

Diversity in Animal Genetic Resources
Within species of livestock genetic diversity is most obvious in differences between breeds.

Breeds are defined as populations within a species of which the members can be determined
by a set of characteristics particular to the breed (FAQ, 1998). This definition assumnes that

there is a clear boundary between expression of characteristics, or traits, between populations
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or breeds. In Europe a situation of (relative) isolation of breeds from others exists only after
the establishment of herd books, some 200 years ago (Ruane, 1999). In other regions, on the
African continent for instance, such a clear definition of breeds is not always possible, due to
widespread crossing between populations. Assigning animals to breeds in these regions is

subjective and often questionable (Scherf, 2000).

Definition of genetic diversity in terms variation in traits or genotypes removes the need for
clearly defined breeds. Populations, whether they are clearly defined breeds or sub-
populations of a less clearly defined livestock population, can be assessed more objectively

with respect to the variation in genotypes and traits.

Assigning priorities

Conservation efforts should be as efficient as possible, securing a maximum amount of
genetic diversity given limited resources. To this end, breeds at risk need to be evaluated in
terms of the amount of genetic diversity they contribute. The manner in which this is
evaluated, is very much dependent on the rationale for conservation (Ruane, 1999). The most
obvious criterion is the degree of endangerment of a breed. The priority given to a breed at
risk can be based on several additional criteria: 1) adaptation to specific environments, 2)
possession of traits of current or future economic importance, 3) possession of unique traits,
that may be of scientific interest, 4) genetic uniqueness and 5) cultural or historic value. Note
that all of these criteria, except 5) are based on genetic considerations, although cultural or

historic value could be a result of considerations falling under criteria 1) to 4).

With the availability of relatively easy to use molecular genetic techniques, such as
genotyping of microsatellite marker genes and in the absence of reliabie information on
relations between breeds (such as pedigree records), overall genetic diversity between breeds
is mostly studied using genetic distances (Ruane, 1999). Genetic distances express the
differences between populations either in terms of numbers of mutations or in terms of
differences in allele frequencies or genetic drift. Breed formation occurred rather recent on the
evolutionary scale. For this reason genetic diversity between populations is usually quantified
using genetic distances based on genetic drift only, ignoring the effect of mutation. Within a
breed diversity is usually expressed in terms directly related to the (rate of) inbreeding within

the breed, such as heterozygosity, effective population size, effective number of alleles per
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locus or Wright's F-statistics, usually also calculated from atlele-frequencies of microsatellite

marker genes.

To evaluate a breed correctly with respect to genetic diversity, both the within and between
breed genetic diversity need to be accounted for. Otherwise, the use of genetic distance
measures to assess genetic diversity can lead to undesirable results, as we will argue in

Chapter 2.

Conservation Methods

Conservation efforts are generally divided into two classes: In-situ and ex-situ conservation.
In-situ conservation is the conservation of a breed in its region of origin and kept in a
production system for which the breed was developed; ex-situ conservation conserves a breed

outside of its production system of origin.

It is generally accepied that in-sifu conservation is the most viable option in the long term.
When a breed of livestock is productive economically, farmers will be more interested in
keeping that breed. Therefore, in-situ conservation often involves a scheme of niche
marketing of specialised products for which the breed in question supplies the raw material.
This conservation strategy has been applied successfully in a number of cases (Gandini and
Oldenbroek, 1999). For instance the Reggiana breed in Italy is used for the production of a
brand of Parmigiano Reggiano cheese, marketed as the ‘original' Parmigiano Reggiano
cheese, which is sold at a higher price then the common Parmigiano Reggiano. The recovery
of the Reggiano breed (from 500 in the 1980's to 1200 in 1998) is attributed to this operation.
In-situ conservation must be regarded as the preferred situation. The breed is kept in its
natural environment to which it is adapted and continues to evolve. Even when a breed is
conserved ex-situ, attempts should be made to cstablish a breed in-situ, such that the breed
keeps evolving. However, the current status of a breed, in terms of numbers of breeding
animals can be such fhat in-sifu conservation is not (yet) an option, because the breed might

be vulnerable to the effects of random drift and inbreeding.

FEx-situ conservation means keeping conserved breeds outside their native environment in
protected surroundings, for instance in zoos or museum farms. However, there is a more

extreme form of ex-situ conservation: gene banks. In gene banks genetic material is stored in
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cryogenic conditions. The genetic material is usually semen, but also embryos, ovae or

somatic cells can be stored in gene banks.

Core Sets

The concept of core sets was first introduced in plant breeding (Frankel and Brown, 1984). In
its original form a core set is a sub-set of breeds or strains in a gene bank, chosen in such a
way that the amount of genetic “overlap® is minimised. This set is the ‘core’ of the gene bank,
representing the genetic diversity contained in a gene bank in an efficient number of breeds or
strains, In Chapters 3, 4 and 5 the concept of core sets is developed and applied to livestock
populations in an attempt to categorise populations according to their importance for genetic

diversity.

The defining character of a core set is the minimisation of genetic overlap, or the
maximisation of genetic diversity in the core set. The genetic overlap, or genetic similarity
between individuals or populations, can be described using a coefficient of kinship. Malecot
(1948) defined a coefficient of kinship f between individuals as the probability that two
randomly drawn alleles from two individuals are identical by descent. The coefficient of
kinship describes genetic diversity both in terms of alleles (Caballero and Toro, 2000) and
quantitative genetic variation in a general way, without requiring detailed knowledge on the
genetics involved or the mean and variances for any trait that is to be conserved. The genetic

variance in a random breeding population is proportional to (l -f ) (Falconer and Mackay,

1996), hence if we minimise the average kinship in the core set, f, we will maximise the

genetic diversity of a population that we breed from the core set.

If the average kinships between and within populations are known, we can calculate the
average kinship in a core set given the contribution (as fractions of total resources) of each
breed to the core set. In the case of a core set, we have to choose these contributions such that
the average kinship in the core set is minimised. Thus, the question is not whether or not a
breed is included in the core set, but how much it contributes to the core set. By calculating
these theoretical contributions to a core set, the populations under study can be ranked
according to their genetic uniqueness, which may help in identifying breeds or populations at

risk as being important to the conservation of genetic variation.
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In this thesis, we develop a method that is capable of ranking populations according to their
contribution to overall genetic diversity. Both the concept of core sets and Malécots
coefficient of kinship are central to this method. This method will be able to account for both
within and between population (or individual} genetic diversity. Furthermore, we propose a
definition of overall genetic diversity, which is the maximum quantitative genetic variance
present in a population in Hardy-Weinberg equilibrium derived from the populations present

in the core set.

Qutline of the thesis

Chapter 2 deals with estimating kinships between and within populations and individuals
using microsatellite marker genes that are assumed to be selectively neutral. The argument for
the use of kinships in genetic diversity studies as opposed to the use of genetic distances and
related measures is also developed in this chapter. Chapter 3 introduces the concept of core
sets applied to livestock genetic diversity and a new measure of genetic diversity present in a
set of breeds, based on the mean kinship within a core set, is developed. This is subsequently
demonstrated in an example of Dutch poultry populations. Chapter 4 compares a number of
methods to simultaneously estimate kinships and the probability for alleles alike in state (AIS)
with regard to their accuracy and robustness, especially when the kinship matrix is not
properly constructed due to error variance of the kinship estimates. The latter leads to
populations that have incorrectly received a null-contribution. The methods are compared
using simulated data and illustrated using a small example involving Dutch populations of
cattle. Chapter S describes the analysis of a data set concerning African cattle populations,
using the methods developed in the previous chapters. Effects of conservation by breed type
or regional versus continental conservation are examined, in terms of efficiency of
conservation and changes of priorities of breeds. Finally in Chapter 6 the results described in
the previous chapters are discussed. Special attention is paid to the relevance of the core set

method in planning conservation efforts.
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Marker estimated Kinships

ABSTRACT

In this paper coefficients of kinship between and within populations are proposed as a tool to
assess genetic diversity for conservation of genetic variation. However, pedigree based
kinships are often not available, especially between populations. In this paper a method of
estimation of kinship from genetic marker data is applied to simulated data from random
breeding populations to study the suitability of this method for livestock conservation plans.
Average coefficients of kinship between populations can be estitnated with low Mean Square
Error of Prediction, although a bias will occur from alleles alike in state in the founder
population. The bias is similar for all populations, so the ranking of populations will not be
affected. Possible ways of diminishing this bias are discussed. The estimation of kinships
between individuals is imprecise unless the number of marker loci is large (>200). However,
it allows distinction between highly related animals (fullsibs, haifsibs and equivalent
relations) and animals that are not directly related if about 30 - 50 polymorphic marker genes
are used. The marker based estimates of kinship coefficients yielded higher correlations than
genetic distance measures with pedigree based kinships and thus to this measure of genetic
diversity, although correlations were high overall. The relation between coefficients of
kinship and genetic distances are discussed. Kinship based diversity measures conserve the
founder population allele frequencies, whereas genetic distances will conserve populations
with extreme allele frequencies. Marker based kinship estimates can be used for the selection

of breeds and individuals as contributors to a genetic conservation prograrm.

Key words: Genetic diversity, Kinship, Coancestry, Genetic Distance, Genetic markers
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INTRODUCTION

The importance of conservation of genetic diversity in livestock has received widespread
attention in recent years. Food security (Hammond, 1994) and sustainable livestock
production {de Wit ef al,, 1995) are the main reasons. A major problem with regard to

conservation efforts is the assessment of genetic diversity within and between populations.

Many studies have described genetic diversity of several populations within species based on
genetic distances (Eding and Laval, 1999; Moazami-Goudarzi et al., 1997; Ruane, 1999,
Thaon d'Amoldi et al., 1998). On the other hand are measures, which are based on some form
of genetic similarity index (Lynch 1988). These similarity indices can be adjusted to estimate
relatedness between individuals within a population (Li et al., 1993; Lynch and Ritland,
1599).

As a third option, minitnizing the mean kinship between animals within a population selected
for conservation purposes has been suggested as a general approach to conservation of genetic
diversity (Frankham, 1994; Haig er al., 1990; Johnston and Lacy, 1995; Toro ef af., 1998;
Zheng et al. 1997). The coefficient of kinship is defined as the probability that two alleles
randomly sampled from the same locus in two individuals are Identical By Descent (IBD,
Malecot, 1948). Therefore, if we minimize the mean kinship in a set of individuals we will
minimize duplicates of alleles descending from the same ancestor. Furthermore, this
parameter is on average valid for the entire genome and is not limited to the loci under study.

Kinships are calculated from pedigree records using for instance path analysis (Falconer and
MacKay, 1996). The need for pedigree records means that in situations where they do not
exist (poor administration or between breed analysis), pedigree based kinships can not be used
as a measure of genetic diversity. In plant breeding a method was developed to estimate
kinship between individuals and populations using marker gene data (Bernardo, 1993). This
method consists of a similarity index S between individuals based on the concept of identity

by descent.

The main focus of this paper will be the question to what extent missing pedigree data can be
substituted by kinship estimates based on marker information in conservation decision
making. First, we will study the behaviour of kinship (actual pedigree based and estimated

from a similarity index) between and within (sub) populations over time. Next we will
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investigate by simulation how well kinships can be predicted by a similarity index using
marker gene information. As a secondary aim we will investigate the relationship between
coefficients of kinship and marker based estimates of genetic diversity, specifically genetic
distances and similarity indices. We will argue that the similarity index used in this paper has

the most consistent relation with both actual kinship coefficients and genetic diversity.

METHODS

Similarity index

The similarity index that is used is based on the concept of identity by descent (IBD, Lynch,
1988, Jacquard, 1983). The scoring rules can be written mathematically as:

(1) S, =L, +1,+1, +1,,]

where [ is an indicator variable which is 1 when allele i on locus / in the first individual and
allele j on the same locus in the second individual are identical, otherwise it is 0. Note that
Syys can have four possible values: 1, % and % and 0. When three indicators have value 1 the
fourth will necessarily be 1 also, eliminating the possibility of a value of %. Under the
assumption of founder alleles, Sy, averaged over multiple loci is an estimator of the
coefficient of kinship £, (ie. probability of IBD). Using Jacquards (1974) identity
coefficients, Appendix 2.A shows Sy, is an unbiased estimator of kinship when founder

alleles are unique.

When founder alleles are not unique, the pairwise similarity between two individuals is
determined not only by the probability that two randomly sampled aileles are IBD, but also by
the probability that they are alike in state (AIS). Let f; be the probability two alleles are IBD
and s the probability that two alleles are AIS. Then the expected value of the similarity score
for a locus [ between two individuals / and j becomes (Lynch, 1988):

) E(S, )= 7, +A-f;)s.

i.e. S is upwardly biased by s. We assume there is a founder population from which all
populations descend. All population are therefore related at least through this founder

population. We further assume 2ll relations in the founder population are zero, i.e.

10
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Ji= fir=0 The probability of two alleles being AIS, but not IBD is: s =§; = qu , Where Sg

is the similarity in the founder population and g, is the frequency of the k-th allele in the
founder population. Note that s is only defined by the founder population, in which all

relations are assumed to be zero.

Rearrangement of equation (2) gives:

S;
(3) 1= 1";5 (Lynch, 1988)

where s can be of assumed value or be estimated per locus from founder population data.

The estimate of f; between two individuals i and j can be obtained through averaging over L
analysed loci. If however the probability s differs per locus, we may use the inverse of the

variance of the estimate of f;; as weights (see Appendix 2.B for derivation):

L s
€] J?:-,- _ ;ffj,f{s, + "J"-f(l_zsl)"f;., (1-.5', )J

L 1-5,
fzﬂ:{sl + fia (1—25.')".7:73(1"3:)]

Average similarities between and within populiations

On the level of populations the average pairwise similarity between population x and y for a

locus with K alleles can be expressed in terms of allele frequencies as:
(5 S5,=2.pulu
k

where py is the frequency of the k-th allele in population x. This expression has been used
many times in the field of conservation genetics. Applied within a population (x=y) it
expresses homozygosity under Hardy-Weinberg equilibrium. Its complement, heterozygosity
has been used as a measure of genetic diversity (Toro et al., 1998). Moreover, the coefficient
of inbreeding has been proposed as a measure of genetic diversity (notably Fsr)} and is defined
as the excess of homozygosity relative to Hardy-Weinberg equilibrium genotype frequencies.
The reciprocal of expression (5) was used by Kimura (Crow and Kimura, 1970) to estimate
effective number of alleles and in Nei's standard distance D expression (5) appears in the

numerator of the coefficient of identity.

11
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Simulation

The behaviour of similarity index S and the estimates of f; were tested by simulation. A base
population was simulated, which developed into 5 separate populations according to the
phylogeny given in Figure 2.1. Divergence was obtained by doubling the number of offspring
in the generation in which fission occurred to avoid bottleneck effects. The population of each
line consisted of 50 individuals with equal numbers of males and females. Each round of
mating produced again 25 males and 25 femnales. Parents of each offspring were sampled at
random from the preceding generation. Generations were discrete. For each individual a
genome was simulated consisting of 200 autosomal, unlinked selectively neutral loci. Every
generation information on all alleles of every individual was recorded. Simultaneously a
pedigree file was written containing all pedigree information. For reasons of simplicity,
linkage was ignored in this study, as were selection, mutation and migration, such that the

relationship between the similarity and the actval kinship was not affected by these effects.

The size of each population was limited to a maximum 50 breeding individuals, to save on
computer time. The length and structure of the history was variable. In this paper results will be
presented as a function of t/N,, since genetic drift depends on t/N, rather than only N, or time t
{Crow and Kimura, 1970).

The simulation was run for founder alleles (all founder animals have a unique set of alleles per
locus) and for founder populations with a limited number of alleles per locus (2, 5, 10 and 20,
resp.), with approximately equal allele frequencies in the founder population. Before the first
population fission, the founder population was allowed to breed for a number of generations to

generale a realistic distribution of frequencies.

Qver generations a number of statistics were calculated: average pairwise f between and within
populations calculated from the full pedigree (f;, this statistic was taken to be the 'true’ value of
genetic similarity and was used to test the other statistics against), Marker Estimated Kinships
(MEK)} from average pairwise similarities (S;) and average population similarities from allele
frequencies (8S,,), Nei's standard distance D (Nei, 1972), Reynold's distance Dy (Reynolds,
1983) and Fgr based on marker gene information (Nagylaki, 1998).

12
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Figure 2.1 General structure of the phylogenetic tree used in the simulation for the case of 5

populations.

RESULTS

Actual average kinships between populations

Figure 2.2 shows scatter plots of the development of the average actual kinship between and
within populations for a single replicate. Figure 2.2a shows f calculated from the recorded
pedigree and Figure 2.2b MEK from the 200 loci, where the number of alleles per locus was 2
('worst case'). Correction for alleles AIS, was done by setting s to 0.5, the expected
probability of AIS. Data on all 200 loci was used to eliminate random drift effects. This was
done to verify MEK does behave according to actual kinships. The population has a
phylogeny as given in Figure 2.1, In the figure we can distinguish a main line (x), increasing
with time. This line corresponds to the within population average actual kinship. At intervals
of 0.2N. generations a horizontal line separates from the main line. These lines (T, A, ¢, 0)
show the average actual kinship between one population and the cluster of populations that
arc the descendants of this population, and their value is equal to the average population
kinship within the population just prior to fission. The lowermost of these lines in the figure
(at fy = 0.098; C ) corresponds to the kinship between population 1 (the oldest population)
and the cluster of populations (2, 3, 4, 5). The next line (at f;; = 0.189; A} depicts the kinship
between population 2 and the cluster (3,4,5), the third line (0) corresponds 1o the kinship
between 3 and (4,5) and the last line (o) 1s the average actual kinship between populations 4

13
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Figure 2.2 Scatierplot of the actual coefficient of kinship f (calculated from pedigree) versus
t/N. (above) and estimated /' using markers with two alleles per locus in the founder
population {below) versus t/N. for a single replicate. Five populations were simulated.
The populations have a phylogeny as given in Figure 2.1. (x) corresponds to the within
population average actual kinship. { 1) cormresponds to the kinship between population 1
(the oldest population) and the cluster of populations (2, 3, 4, 5). (A) depicts the kinship
between population 2 and the cluster (3,4,5), (0) corresponds to the kinship between 3
and (4,5) and (o) is the average actual kinship between populations 4 and 3.
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and 5. Note that after splitting the average kinship between populations remains constant in
hoth 2a and 2b, even though genetic distances between populations would increase over time
(see Discussion). Although some sampling deviations occur, Figure 2.2b generally depicts the

same trend as Figure 2.2a.

Estimation of average kinships

In Table 2.1 the regression factor and the Mean Square Error of Prediction (MSEP),
calculated as the square root of Z,, (fhg -fi )2 /n, of average population f are given for a

relatively short (t/N,=0.4) and a relatively long (t/N.=1) period of time. The case with M=200
refers to the full genetic model with which the simulation was done and is included for

reference. In the upper half of the table founder alleles were assumed.

Table 2.1 Regression coefficients b, of the regression of the population averages of f“l on f;

and the square root of the Mean Square Error of Prediction (MSEP)". Values of b and the

MSEP were calculated over 20 replicates.

t/N~=04 t/N.=1.0

b MSEP |b MSEP
No. of

founder alleles
markers
10 0.972 0.058 1.020 0.079
20 0.986 0.034 1.002 0.068
30 0.998 0.025 1.000 0.058
50 0.959 0.021 0.998 0.041
200 1.010 0.007 1.008 0.012
No. of

200 markers
alleles
2 0.852 0.020 0.940 0.028
5 0.970 0.009 0.992 0.018
10 1.000 0.009 1.003 0.015
20 0.998 0.008 1.001 0.013

") MSEP =, Hzﬁj (7, - £.F /n , where n = 20 replicates
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Chapter 2

The lower half of Table 2.1 gives the regression factors and MSEP of f with increasing
numbers of alleles per locus at time t/N, = 0.4 and 1, respectively. Regression coefficients

between fand f were close to 1, indicating the estimator was approximately unbiased. The

MSEP approached that of founder alleles. The estimation of f for non-founder alleles was by

expression (5} and assumed known s.

Within populations estimates of kinship

The regression of the pairwise MEKs on the actual kinships was 1 and had relatively small
MSEP. The right hand portion of Table 2.2 shows that the regression factors, by and b, are

close to 0 and 1, respectively, which indicates an approximately unbiased estimation of £;;.

For the left hand portion of Table 2.2 two situations were compared: one with a relatively
short history (t/N, = 0.4) and another with relatively long history (t/'N, = 1). Numbers of loci

used were varied as was the number of alleles per locus in the founder population.

The general trend is a decreasing MSEP with increasing numbers of loci and increasing
number of alleles per locus in the founder population. There is not a clear distinction in the
importance between number of loci used and the number of alleles per locus. If the number of
alleles per locus is low, extra alleles are more informative than extra loci.

MSEP was overall rather large. Especially when looking at scenarios that presently are used
in the studies of genetic diversity with 10-15 loci, we see that it is virtually impossible to
distinguish even full sibs from half sibs. To be able to accurately distinguish between non-
inbred full sibs and half sibs (p<0.05) the results suggest that at moderate numbers of alleles
per locus (5 -10) at least 30 to 50 unlinked markers have to be used, which confirms
observations in similar studies of marker based relationship estimates (Lynch and Ritland,

1999).

Estimates of kinship and genetic distances

In Table 2.3 the proportion of variance explained by regression of genetic distances and
similarity parameters on kinship, R? at time UN, = 1 are given for cases with different
numbers of alleles in the founder population. All measures have an apparently strong
relationship with kinship. Only Fsr shows a very weak relation with kinship when the number

of alleles is 2. This might be due to the combination of relatively large variance on the
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Table 2.3 Proportion of variance explained by the regression of average pairwise similarity
Sxy» population similarity S, Nei's standard distance D, Reynolds distance Dg or Fgr
(from allele frequencies) at t/N.=1 on actunal average kinship (calculated from pedigree),

R’ Estimates of the parameters were based on full genetic information (i.e. 200 markers).

Parameter
# alleles/locus Suy Sij D Dr” Fsr
2 0.944 0.959 0.881 0.870 0.041
3 0.979 0.983 0.917 0.954 0.831
10 0.984 0.987 0.905 0.965 0.899
20 0.984 0.987 0.905 0.965 0.915
Founder 0.990 0.992 0.863 0.971 0.967

*} Genetic distances were calculated between populations only.

estimator and low estimates of Fsr due to the number of allels per locus. Although these
strong relationships can be explained by the fact that all populations evolved similarly
{constant and equal N} it illustrates that genetic distance measures have a tendency to be
highly related (Hedrick, 1974; Takezaki and Nei, 1996).

R? of both measures of S with kinship is consistently higher than those of genetic distances.
Note that the correlation of Nei's distance with kinship is reduced when founder alleles are
used. This is due to the non-linearity with t/N; of Nei’s distance.

Looking over time the relationships between kinship and genetic distance becomes more
complicated. In Figures 3a and b scatter plots are given of S and Nei's standard distance
respectively versus the true kinship. S was calculated in two alternative ways: averaging all
pairwise similarities, S,y and estimation from allele frequencies, Sy. Results were very similar

so they are not presented separately. Both 5;j and S, were calculated from founder alleles, so
5= f . The points in the scatter plots represent kinships and the statistics mentioned above

between populations at 10 intervals in time between t/N=0 and t/N.=1 for 20 replicates. The
four groups of data points in Figure 2.3a and 3b (from left to right) correspond to the
kinship/distance of population 1 and the cluster of populations (2,3,4,5), populations 2 and
(3,4,5), 3 and (4,5) and the kinship distance between populations 4 and 5. In Figure 2.3b, each

group of data points starts on the x-axis (distance =0), as this is the moment where population
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Figure 2.3 Scatter plots of between population diversity estimators versus the true kinship.
Five populations were simulated according to Figure 2.1. All information (all individuals

and all 200 loci) was included. For all measures founder alleles were assumed. Above)

7 based on §, below) Nei's standard genetic distance.
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fission took place (D=0). Over the next time interval, the distances increase. The kinship
between populations remains the same however, resulting in a cloud of points directly above
the previous ones. Looking at Figure 2.3b, it is clear a distance measure can be associated
with any number of combinations of kinship coefficients, making the interpretation of genetic
distances in terms of genetic diversity ambiguous. Figure 2.3b shows this relationship for
Nei’s standard distance, but was similar for Reynold’s distance and Fsr.

The average kinship f, between two populations x and y is an estimate of the time, or rather
t/N, between establishment of the founder populations and the time of divergence of the two
populations. It is approximately equal to inbreeding in the parent population at time of
divergence. After population fission £, will remain constant, while x and y will drift further
apart, resulting in increasing distance estimates between population x and y, which explains

the differences between kinship and distance measures in Figure 2.3,

DISCUSSION

Kinship/similarity as measure for genetic diversity

In this paper we argue that average kinship is a good measure of genetic diversity. Moreover,
as can be seen from expression (5) most of the distance and diversity measures involve terms
that estimate kinship. Kinship or similarity indices can be used to assess genetic diversity
within and between populations. For conservation purposes kinship as a measure of diversity
has some properties with intuitive appeal:

1) Within populations, kinships can generally only increase while diversity can only decrease
over time (ignoring mutation).

2} After population fission kinship between populations becomes constant very quickly
causing between population diversity to remain constant. For example, even afier two
descendant populations have become fully inbred there will be a fraction of loci at which the
same allele has been fixed in both populations. Assuming founder alleles this fraction will be
equal to the mean kinship in the parent population just prior to population fission, hence, the
constant between population kinship. Because some of the fixed alleles in fully inbred
populations will differ, some genetic diversity remains as predicted from a kinship coefficient
smaller than 1. If the founder allele assumption is relaxed the fraction of alleles fixed in both
populations (i.e. the similarity) will be larger than the average kinship between these

populations. However, both 5 and f between two populations are defined by preceding
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generations and therefore not subject to change. The expectation of the per locus similarity
score will therefore also stay constant.

3) The definition of the coefficient of kinship as the probability that two randomly sampled
alleles drawn from two individuals are identical by descent f which implies that (1-f} is the
probability they are not identical by descent and can therefore be interpreted as an upper limit
for genetic diversity.

4) The coefficient of kinship is also invelved in the variance of quantitative traits. In
Appendix 2.C we show how the minimization of kinship will lead to conservation of variance

of quantitative traits.

Between populations the marker-based estimates of f (including between a population with
itself) show relatively low MSEP (Table 2.1), and are useful as genetic diversily measures.
Between individuals the estimates of f suffer from relatively high MSEP (Table 2.2). Using a
reasonable number of marker alleles (30-50) which are relatively polymorphic (5-10 alleles
per locus) it is possible to distinguish animals with low kinship from pairs of animals with a
high degree of kinship. Estimating between individual kinships based on marker estimation,
even with a low number of marker loci, is useful however. Use of these estimates to calculate
between population kinships introduces less assumptions about the population structure and

implicitly accounts for structures within a population (herds, for instance).

Estimates of relations between individuals have been developed by many anthors {Thompson,
1975; Lynch, 1988; Li et al. 1993; Lynch and Ritland, 1999). Each of these estimates has its
merits but is not entirely suitable for the purposes we describe in this paper. Either they are
not linear with Malecot's coefficient of kinship (Lynch, 1988) or can realistically only be
applied within a population. Lynch and Ritland (1999) state that there are problems with the
sampling error of the similarity index used in this paper. However, the case cited in Lynch
and Ritland corrects for alleles alike in state by replacing s in Equation (3) by Jo, the expected
homozygosity under Hardy-Weinberg equilibrium. While this is a good approximation for
estimations of first and second order relationships, it should be clear that this is not the
desired method when assessing genetic diversity, Using the expected homozygosity of a
population spanning multiple generations defines the founder population somewhere between
the oldest and the youngest generation in the population. When Jj is used within populations a
problem occurs in that populations cannot be compared for their genetic diversity content.

Furthermore, inbreeding is not accounted for, while this is an important part of genctic
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diversity within a population. In practice, the use of J, as the probability of AIS leads to
negative estimates of the kinship coefficient in cases where the common ancestor(s) is (are) a

member of the oldest generations and is not a matter of sampling error alone.

All of the above authors and many others have concluded that it requires a large amount of
genetic marker data to obtain reliable estimates of between individual coefficients of kinship.
If there exists pedigree information other than from genetic marker data (i.e. herd books) it
seems advisable that once populations have been identified for conservation, the existing
pedigree information is incorporated to facilitate selection of individual contributors to a
conservation plan or gene bank. This might be done by using Wright's (1968) F-statistics:
(I_Fn)=(1_F/sXI‘Fsr)

where Fjris defined as the total kinship between two individuals within a population. Fig is
the kinship between two individuals relative to the present population and can be extracted
from the (limited) pedigree information. Then for Fgr we substitute the average kinship within
the population under study estimated from genetic marker data (i.e. MEK). This method
removes a large part of the error of the estimates of kinships between individuals based on
marker data only.If pedigree information does not exist the Marker Estimated Kinships can

still be used to avoid selection of full sibs or half sibs as contributors.

The strength of the presented method is that the same methed is being applied on the level of
breeds, populations, herds down to individuals which, as shown above can relatively easy
incorporate existing pedigree information. Both Marker Estimated Kinships and pedigree
information are tranferred to kinship coefficients and are therefore easily combined. The
result is a comprehensive approach to assessing the genetic diversity that is maintained in a

gene bank and thus can be used to prioritise breeds or populations for genetic conservation.

In this study a genome was simulated consisting of a maximum of 200 autosomal, unlinked
loci. In nature, linkage does occur of course and will have an influence on the accuracy with
which f is estimated. Accounting for linkage however is complicated and lies beyond the

scope of this paper.

Weitzman (1992) developed criteria which have to be fulfiled by proper measures of
diversity (Thaon d'Amoldi ef al., 1998). These criteria are:
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1) The 'twin property', which means that the inclusion of a population identical to a
population already in a set of conserved populations must not increase the diversity in the set.
In the case of kinship inclusion of such a population would increase the average kinship, i.e.
diversity would be decreased.

2) The total amount of diversity in a set of populations cannot increase when a population is
removed from the set. It can be shown that the average kinship can decrease, i.e. diversity can
increase, when a population is removed from the set. However, this can only happen when the
between population kinships are (almost) as large the within population kinships. The latter is
not likely to occur in practice.

3) Continuity in distance: If distances are slightly modified, the change in diversity is slight
too. Average kinship is a continuous function, so any small change leads to a small difference
in average kinship.

4) Monotonicity in distance: If distances increase, diversity should increase also: If the
kinship between two population decreases, diversity will increase,

Thus the average kinship as a measure of diversity has some problems with the comparison of
sets of unequal sizes, i.e. Weitzman's criteria 1 and 2. These problems do not seem to be very
important in practical situations, where the number of populations in the gencbank will often
be limited and thus constant. We are in the process of modifying the average kinship criterion

to a weighted average kinship, which should fulfill all of Weitzman's criteria.

Kinship and genetic distances
Being proportional to time since divergence, genetic distances create the impression of

increasing diversity between two populations, even when there is no change in the actual
genetic diversity in terms of allelic diversity or coefficient of kinships. The average kinship

within a population can be written as:

fi=F, +4.

That is: the within population kinship is the sum of the between population kinship (i.e. the
kinship within the population just prior to fission, f,;) and the increase in within population

kinship since fission (Af;).
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| 0.10
0.05 | distance B C
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(0.64) (0.62)

C B 0.65

0.55 0.45 (0.59)

Kinship A B C
A 070 0.15 0.10
B 0.60 0.10
B

A C 0.25

Figure 2.4 Hypothetical phylogenetic tree of three breeds. The numbers in the figure refer to
the increase in average coefficient of kinship within the line. The table in the figure
gives the genetic distances between the breeds in a general form
(duy)y=f,+f,-2f, =4f,+4,) and Nei's standard genetic distance D (in

parentheses) assuming founder alleles (i.e. D = -log(/ ), with /= f, / ,{ f.f, ) and

kinships. From the table can be seen that even though the pair (A,B) has less diversity
(higher between and within population coefficients of kinship), the distance between A
and B is larger then the distances between them and C.

In terms of coefficients of kinship, a generic distance between populations x and y can be

written as:

dx,y)=f.+f,-2f,
=Mx +My

This expression explains the relation between genetic distances and kinship. Although f,
stays constant over time, f; and f, increase over time and this results in an increase of the

distance between x and y for the same value of f;;.
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Suppose we have a phylogenetic tree as given in Figure 2.4. In this figure the lengths of the
branches are given in terms of f. The distances between (A,B), (A,C) and (B,C) in terms of
average kinship are given in the table in Figure 2.4. In parentheses Nei's distances are given,

assuming founder alleles.

If two populations were chosen for conservation based on these distances, the choice would
be the pair (A,B) since they have the largest distance between them and seem the furthest
apart. However, both the within and between population kinship is smaller (and consequently
the conserved diversity larger), when the pair (A,C) or (B,C) is chosen for conservation
instecad of (A,B). The robust method of Weitzman results in population C being the link
element in the diversity tree, which implies that the loss of population C is less consequential
for the diversity than any other element. Clearly, the loss of population C in our example
would yield the highest loss of diversity. Genetic distances are useful to picture genetic
diversity, e.g. in the form of phylogenetic trees. However, genetic distances increase with
increasing levels of inbreeding of the populations, and thus diversity decreases. In general
genctic distances will conserve the more extreme genotypes and allele frequencies by placing
more emphasis on differences between populations, while minimizing kinships attempts to

conserve the founder population allele frequencies.

Correction for alleles being alike in state

Estimation of kinships with genetic marker data is easiest under the assumption of founder
alleles somewhere in the history of the population. Toro er al. (1998) have used this
assumption in their study of the use of marker information in a live conservation of a single
breed. If the assumption of founder alleles is relaxed the estimate of kinship needs to be
corrected for the probability two alleles are alike in state, s. When kinship or numbers of
alleles per locus are relatively small, the influence of the distribution of alleles in the founder
population is considerable (Table 2.2). There is an advantage in using estimates of s in that it
makes weighing over loci possible which reduces the variance of the estimator { Equation
(4)). Note that since we assume a single founding population, s will be of equal value for all
populations and individuals and the ranking of pairs of individuals or populations is not

affected by the assumed value of 5.

In a set of populations we can assume s to be the value of the between population similarity of

the populations descending from the oldest fission (ie. s equals the smallest between
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population kinship). I the populations structure used in this study this would mean taking the
average value of the between population similarity of population 1 and the cluster (2,3,4,5)
(see Figure 2.1). This defines the generations with parents of 1 and 2 as the base population.
This method requires the least amount of assumptions about the character of the founder
population: information on the founder population can be inferred from the between
population similarity of the two oldest populations or clusters. This seems to be the best
approach to the question of founder population definition. It should be noled that the
definition of a founder population is artificial. It is a convenient entity to specify more
precisely what the relationships are and to minimize the prediction error of kinships estimates
using equation (4). For conservation purposes the estimate of s need not be accurate, because
the MEK will still be proportional to the true f. This will leave the outcome of a selection
procedure of animals for a genebank unaffected, which. has been verified in an example

(results not showmn).

In this study mutation was not accounted for. Mutation will bias information about kinships
between and within populations and individuals. However, studies of the effect of mutation
on genetic distances generally indicate that these effects will not disturb estimates very much,
unless the number of generations and the population size are very large (Slatkin, 1995; Nauta
and Weissing, 1996). In studies of breed formation, both the population size and the time
since divergence are expected to be relatively small on an evolutionary scale and therefore the

influence of mutations is not expected to be of great importance.

Generally, when using marker information, it is recommended to use markers that are as
polymorphic as possible (Bretting and Widerlechner, 1995). The pancl of microsatellite
markers proposed by FAO in the study of genetic diversity in European cattle (as part of the
MoDAD project) was chosen on the basis that the markers had to have at least 4 different
alleles per locus (FAQ Primary Guidelines, 1998). Selection of highly polymorphic markers is
equal to selection of markers with small 5. Since the method presented in this paper includes a
correction for s, this selection of highly polymorphic markers is not expected to bias the
kinship estimates. Marker loci used should however display more then two alleles per locus.
Writing the estimate of the coefficient of kinship in Jacquards notation for a locus with only
two alleles in the founder population shows that this sitzation is no longer yielding an
estimate of Malecot’s kinship coefficient. This explains the poorer performance of the

diversity measures in this paper for situations in which only two alleles per locus were used.
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Conclusion

Kinship coefficients appear to be of ceniral importance in the definition and measurement of
genetic diversity. As the results show, it is possible to obtain estimates of between population
kinship with acceptably low MSEP. These estimates may be biased by the unknown s (the
probability two alleles are alike in state, but not identical by descent). However, since it is
expected that this bias is equal for all populations (s being a function of the homozygosity in
the founder population; see before) it will not affect the selection of populations for genetic
conservation. The Marker Estimated Kinships will allow us to identify those populations and
individuals that have the least kinship and will therefore help to make optimal use of limited
resources for genetic conservation. However, the MSEP of the between individual estimates
are such that it is advisable to use existing pedigree information for the selection of

individuals of a population that is to be conserved.
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APPENDIX 2.A

The 15 states of identity defined by Jacquard are given in Figure 2.Al condensed in 9
condensed coefficients of identity (Taken from Lynch and Walsh, 1999). Note that these

states of identity presuppose the existence of more than two alleles for a locus.

Ignoring alleles alike in state (AIS) Malecot's coefficient of kinship can be written in these
condensed identity coefficients as (Lynch and Walsh, 1998):

fo =4 +%(A3 +A, +A7)+%Aa

The similarity index S,y is defined as given in Table 2.A1 with the corresponding condensed
identity coefficients. Assuming founder alleles and summing over all four possible values we

get:
Sry = A, +%(A3 +A, +A7)+'1'As =fxy

i.e., assuming founder alleles S,y is an unbiased estimator of f,, Moreover, Sy, will be linear
with f, as long as the number of alleles per locus is larger than two. When only two alleles
per locus are assumed Ay is undefined and S,y is no longer strictly linear with f,. Note that
this sitnation is different from the situation where Ag equals 0, i.e. more than two alleles were

present in the founder population. In the latter case Sy, is still linear with fy.

Table 2.A1 The four possible values of the similarity index and their corresponding

condensed coefficients of identity.

Similarity value Identity coefficient
AA-AA 1 Ay
AA-AB 1/2 Az + Ag
AB-AB 12 Aq
AB-BC 1/4 Ag

Total Al+%(A3+A5+A7)+%As
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Figure 2.A1 The nine condensed coefficients of identity for a locus in two individuals.
Alleles that are identical by descent are connected by lines (Taken from Lynch and
Walsh, 1998).
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Lynch and Ritland (1999) define a coefficient of relatedness, which should estimate twice the
kinship coefficient of Malecot:

Where ¢,, is the probability that one allele in x is IBD with one allele in y, and A,y is the
probability that both alleles in x are IBD with alleles in y. Lynch and Ritland do not account
for inbreeding. This removes the probability of individuals being homozygous for alleles IBD.

If we rewrite I, and 1,y under these terms we get:

and

ro =0, +1 A4,
As can be seen from the above: The estimator of Lynch and Ritland agrees with Malecots
coefficient of kinship if inbreeding is non-existent. However, if individuals are allowed to be
homozygous for alleles IBD, i.e. inbreeding does occur the estimator presented by Lynch and

Ritland can be expressed as:
ro =A +A +A;+ (A +A,)

which is no longer agrees with Malecots coefficient of kinship.

APPENDIX 2.B

As stated in the main text, the relation between S and the kinship f; between i and j can be
written as:
E(SI) =Py
(D = ﬁ+(1—ﬁj)s!
=g +(1 -5, fy
where 3j;) is the similarity between two individuals for locus | and s is the probability of

alleles of locus | being alike.

This result leads to the variance of £ in that
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@ valj)- i)

Since S is the probability that two random alleles drawn from two individuals are alike, the
distribution of S is binomial. The variance of S between two individueals i and j for a locus 1 is
given as:
(3 var(s; )=p;01-p;,)
Filling in (1) in (3) yields:

a.r( ,j,) 1 s, +5— [ 2(1- sf)2+2fs,+s,]

(4)
=.G(1“31X1“23f)+31(1—Sz)‘“f;(l_sr)z

Substitution of (5) in (2) gives:

fﬁ(l_stxl_ 25r)+51(1_5r)'ﬁ,-‘2(1_5r)2
(1_-5'r)2

var .-,-)=

(5
_ % +f:_',5(1_ zsr)_f;'fz(l_sl)

1-5

APPENDIX 2.C

Suppose an animal i has a breeding value v; for an (unspecified) trait. The total variance of
breeding value u; equals the variance of the mean plus the variance of deviations within the

population:

var(u, )= var(it)+ var(u, —i7) =
var(u, -aT): va.t{u,-)«var(ﬁ)

The total amount of genetic diversity in a population is described by var(y, -%) and it is this

quantity we want maximized. The total variance of the breeding value, var(u;), is fixed and
unknown and thus cannot be maximized. Therefore a conservation plan can only affect

var(r). This last factor can be interpreted as the variance of the average breeding value of all

possible genebanks assembled from the population under study.
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Marker estimated Kinships

In matrix notation var(7) equals var{¢'u/c'c), where w is an » x 1 vector containing the

breeding values of the animals in the population and e denotes a vector of ones and zeros
indicating which individuals in the total population are selected for conservation.

Now,

var(e'u/n ) =c'var(u)e/nl, =¢' [a'fA]c inl
where A is the relationship matrix and #g, = ¢'c is the number of individuals in the genebank.

Elements a; of A are the additive genetic relationships between individuals i and j and

Malecot's coefficient of kinship is f;j = 0.5(a;). We can see that var(i7) is proportional to A/r’,

hence it follows that maximization of genetic diversity in any quantitative trait implies

minimization of average kinship.
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Core sets

ABSTRACT

Quantitative assessment of genetic diversity within and between populations is important for
decision making in genetic conservation plans. In this paper we introduce a definition of
genetic diversity that is based on Marker Estimated Kinships. First we calculate the relative
contribution of populations to a core set of populations in which overlap of genetic diversity
is minimised. The total genetic diversity in a set of populations is defined as the average
kinship in this core set. This definition satisfies the Weitzman criteria for a measure of genetic
diversity. The application of the method is illustrated by an example involving 45 Duich
poultry breeds. The calculations used are easy to implement and not computer intensive. The
method gives a ranking of breeds according to their contributions to genetic diversity. Losses
in genetic diversity ranged from 2.1% to 4.5% for different subsets relative to the entire set of

breeds, while the loss of founder genome equivalents ranged from 22.9% to 39.3%
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