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Abstract

The scientific purpose of the thesis is twofold:t¢ investigate in details the links between
criteria originating from different kinds of inforion, such as molecular markers, pedigrees,
or phenotypes for quantitative traits) o go further in the examination of the joint &uan

of the neutral variability and the selected valtigbi According to the kind of information,
genetic diversity and its evolution are describkobigh various parameters dealing with
more or less complex underlying model, thus, wel vlidve more or less realistic
representation of the genetic diversity. On onedhanalysis of polymorphism gives a direct
overview of the diversity: genotypes and allelegfrencies of candidate gene or molecular
markers will give access to specific polymorphisfrkeown areas in the genome, whereas
pedigrees will give access to anonymous polymorphig neutral unknown areas in the
genome. On the other hand, analysis of phenotypess ga general overview of genetic
diversity, assuming the model of representatiobpetonore complex.

The principal methods that are available for thalysis of genetic diversity and those used
along this thesis, using different kinds of infotioa are presented in chapter 1.

Chapter 2, 3 and 4 deal with a valorisation of etéght kinds of information from
experimental chicken lines, selected for immun@aase traits, for the integrate analysis of
genetic variability.

Genetic gain and genetic diversity based on pedooes and pedigree data were analysed in
chapter 2. The observed evolutions of inbreedird) ganetic gain were compared to values
predicted by some theoretical models. The detestiinmethods compared yielded results
that were close to those observed in real dataddfetences between theoretical predictions
and experimental results mainly arise from diffees between the true and the assumed
selection scheme, and from mathematical simplifcat applied in the prediction methods.
Effect of selection scheme on inbreeding and othnigeria of genetic variability, based on
pedigree data, was also investigated. The effectivaber of ancestors appeared to be the
most relevant parameter in monitoring genetic diNgrusing pedigree information since it
takes into account the loss of genetic diversitg doi genetic drift occurring during the
pedigree development.

Estimation and evolution of genetic parameters miggmorphism evolution of a candidate
gene were handled in chapter 3. Confrontation dferdint theoretical predictions with



observed evolution of the polymorphism within lireesd analysis of variance coponents were
undergone to check the neutrality of MHC for thaitsr in our selected populations. But
beyond the interest of MHC effect in immune respagrsess, this study has highlighted the
interest of combining various approaches to astes®ffect of a candidate gene and the
evolution of its polymorphism, especially in theseaof rare alleles. Changes in additive
genetic variance during the course of the experimene also investigated and we examined
the cope of the underlying model (polygenic infésitmal model) used for the estimation of
the genetic parameters. Increasing the number ridrgéon or taking subsets of generations
using REML may be an appropriate method in momtprjenetic diversity over time and
infer about the effect of selection on reductiormddlitive genetic variance.

Evolution of polymorphism of supposedly neutraketected molecular markers was analysed
and compared in chapter 4. Different methods werehined, statistical analysis as well as
modelling and simulations, to detect signature edéction left by QTL. Pictures of genetic
diversity were drawn from polymorphism evolutionrafirkers located in QTL regions and
supposedly neutral markers, which may be considased reference. This study has shown
that QTLs are very sensitive to the trait theytetlato and that a marker should be very close
to a QTL to experience hitchhiking, since selectweep occurs at a very short distance.
Throughout the chapter, modelling was confirmetde¢can efficient approach to make useful
predictions of the evolution of selected populatiaithough the basic assumptions considered
in the models (polygenic additive model, normabfythe distribution, base population at the
equilibrium, etc.) are not met in reality.

The effective size Ne) of the population is a key parameter for estioratof genetic
variability and was estimated using either pedigmeformation or variance in allele
frequencies over time in the experimental chickiered. Estimated effective size of the
population based on the pedigree approach was sieayer than estimated effective size
based on the temporal variation approach, whattaeetoci that were considered: candidate
gene, supposedly neutral or selected markers. &uitnation using genotype information
from supposedly neutral marker was lower than edton using genotype information from
markers under selection: genetic diversity in ragiander selection is weaker than those of
the whole genome.

Chapter 5 was not a direct analysis of geneticrdityebut an evaluation of risks consequently
to reduction of genetic diversity. The study foaise abnormalities in populations that have
experimented a strong bottleneck, such as the Rrét#alstein dairy cattle population.

Through simulations, we showed that appearancesoétgs defects was due to the reduced



and unbalanced use of bulls. We also investigatedcbnsequences of counter-selection

against the deleterious alleles identified in slaod long-term.



Résumé

L'objectif de cette thése est double : examinerdétails d’'une part, les liens entre les
différents critéres obtenus a partir de différetypes d’information, tels que les marqueurs
moléculaires, les pedigrees ou les phénotypes dexctéres quantitatifs, et d’autre part,
I'évolution conjointe de la variabilité neutre et ¢h variabilité sélectionnée.

En fonction de la nature des informations, la vhiiéé génétique et son évolution sont
décrites par différents parametres qui s’appuiantdes modéles sous-jacents plus ou moins
complexes et la représentation qu’on se fait daivarsité génétique sera donc plus ou moins
réaliste. Ainsi, I'analyse du polymorphisme nousr directement une image précise de la
diversité au niveau du génome. Par exemple, lestgpes et les fréquences alléliques de
genes candidats, ou plus généralement de marquealéculaires, nous donnent directement
acces au polymorphisme spécifique a des genesfidergn des endroits précis du génome ;
guant aux analyses basées sur les pedigrees, tedléggisent le polymorphisme en un locus
neutre et anonyme, n'importe ou dans le génome. déatre, I'analyse des phénotypes
nécessite des modéles de représentation plus ceespdt nous une vue d’ensemble générale
de la diversité génétique.

Les principales méthodes pour I'analyse de la diérgénétique a partir d’'informations de
natures différentes, et celles utilisées au coersette these, sont présentées dans le premier

chapitre.

Les chapitres 2, 3 et 4 constituent une valorisaties différents types d’informations issues
de lignées expérimentales de poulets sélectiorp@@sdes critéres de réponse immunitaire.
L’ensemble de ces analyses constitue une analiégré®e de la diversité géenétique.

Dans le chapitre 2, nous analysons la diversitéégjéne et le gain génétique, sur la base des
performances et des données généalogiques. Legrvalbservées de consanguinité et de
gain génétique sont confrontées a des valeurs @®di partir de modéles théoriques : les
meéthodes déterministes ont permis d’obtenir deswal prédictives proches des valeurs
observées, les différences étant principalemess dul'écart entre les hypotheses sur le
schéma de sélection et la réalité, et les singplifbons mathématiques faites dans les modéles
de prédiction. Nous avons également testé I'efietathéma de sélection sur la consanguinité
et les autres criteres de diversité génétique algea partir des généalogies. Le nombre



efficace d’ancétres s’est révélé étre le paramédrplus pertinent pour suivre I'évolution de
la diversité génétique puisqu’il prend en compt@éate de diversité qui a lieu au cours des
générations sous l'effet de la dérive génétique.

L’estimation des parametres génétiques et leurudwar sont présentées au chapitre 3, ainsi
gue I'évolution du polymorphisme d'un géne candiddin de tester la neutralit¢ du CMH
sur les caracteres de nos lignées sélectionnéass mwons analysé les composant de la
variance et avons également comparé I'évolutionpdlymorphisme dans les lignées avec
I'évolution théoriques issues de modeles de priéxictAu-dela de la mise en évidence de
'effet du CMH dans la réponse immunitaire, cettedé a permis de souligner l'intérét de
combiner différentes approches afin de juger ddfdted’'un géne candidat, et de son
évolution, et ce plus particulierement quand ceegprésente des alléles rares. Nous avons
egalement examiné les variations de la diversit@éggue additive au cours du temps, en
tentant de surmonter les difficultés pour estinesr parametres génétiques liées au modele
théorique sous-jacent (modéle polygénique infimtéf. Pour cela, nous avons testé
laugmentation du nombre de générations disponibpesir I'analyse par REML, et
I'utilisation de l'information de quelques génémats seulement; ces approches se sont
avérées satisfaisantes pour observer I'évolutiorladeariance génétique additive et inférer
sur I'effet de la sélection sur la réduction deviriance génétique additive.

Dans le chapitre 4, nous avons analysé et companélution du polymorphisme de
marqueurs moléculaires supposés neutres ou sous@keeation. Afin de mettre en évidence la
signature de sélection laissée par les QTL, nousnsivcombiné differentes méthodes,
simulations et méthodes statistiques. L'étude atr@dintérét de comparer I'image de la
diversité génétique définie par le polymorphismerdgqueurs situés dans des zones QTL a
celle définie par le polymorphisme des marqueuppegés neutres.

Au travers des différents chapitres, la modélisagst apparue comme une approche efficace
pour prédire l'évolution des populations sélectiées, méme si les hypothéses de
modélisation faites (telles que le model addibifygénique, la normalité des distributions ou
la population des fondateurs sous équilibre de Wafdkeinberg, etc.) ne correspondent pas
exactement au réel modele biologique.

La taille efficace de la population (Ne) est ungaetre clé dans I'estimation de la variabilité
génétique que nous avons estimé dans les lign@ésimentales de poulets, soit a partir des
généalogies, soit a partir des variations des fetpes alléliques. Il est apparu que les
estimations faites a partir des généalogies étaieunjours inférieures aux estimations faites a

partir des fréquences alléliques, quelque soitylpetde locus considéré (gene candidat,



markers supposé neutre ou soumis a sélection)titiagon de Ne a partir des fréquences
alléligues des marqueurs neutres a donné une vgbus faible que celle a partir des
fréquences alléligues des marqueurs soumis a stedCeci nous permet de dire que la
diversité génétique est plus réduite dans les réggpumises a sélection que dans le reste du

géenome.

Au chapitre 5, nous n'avons pas analysé la divergienétique en elle-méme mais les
conséquences d'une réduction de cette diversitétggre. L'étude a porté sur anomalies
géneétiques dans les populations ayant subi un dorlot d’étranglement, telles que la
population frangaise bovine laitiere Prim’HolsteiNous avons montré que I'origine des pics
de veaux mort-nés venait du tres faible nombreetespet de leur utilisation non équilibrée.
Nous avons aussi examiné les conséquences, ateoor¢ et a long terme, d’'une contre

sélection exercée sur l'allele délétere responsdhlee anomalie.
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INTRODUCTION

INTRODUCTION

During the last decades, agriculture in Europe @dntbwards intensive and specialised
production systems. Up to the seventies, finanaiailabilities and public policies have
supported the development and use of a small nuoflberecialised breeds. Consequently, a
limited number of specialized breeds have exteradeke national and even worldwide levels
since their efficiency has been largely improvedy(Prim'Holstein in dairy cattle, Large-
White in pigs or specialised strains in poultry)edtwhile, a large proportion of local breeds
declined, kept with rather small numbers, someheht are how even endangered or have
already disappeared. Then, the question rose givesérvation of a breed when this breed
that is native to a particular area appears to Hase its function in that area and is
consequently in danger of becoming extinct. Theegfosince the 70’s conservation
programmes were set up in France with the finarasidl technical support from the State and
the European Union. Objectives of the programmesrded according to the status of the
populations: for endangered breeds, objectives wer@void extinction whereas objectives
were to preserve local breeds by developing thelues for animal production or

environmental purposes.

The evolution and the current status of Frenchlecditeeds may illustrate these trends
(Verrier et al, 2001). Figure 1 shows the evolution over timehef repartition of the French
cattle stock into different categories of breeds.

During the second part of the XXcentury, there was a regular increase of the ptigpoof
cows belonging to the three main dairy breeds (harttge Prim’Holstein, Montbéliarde and
Normandy breeds) or to the three main beef breeasé€ly, the Charolaise, Limousine and
Blonde d’Aquitaine breeds). Note that the decredgbe part of dairy breeds and the increase
of the part of beef breeds observed from the &0a’¢onsequence of the European milk quota
policy started in 1984. On the contrary, the prdparof cows belonging to other breeds
(mainly local breeds) decreased from 35 % in 193nly 6 % in 2000. For some local
breeds, the breeders succeeded in stopping theadecof the population size and founded the
conditions of a new development of their breed,deyeloping typical and high quality
products under labelling procedures, e.g., PDO s#wedor the Abondance and Tarentaise
breeds in the Northern Alps (Verriet al, 2005a), high prices calves for the Aubrac breed,
by using crossbreeding with Charolais bulls in tassif Central Mountains (Lambert-
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Derkimbaet al, 2006). Finally, a number of rare breeds benefitesuccessful conservation

programmes (Avoet al, 2006).

Arguments in favour of preservation are that wendb know what type of animals will be
required in the future and that we should preséneeavailable genetic diversity between
breeds,i.e. biodiversity, as an insurance against the unknéwtare. To decipher which
populations to be preserved, it was proposed tlysam@enetic distances between populations
or the marginal contribution of each populatiorttie diversity of a set of populations (Thaon
d’Arnoldi et al, 1998). But use of genetic distances for AnGR mganeent has been
criticised (Ruane, 1999) and Weitzman’s diversiypdtion (1992) is a method based on
pairwise genetic distances between the populattbas does not take within-population
genetic diversity. Fabuet al (2004) proposed a methodology that allows estmgaibss or
gain of genetic diversity if removing a populatiohthe set and that takes both within and
between population diversity. From a strict genptint of view, a most important question
lies in the information used to analyse the divgrand to take conservation decisions: if the
purpose of conservation is insurance for the fyttive neutral diversity cannot be the only

criterion and the functional diversity is to belumbed in the analyses

Arguments for preservation may be also appliedatgdr selected populations since these
breeds show narrow genetic basis, too. For instanagder to carry on with the French dairy
cattle example, it was shown (Mattadial, 2006) that half the gene pool of the cows born in
2000-2003 originated from only 8, 8 and 9 major embars for the Prim’Holstein,
Montbéliarde and Normande breeds, respectively.elO#xamples, in several livestock
species, show that intensively selected breeds aithrge population size may be small
populations from a genetic point of view (for a thgsis, see Verriegt al, 2005b). Thus,
procedures for management of genetic variability aeeded in these cases too, with the
objective to combine high genetic gains and pregem of the genetic variability.

In fact, characterisation and management of Ani@ehetic Resources (AnGR) are essential
for sustainable breeding of animal populations & as answering demands that arise at
different level of the production chain: demandsrirproducers but also from the public and
consumers themselves. First, genetic variabilitynexessary for the sustainability and
competitiveness of animal productions, by allowgenetic progress concerning production

traits that reduce costs and increase quality ®@fptioducts. This genetic progress should also
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concern traits that were not selected yet and wéhl animal welfare and consumer health,
due to the social demand. Second, local breeds pmagent characteristics, such as
robustness, that could be useful if changes octpraduction systems, especially if systems
tend to be less intensive. Moreover, local breealsydoth cultural and historical dimensions

which are part of the identity of countries.

Genetic diversity can be observed both within aativeen breeds. But genetic diversity is
more obvious in differences between breeds and afdbe studies published for both natural
and selected populations are focused mainly orvani@bility among breeds, populations or
flocks. For instance, Lavat al, (2000) described genetic variability among Eusspeig
breeds (large selected breeds as well as locati®re€he number of such studies is so large
that it would not be possible to be exhaustive. E\av, the FAO has published a review on
recent diversity studies in order to evaluate th@ent status of molecular genetics research in
species of domestic animals (FAO, 2004&t management of within genetic diversity is a

burning issue for selected populations.

Several methods have been proposed to analyseetfeig variability of animal populations
that are based on different available kinds of nmf@tion, such as molecular markers,
pedigrees, or phenotypes for quantitative traits.

When the genetic determinism of the observed igdiased on a single locus, variability can
be easily determined according to Mendelian rideswhen the genetic determinism is more
complex, statistical analysis are needed for esiimapf genetic parameters, often based on a
model that defines additive genetic effects for alimals individually and accounts for
variances covariances among them, the ‘animal m{@eVenhuiset al, 2002).

Knowledge of pedigree allows calculating inbreediagd kinship coefficients and
probabilities of gene origin (Boicharet al, 1997),i.e. polymorphism of a hypothetical
neutral locus, randomly chosen in the genome. Meghod has been used for various species:
sheep as well as for horses or dogs (Hebwgl, 2003; Moureawet al, 1996; Leroyet al,
2006).

Molecular markers are commonly used to describbiwigenetic diversity using their allelic
richness or criteria based on their allele freques)csuch as expected heterozygosity under

Hardy-Weinberg equilibrium or effective size ofeddls. Molecular information may be also
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useful as additive information to pedigree inforimatwhen parentage assignment is not
clearly assessed, as for fish populations (Esegh, 1998).

Though, numerous methods aim at the optimisatiahthe management of within genetic
diversity in selected populations.

In small sized selected populations, managemegeétic diversity can either be done using
pedigree or molecular data. On one hand, applymgle demographical rules were found to
be very efficient to restrict the rate of inbreeglsuch as using as many males as possible in
order to balance progeny sizes, quickly replacihd) sires by new ones and splitting
populations into some reproduction groups: thidcieficy was assessed by theoretical
arguments (e.g., Hill, 1972), simulation studieso¢Rambeau and Chevalet, 1985) ar
posteriori analyses of real populations, such as the Sologheep breed which is under
conservation (Hubet al, 2003).

In the case of overlapping generations, Nomura Fp0oroposed and tested through
simulations methods for minimizing loss of geneticersity by minimization of the average
coancestry either in the next generation or on-k@ngn, both methods relying on gene flow.
On the other hand, use of molecular information aisother option in conservation
programmes, by monitoring evolution of genetic &aility based on criteria calculated using
allele frequencies or by choosing reproducers dadngd matings according to individual
information from certain markers of interest. Festance, reproducers may be chosen one by
one or by groups considering their heterozygositg or them carrying a rare allele.

However, combining both sources of information, igeze records and molecular markers,
should be favoured in conservation programmes snteslecular information is available for
a large number of individuals (Fernandszal, 2005): then, effective size of the population
clearly increases.

For larger selected populations, very promisinghmés$ are based on a joint optimisation of
the average genetic value and the average relatprr inbreeding in each new-born
generation: Meuwissen (1997) maximise the genetiell of selected animals while
constraining their average coancestry to a predéfwvalue whereas Colleat al. (2004)
minimize the average coancestry while constrairmgrage breeding value set to a desired
value.

Optimisation method developed by Colleztwal. (2004) was tested in selected French pig and
dairy cattle populations (Colleau and Moureaux, 0Colleau and Tribout, 2006):

retrospective optimisations for the planned matingthe French Landrace population and in
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the Prim’Holstein, Montbéliarde and Normande breedse carried out. For both examples,
the major constraint was that the average oveséihated breeding value should be the same
as observed, in order not to damage short-termtigegeen, and optimisations of reproducers’
contributions have led to decrease coancestry amteding coefficients by 20 to 30% in
comparison to the actual matings.

Optimisation are based on relationships obtainewh fpedigree, assuming that genetic models
of independent loci. However, Fernandzal. (2000) have shown that linkage between the
markers could reduce efficiency of these optimsatmethods and the use of pedigree
information was found to be useful unless the setetrait was controlled by genes spread in

large genome regions.

Yet do we have a clear picture of the within gemdiversity in domestic animal populations?
Is this picture the same according to the kindsfifrmation considered or according to the
tools and methods applied, and thus the underlgiodel? Does the picture we get at the
individual level may be generalised to the wholgpydation? And the other way around? Has
selection (directional or artificial) equally afted the genome?

Moreover, effective size of the population seemdé¢oa key parameter in analysing and
comparing the within- and between population gendiversity and this parameter may be
estimated through various methods, using diffedéntls of information as well. Then,

focusing on this particular genetic parameter gédity should be interesting.

Therefore, in order to answer those questionsstientific purpose of the thesis is twofold:
(i) to go further in the examination of the joint &umn of the neutral variability and the
selected variability, i) to investigate in details the links between crteoriginating from

different kinds of information.

This thesis is mainly concerned with results frdmcken experimental lines but also analyses
dataset from dairy cattle population; the objects/aot to restrict results to those two species

but to be able to draw guidelines for general nsanialysing genetic diversity.

The thesis was divided into five chapters: thet fechapter introduces the methodology
whereas each of the four following chapters focuseslistinct aspects of genetic diversity.
Chapter 2 and 3 deal with a valorisation of differkinds of information from experimental

chicken lines for the integrate analysis of genetigability: chapter 2 deals with an analysis
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based on performances and pedigree data wherepieicBadeals with estimation of genetic
parameters and polymorphism evolution of a candidgne. Chapter 4 is an analysis and
comparison of the polymorphism evolution of molecumarkers, some markers being
supposed neutral, the others supposed to be uetimtien, in chicken experimental lines.
Finally, chapter 5 is an evaluation of risks consadly to reduction of genetic diversity due

to bottlenecks in large selected populations.
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Figure 1: Evolution in size of the French cattle breedse¢hmain dairy cattle breeds (white),
three main beef cattle breeds (grey) and otherdsré#ack).
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CHAPTER 1

CHAPTER 1: Methods applied for the analysis of genetic dersity

Tools that are available to monitor genetic diwgrsare based on different kinds of
information, such as genetic markers, especially tholecular markers, pedigrees, or
phenotypes for quantitative traits. According te #ind of information, genetic diversity and
its evolution will be described through variousgraeters dealing with more or less complex
underlying model, thus, we will have more or lesalistic representation of the genetic
diversity. On one hand, analysis of polymorphiswegia direct overview of the diversity:
genotypes and allele frequencies of candidate gemeolecular markers will give access to
specific polymorphism of known areas in the genowiegreas pedigrees will give access to
anonymous polymorphism of unknown areas in the gendOn the other hand, analysis of
phenotypes gives a general overview of genetic rgitye assuming the model of
representation to be more complex.

Genetic diversity can be observed both within aativeen breeds but we will mainly focus
here on methods that apply to analysis of the wiglginetic diversity. In this chapter, the main
methods available for the analysis of genetic divgusing different kinds of information are

introduced, and the methods that will be used &rrttore in the thesis are presented.

1. Polymorphism at candidate genes or molecular marker

1.1. Current indicators and heterozygosity

The first indicator to describe a given locus sstdtal number of alleles (allele richness). This
parameter may often be underestimated if the sagize is small but polymorphism is
large (for instance microsatellite loci); thenealleles may never be sampled. When dealing
with several populations and different sample siz@ame methods are available to let
homogeneous the estimations of allelic richness [smilley and Ollivier, 2006). However,
this indicator only gives a partial and static awew on diversity, since it does not take allele
frequencies into account.

Several indicators based on allele frequencies haea proposedHeterozygosity is of major

interest in studying genetic variation in populaoSeveral measures of heterozygosity exist,
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such as expected heterozygosit.f, or gene diversityD, as Weir prefers to call it). For a

k
single locus it is calculated aHew =12 P, wherep: is the frequency of thé" of k
i=1

alleles.Heyp represents the probability of having two differafieles at a given locus when
drawing at random two genes in a population. Siiyilahe effective number of alleles
is defined as the reciprocal of the probabilitytttvao genes drawn at random are the same

Kk
allele. For a single locus, it is computed Ae:%(z pf}, wit the same definitions as
i=1

above, and ther Ae= ]7/(1— H exp).

When considering several loci, the overall hetegosjty is equal to the average value across

k

m
loci and then may be computed as follo Hexp :1—522 P’ , where the first summation
1=1 i=1

|th

is for thel™ of mloci.

For small samples, Nei (1978) proposed a formwdatdkes into account the sampling errors:

k
. 20 @-3p?)
— i=1

=1

wheren, is the number of genes that has been analysetiddf locus (twice the number of
individuals).

The level of heterozygosity to what we expect unérdy-Weinberg equilibrium is
compared to observed heterozygosity. If the obseheterozygosity is lower than expected,
the excess of homozygous invoke forces such asedirg or subpopulation structure,
known as Wahlund effect (Wahlund, 1928). On thetremy, if observed heterozygosity is
higher than expected, the excess of heterozygodgssoggest an isolate-breaking effect (the

mixing of two previously isolated populations) @sartative mating.

—> Population structure (between populations varidi)ti
F-statistics are a set of tools proposed by Wrid®21, 1969) to partition heterozygote

deficiency into within and among population compaseFis measures the heterozygote

deficit within populationsf-stamong populations arflt the global deficit of heterozygotes.
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Estimation of F-statistics have been developed éy(l75),Gis andGst being estimators of
Fis andFst, respectively, and by Weir and Cockerham (198#jh andsiga being estimator
of Fis and Fst Estimators differ on some points: for instancei’t statistics weight all
samples equally, whatever the sample size wherezis &dd Cockerham'’s statistics weight
allele frequencies according to sample size. THey aeat differently monomorphic loci:
Weir and Cokerman consider that estimators carbaatefined whereaSis andGst are set
to zero.

Rstis an estimator of gene differentiation that acdsufor variance in allele size and is
defined for markers undergoing a stepwise mutatmdel (Slatkin, 1995). However, this
estimator should be used unless mutation can bé&gcted compared to other forces or

mutation follows a stepwise mutation strictly.
- Within population variability and its evolution:

In populations of finite size, the effect of gendtrift results in a change in allele frequencies,
which results in a decline in heterozygosity aate rof 1/ANe ,whereNe is the effective size

of the population. LetH; the average heterozygosity for a given biallebculs (allele

1
frequenciesp and 1p) at thet™ generation, theH. =2pd- p)(l—m)t. If the initial

population (generation 0) is produced by randomingathe expected heterozygosity at that
1

2N(_:)t. When the effective size is large

time is supposed to bep@-p), therH, =H @A~

_t
enough, we may approximate as follo'H, = H (& e

This stochastic change in allele frequencies (dafjenetic drift) resulting simply from the
finite size of a population implies that the smallee population sizeNg), the faster the

decline in heterozygosity.
1.2. Temporal variation of allelic frequencies
The above parameters may be calculated from sangtletifferent generations and be

compared in order to analyse evolution of the withenetic variability. Another approach

consists in directly estimating the temporal vaomatof allele frequencies and to compare the
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observed values to expected values drawn undesushypotheses in order to distinguish the
different forces applied on the evolution of polyipisism.

Effective population size may be indirectly estigthby measuring temporal changes in allele
frequenciesf], also called variance effective sizde(). Several methodologies have been

developed either based on a temporal approach aifigalihood approach.
- Temporal-based approach:

Authors studying the temporal method for estimaiwdriNe (Nei and Tajima, 1981; Pollak,
1983) assumed a diploid, random mating populatibsize N, from which samples were
drawn at generation 0 and at generatioisample ofS and § individuals, respectively).
Generations were supposed to be discrete, andiselemigration and mutation forces were
presumed to be negligible. Nei and Tajima (198Dppsed an estimator éffor a single

locus, as follows:

i=ly O-xOF

c = i:1>9(t);><i(0)_xi (t) X, (0)

wherek is the number of segregating alleleg0) andx(t) are the allelic frequencies at
generation 0 and at generatipmespectively. Pollack (1983) proposed a variant:
30 - OF
X (t) +x (0)
2

~ 1
f, =
k-1

i=1

For multiple loci, weighted means of the singleus f are computed.

Smaller estimates dflead to larger estimates Mg, and f is larger thar fc because it has

smaller denominator. However, on simulation baalaples (1989) showed that the choice of

which estimator of to use had small effect on estimatiorN& both mear fc and mear f

being accurate, although both tended to overestidaslightly. Because of its larger value,

fK led to lower estimates of Ne Ifc was slightly more accurate for loci with unbalashce

allelic frequencies. Therefore, we will considetiraator given by Nei and Tajima (1981)

along this thesis.

Two different sampling plans (individuals for geinetinalysis) were identified (Nei and

Tajima, 1981): in plan I, individuals are takeneafreproduction or are replaced before

reproduction occurs, whereas in plan Il, individuale taken before reproduction and not
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replaced. According to sampling plan, Waples (1988)e a different estimator of effective
size population. In plan Nemay be estimated as:
t

Ne, =
& - 1 1 1
f-———+—
{ 2S5, 2S(t) N}
whereas in plan Il, estimator is:
t

Ne, =
gf- Lt _ 1
25, 2S(t)

where  is stands for estimator of variation in allele fileqcy change, eitt fc or fy.

As pointed out by Nei and Tajima (1981), precisionthe temporal method increases with
the rationSNe, which means that populations with small Ne arstadfectively analysed.

Sampling plan Il is the sampling plan to be congdealong this thesis.

Distribution of Ne is far from normal since the distributicf (on which Ne is based) is

skewed. This is why, Nei and Tajima (1981) consdethat variance f and Ne were not

suitable for calculating confidence intervals (C#s)d suggested using the 2.5 and 97.5%

cumulative probabilities of thg distribution:

I (YT R oo |
95%C|forf=[ 09:] ; oozr?]

However, this method is only correct in the casdanjie number of alleles. Considering

tha f is calculated on a finite number of alleles, asilt be the case thereafter in the thesis

when using microsatellites data, and thiatactually a variance of allelic frequenciesniafa

for the CI of a variance may be applied (Waple§99

nf  nCf
! 2
oo7gn  X002gn]

95% Cl for f = { ;
Bounds for the estimate btan be used to calculate bounds for the estimatk of

Calculatedf is compared with the distribution bbbtained from a series of simulations of a
population undergoing pure drift and that presémessame initial allelic frequencies and the
same inbreeding effective size (Goldringer and Bata 2004). This test allow us to identify
loci with extremef values compared to the rest of the genome: suthale likely to be in

areas undergoing selection, driviihig values greater then expected values underaloifie.
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The temporal method is affected by bias due to thallssize of samples or due to highly
skewed allele frequencies. In our different studsese of the samples will not be a problem;
however, microsatellite allele frequencies appearbé unbalanced (as well as SNPs),
inducing a downward biased estimationf @ind, as a consequence, to an upward bi&&of
In order to overcome the different sources of laifiscting the temporal method, Jorde and
Ryman (2007) proposed an tested through simulagonalternative estimator §f notedFs,
that weights alleles according to their heterozitgoa lower weight is given to alleles with
low frequencies in the samples, so that they lessribute to the mean estimate, in the same
way Reynoldset al. (1993) and Weir and Cockerham (1984) recommendesleight each
allele when estimating genetic distances. This nsiimator was not used in our studies,
since the analyses were previously undergone, butdahave certainly given a more accurate

estimator of the variance effective size.

- Likelihood-based approach:

With a likelihood-based approach, the role of tHesewsved values and the distribution
parameters are reversed. Thus, we estimate hevalie of the effective size population that
is likely to produce the observed allele frequesicie

Berthieret al. (2002) proposed a likelihood-based estimator tisas two temporally spaced
genetic samples of individuals from a populaticaisdrl on a coalescent approach. Estimation
of the effective population size was similar to #stimation using the moment-based method
(with larger confidence intervals in the case & tikelihood-based method), when a small
population size was considered (Bertlaerl, 2002).

Williamson and Slatkin (1999) first proposed a mmaxim-likelihood method where the data
are collected at different generations. The firghgi@ was collected at generation 0 and the
other samples were drawn at successive generaguanly or irregularly spaced in time. In
simulation studies, Williamson and Slatkin (199%0wed that maximume-likelihood
estimator outperformed the moment-based estimatoesnaximume-likelihood estimator had
a lower variance and a smaller bias, although bediximume-likelihood-based method and
the moment-based method overestimated the effeptpalation size. However, this method
was restricted to data on biallelic loci for comgiidnal reasons in estimating the likelihood
of Ne This drawback was fulfilled by Andersat al. (2000) who presented a Monte Carlo

approach to compute the likelihood with data ontrallelic loci.
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Excluding computational considerations, we have ehasot to apply the method proposed
by Andersonet al. (2000) because samples were drawn in two extregrgergtions
(Generation 0 and generation 11) for microsateliitarkers (see Chapter 4). Although
genotypes at MHC locus were known at each gener#bioall individuals, we have chosen
not to apply this method in the case of MHC locsee(Chapter 3) in order to be able to
compare the polymorphism evolution of this candidgeéne and those of the microsatellites

on the same basis.

1.3. Genotypic linkage disequilibrium

Presence of genotypic disequilibrium in data sey iva tested using the chi-square test for
the difference between the observed frequenciesteméxpected frequencies under Hardy-
Weinberg equilibrium. But when genotypes are scoiteid often not possible to distinguish

between the two double heterozygotes (for instaA&8#ab and Ab/aB), so that the gametic
frequencies cannot be inferred. Then, a contingealole based on the observed genotypic
data is generated for each pair of loci. TestinggfEmotypic disequilibrium means testing the
significance of association between genotypesiabp#oci in a sample. The statistics used to

test the tables is the log-likelihood ratio G-sttiti (the only part of the statistic that changes

with randomizing tablesjzz)qjkl IN(%jq)

i<=j k<=l
where X represents the number of individuals in the sampte genotypeij at the first
locus and genotypkl at the second locus. The test determines whellgerdgsolutions of
haplotypes are significantly non-random, which guigalent to testing whether there is

statistically significant linkage disequilibrium taesen loci.

2. Parameters based on pedigree data

2.1. Inbreeding
One individual is inbred if its parents are relatedo individuals are related if they have a

common ancestor. Then, the inbreeding coefficiéminandividual is the probability that, at a

given neutral locus, this individual owns two adelthat are identical by descent.
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The simplest definition of inbreeding would be thabreeding is the mated of related
individuals. Because all individuals in a populat@re related at some degree, we should say
that inbreeding is the mating of individuals moresely related than average of the
population. The main effect of inbreeding is thergase in the number of homozygous loci in
inbred animals and an increase in the frequendyofozygotes genotypes in the population;
therefore, inbreeding leads to uniformity througbseéon of polymorphismi,e. loss of genetic
diversity.

As a consequence, inbreeding increases the chahogeleterious alleles to become
homozygous and to express themselves: expressidaleterious alleles with major effects,
particularly lethal genes, is the very visible cemgence of inbreeding. Expression of
unfavourable recessive alleles influencing polygeraits is not so obvious but if you sum the
small effects of those genes altogether, perforesmncay be influenced and even decreased:
this phenomenon is known as inbreeding depression.

In populations of finite size, there is samplingtie gene pool from one generation to the
next one: genetic drift induces reduction of polyplosm and increase of inbreeding. Then,
monitoring increase of inbreeding is a good toal feanaging genetic diversity in those
populations.

In the present thesis, individual inbreeding castfits were calculated using the algorithm of
van Raden (1992), derived from the tabular methtsdprinciple consists in building the
relationship matrix of each individual and its astoes; the additive relationship matrix is a
symmetrical matrix relating all individuals in thmedigree. Inbreeding coefficient of an
individual being equal to the coefficient kinship its two parents, inbreeding coefficients
were deduced from the diagonal elements of theioakhip matrix and kinship coefficients
between two individuals were deduced from the etemenultiplied by %2, of the relationship
matrix out of the diagonal. Let assufehe inbreeding coefficient of an individuatb, m the
kinship coefficient of its parenfsandm, and the additive relationship matri)( then

Fi = Aii— 1 anddp = Y2Apm

The rate of inbreedingAF) from one generation to next generation+1 is defined by:
AF =(F -FK,)/A-F_) (see, for example, Falconer and Mackay, 1996).

Rearrangement of this equation over generatiomslgal—F . = -AF) [0-F )

Hence, assuming a constant rate of inbreeding sageserations)F is estimated according

to the equationAF =1-4/(1-F)/(A-F,)

16



CHAPTER 1

Inbreeding effective sizeN@g) was estimated from the rate of inbreeding, adogrdo the

A

i Ne, = ——
classical formula N€, 2 [AF

2.2.Probabilities of gene origifJames, 1972; Boichaed al, 1997)

When a gene is randomly sampled at any autosormas lfvom any given animal, probability
of coming from its sire is 0.5 and probability adnsing from its dam is 0.5. This rule is
applied on the complete pedigree and leads torthigapility that the gene comes from one of

its founders, i.e. probability of gene origin, s@kalled long-term genetic contribution

. Founders and effective number of founders
A founder is defined as an ancestor with unknowremis. Its expected contribution) {s the
probability that a gene randomly sample in the petpan under study (called “reference
populatiori) comes from this founder. By definition, the foensl contribute to this
population without redundancy and expected contiobs over all founders sum to one.
f
If the number of founders fsthen: D, =1
k=1
The effective number of foundefsis the reciprocal of the probability that two gertFawn
at random in the reference population come from shme founder. This parameter is
f
estimated as fo =1/ D1}
k=1
and can be interpreted as the number of foundexswvilould be expected if they would
equally contribute to the reference population &mad to the same genetic variability
(Boichardet al, 1997).

. Major ancestors and effective number of ancestor

The effective number of ancestors is a direct anatd the effective number of founders: all
generations are taken into considerations instéadlg the generation of the founders.

As ancestors may not be founders and may be reltten expected contributions may be
redundant and their sum may exceed one.

A major ancestor is an ancestor with a high-exmgkctatribution. Therefore, when a major

ancestor is identified:
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1. Its pedigree information is deleted and it becomépseudo-founder”: family links with
its dam and with its sire are deleted,;

2. Its contribution is then called “marginal contrilmut”, i.e. “the contribution not explained
by the other ancestors”;

3. Contributions of other individuals are updated:

If one of the parents (sire or dam) contributeshi® reference population only through this

major ancestor, then the contribution of this paesuals zero; else, the contribution of this

parent is updated (decreased) and the contributbmsdividuals related to this parent are

consequently updated, too.

Major ancestors are chosen one by one in an Nerptiocedure.

3. Components of variance for a quantitative trait

Animal breeding programs are based on the prindipde the phenotype of an individual
provides some insight into its underlying genetitue; therefore, representation models are
built to be able to study complex character, asagntihat traits may be analysed without
reference to specific genes and variations maypkamed by the multiple-factor hypothesis.
The performanceR) of an animal, also called phenotypic value faiwzen trait, is assumed
to be the sum of the mean valyg, (@an additive genetic valud) and an independent residual
value E). This residual value includes both non additiemegic effects and environmental
effects. However, in most of the models used, #®dual value includes environmental
effects only. Then, the phenotypic variane&) is assumed to be the sum of the genetic
variance %) and the environmental variancgd): 0% = 0?2 + 0%. The underlying genetic
model is assumed to be an infinitesimal additiviygeenic model: the trait is determined by a
very large number of loci with small effects, etfeof alleles at each locus being additive.

In random mating populations of finite size, with additive genetic model, the additive
genetic varianceofs) is assumed to decline over time, due to the geraaift. With
directional selection, additive genetic variancassumed to decline due to both the drift and

the generation of gametic disequilibrium (Bulmed71).
Knowledge of genetic parameters for animal breedsugh as additive genetic variance,

heritability (in its narrow-sense,e. ratio 624/ ¢%) and genetic correlations are needed to

predict response to selection and to predict bngpdalues of candidates for selection.

18



CHAPTER 1

The simplest design for estimation of genetic patans is the parent-offspring regression:
regression of offspring phenotypes against phemotyfpone of its parent, the slope of the
regression being the direct estimate of twice #wdbility.

The use of large populations, with well-balancedigies and within generation selection,
allows the estimation of genetic parameters usimgple methods, such ANOVA: estimate of
o?s may be obtained from the covariance between rscofdrelatives. For instance, in a
parent-offspring designg2,x = 2*Cov(parent, offspring) or in a half-sib desigséa =
4*Cov(half-sib records). The simple full-sib desiguffers that it can not give a direct
estimation of 624 ; then, a nested full-sib design is commonly usdtkre each male (sire) is
mated with unrelated females (dams), generatingriézss of nested families nested within
half-sibs. The advantage of ANOVA is that estimatare unbiased regardless data are
normally distributed or not, but sample sizes htavbe well balanced and specific design are
not always met in field observations. Henderson589proposed modifications to the
ANOVA sum of squares in order to take unbalanced d#o account. However, with these
quadratic methods, probability of getting estimategside the parameter space (negative
variance for instance) is not null (Searle, 1989).

Unlike ANOVA, Maximum Likelihood (ML) and RestricteMaximum-Likelihood (REML)

do not require any specificity about the desighalance of data and are powerful approach
to estimating variance components in complex buivwkn pedigrees, based on an animal
model:

y=Xf+Za+e

wherey is the phenotypic value for a trgftanda are the vector of fixed and additive genetic
effects respectivelyX and Z are the incidence matrices aedis the vector of residual
deviations. One drawback of ML approach is thafiaéld effects are assumed to be known
without error: this is scarcely true in reality aasl a consequence, ML estimators give bias
estimation of variance components. The advantad®EdL is that the method estimates the
parameters of the distribution that maximize thepprtion of the likelihood of the observed
data that does not depend on the fixed effect (asdhe effect of sex or year).

REML provides estimations af2,, 6% and covariances in the base population. If the base
population consists of unrelated, unselected amd inbred individuals, then REML gives
unbiased estimates of the additive genetic variancéhe base population (Gianola and
Fernando, 1986).
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Yielding unbiased estimates of genetic varianceeapp to be difficult, due to statistical
methodologies undertaken and the assumptions obirtderlying model. Actually, van der
Werf and de Boer (1990) have used Monte Carlo stimris and shown bias in estimates of
genetic variance from data with base animal beatgcsed. Grasest al. (1987) suggested to
use a model where base animals would be treatdikexs effect but this approach also
seemed to be biased (van der Werf, 1992). More@stimation of variance components in
quantitative genetic models often involves recootis selected animals and condition of
including all data on which selection was basedhoamlways be fulfilled, inducing bias in
estimation of genetic parameters. However, SoreasehKennedy (1984) have shown on
simulation basis that estimates of genetic variamoald not be affected by selection over
generations if all data and all genetic relatiopshsince the beginning of selection were
included in the analysis.

It is with some more difficulties for one yieldirggtimates of genetic variance over time since
REML provides estimation in the base populationt Bwposals using REML for estimation
of additive genetic variance over time are madehss the examination of Meyer and Hill
(1991) of a long-term experiment in mice, usingiipadata and relationship information: this
study has assessed changes in additive genetanearand covariance during the course of
the experiment. This methodology will be testeddhéer in this thesis.

Variance components being estimated in the baseill@togm, the BLUP (Best Linear
Unbiased Predictor) and BLUE (Best Linear UnbiaBstimator) methods may be used to
predict breeding value of each individual and eatarfixed effects: they are linear functions
of the observed phenotypes that minimize the samgplariance and are unbiased since
E[BLUE(B)] = B and E[BLUE(u)] = u.
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CHAPTER 2: Analysis of genetic gain and genetic diversithased

on performances and pedigree data

This chapter deals with an analysis of genetic rditye from two independent selection
experiments that have been realised in poultry. &qperiment was handled by the Animal
Breeding and Genetics group of Wageningen Uniwemiid Research Centre (WUR), the
Netherlands, and lines were undergoing true trumcegelection. The other experiment was
handled by the Animal Genetics and Diversity joggearch unit (INRA / AgroParisTech), in
its experimental unit “Unité Expérimentale de Génét Factorielle Avicole”, in Nouzilly,
France. Lines were undergoing truncation seleatith a balanced representation of half-sib
families.

Obtaining genetic gains is the first goal of se@@ttin domestic animal populations.
However, these gains should not be at the expehdbeogenetic variability. Then, it is
important to predict precisely consequences ofctiele schemes on diversity parameters.
Therefore, the first goal of this study was to &ate existing theory by comparing the
observed evolution of inbreeding and genetic gaivalues predicted by some theoretical
models. Second, the study aimed to compare theuttmolof some parameters based on

pedigree analysis in the different lines accordmtheir management rules.
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l. A validation of predictions of genetic gain and mbreeding
(see article)
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Abstract - Selection programmes are mainly concerned with increasing genetic gain. However,
short-term progress should not be obtained at the expense of the within-population genetic vari-
ability. Different prediction models for the evolation within a small population of the genetic
mean of a selected trait, its genetic variance and its inbreeding have been developed but have
mainly been validated through Monte Carlo simulation studies. The purpose of this study was to
compare theoretical predictions to experimental results. Two deterministic methods were con-
sidered, both grounded on a polygenic additive model, Differences between theoretical predic-
tions and experimental results arise from differences between the true and the assumed genetic
model, and from mathematical simplifications applied in the prediction methods. Two sets of
experimental lines of chickens were used in this study: the Dutch lines undergoing trze trun-
cation mass selection, the other lines (French) undergoing mass selection with a restriction on
the representation of the different families. This study confirmed, on an experimental basis, that
modelling is an efficient approach to make useful predictions of the evolution of selected pop-
ulations although the basic assumptions considered in the models (polygenic additive model,
normality of the distribution, base population at the equilibrium, etc.) are not met in reality. The
two deterministic methods compared yielded results that were close to those observed in real
data, especially when the selection scheme followed the rules of strict mass selection: for in-
stance, both predictions overestimated the genetic gain in the French experiment, whereas both
predictions were close to the observed values in the Dutch experiment.

selection experiments / poultry / inbreeding / genetic response / prediction methods

* Corresponding author: loywyck@inapg.fr
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1. INTRODUCTION

Selection programmes are mainly concerned with increasing genetic gain.
Short-term progress should not, however, be obtained at the expense of
the within-population genetic variability. Conservation of genetic variabil-
ity should allow breeders to optimise selection programmes in the middle
and long-term but also to face biological or economical problems. Selec-
tion and drift are two major factors affecting genetic variability. Several
mathematical algorithms have been proposed to predict the evolution of
inbreeding andfor genetic variability within selected populations of small
size [2,9,23,25,27,29, 32]. Extensive Monte Catlo simulation work has been
done to investigate this evolution in a Jarge range of situations and to compare
different methods intended to jointly optimise both genetic gains and restrict
the rate of inbreeding, and preserve the variability [11,17,28]. The analysis of
real populations has mainly concerned the evolution of inbreeding and proba-
bilities of gene origin based on pedigree information [13,18,30]. Markers have
also been used to assess the evolution of genetic polymorphism [15].

Selection experiments provide the opportunity to check the validity of
theoretical models to predict genetic response on a more or less long
term [5, 10, 16]. Experimental lines are powerful tools because of the com-
plete knowledge of the pedigree and the existence of control lines and since
the environment is controlled. Moreover, laboratory species and some live-
stock species (e.g. poultry) present the twofold main advantage of short and
discrete generations.

Theoretical models to predict the evolution within a small population of
the genetic mean of a selected trait, its genetic variance and inbreeding have
mainly been tested through Monte Carlo simulations. The purpose of this study
was to compare theoretical predictions to experimental data. Two determinis-
tic methods [27,26] will be considered, both assuming the additive infinitesi-
mal model. Therefore, differences between theoretical predictions and exper-
imental results can arise from differences between the true and the assumed
genetic model, and from mathematical simplifications applied in the predic-
tion methods. Two sets of experimental lines of chickens were used in this
study: one undergoing true truncation mass selection and the other one under-
going mass selection with a restriction on the representation of the different
families. Comparisons will be done by analysing response {0 selection and
inbreeding.
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2. MATERTALS AND METHODS
2.1. Experimental design and genetic parameters of the selected traits

Two selection experiments on immune response in chickens have been con-
ducted, one in the Netherlands {6] and another one in France [22]. The present
study was based on the selected and control lines of these two experiments.

For the French experiment, 9 males and 44 females originating from a White
Leghom line and a commercial line were crossed in 1992. The FI offspring
were randomly crossed to produce the generation 0 (n = 523), from which
four lines were derived. Three of these lines were selected for high values,
according to three different criteria of immune response: antibody response
3 weeks after vaccination against the Newcastle disease virus (line 1, trait
ND3), phagocytic activity at 12 weeks of age (line 2, trait PHA), and cell-
mediated immune response at 9 weeks of age (line 3, trait CC). There were
two steps in the selection. First, the best animals were selected on the basis of
their individual performance. Second, the sizes of the different half-sib families
were approximalely balanced except that if the performance of a given family
was considered as too low, no individuals were selected from this family. As
a consequence, this selection was intermediate between strict within-family
and mass selection. The fourth line was a control line (line C1), with the par-
ents being chosen at random. In each line and in each generation, 15 males
and 30 females were chosen as parents of the next generation out of about
100 candidates in each sex. Mating was at random, except that full and half-
sib matings were avoided. This selection design has produced § discrete gen-
erations (generation 1 to 8) which represent a total number of 6750 measured
individuals.

For the Dutch experiment, 24 males and 96 females originating from
two ISA Brown chicken lines were randomly crossed in 1981, to produce gen-
eration 0 (n = 614), after which selection started. Three lines were derived
from generation 0: two selected lines, for high values (line H) and low val-
ues (line L), and one control line (line C2). The selection criterion was the
individual total antibody (Ab) titre 5 days after injection of sheep red blood
cells (SRBC). In lines H and L, a strict mass selection was applied: each gen-
eration, 25 males and 50 females were selected out of about 150 candidates
in each sex. In line C2, 40 males and 70 females were randomly chosen out
of about 125 candidates in each sex. In each line, mating was at random ex-
cept that full and half-sib matings were avoided. This selection design has
produced 18 discrete generations (generation 1 to 18) which represent a total
number of 17 194 measured individuals. For each experiment, the heritability
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and the genetic variance in generation O of each of the selected traits have
been previously estimated. The heritability in the base population, taking into
account seven generations in the French experiment {generation ( to 6}, was
estimated at 0.35 (£0.02) for ND3, 0.13 (+0.02) for PHA and 0.15 (£0.02)
for CC {22]. Pinard also showed no significant correlated response and esti-
mated genetic correlations between the three immune traits that did not differ
significantly from zero [22]. Therefore, we assume these three traits to be inde-
pendent, The heritability of the Ab titre, taking into account nine generations
in the Dutch experiment {generation 0 to 8), was estimated at 0.29 (+0.05) in
line H, 0.36 (+0.04) in line L and 0.22 (£0.04) in line C2 [21].

2.2. Data analysis

At each generation, the cumulated response to selection in a given line was
computed as the difference between the phenotypic mean in this line and the
phenotypic mean in the corresponding control line, any phenotypic mean be-
ing computed over all animals born at the considered generation and measured.
The global genetic gain per generation was computed as the slope of the lin-
ear regression of the observed cumulated response to selection over geneta-
tions. The realised heritability was computed as the slope of the linear regres-
sion of the cumulated response to selection against the cumulated selection
differential.

The individual coefficients of inbreeding were computed from the pedigree
relationships using the algorithm of Van Raden [26]. In each line, from gener-
ation £— 1 to generation ¢, the rate of inbreeding (4F,) was computed following
the classic formula (see, for instance, Falconer and Mackay {121):

Ft_Fr—l

AF, =212t
T 1-Fy

where F, is the average coefficient of inbreeding in the considered line, in
generation ¢. Assuming a constant rate of inbreeding across generations, the
global rate of inbreeding (4F), over ¢ generations, was computed as:

AF = 1=~J(1 - F)/(1 - Fo). 1)

2.3. Methods of prediction

The observed results on both inbreeding and genetic response in the selected
lines were compared to the predictions given by two deterministic methods,
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one proposed by Verrier et al. [27] and hereafter referred to as the “VCF”
method and the other one proposed by Woolliams and Bijma [29] and hereafter
referred to as the “WB” method. Both methods assume an additive infinites-
imal model with a normal distribution of the genetic and phenotypic values
for the trait, random mating and true truncation selection. Prediction inputs
are heritability and phenotypic variance of the trait in the base population (as-
sumed here to be generation 0), and numbers of selected and candidate animals
in each sex. In the present study, the genetic parameters previously estimated
(see Sect. 2.1) were used. Prom generation ¢ to generation ¢ + 1, the response
to mass selection (R;) was predicted according to the classic formula:

T .
ER) =1i-h ‘0'P,=E'U'i/1{o'i+cr%,.

In this expression, i is the intensity of selection, 42, Ufland 0%, are the heri-
tability, the additive genetic variance and the phenotypic variance of the trait,
respectively. The subscript ¢ refers to the generation where the selection oc-
curs, and 0% is the environmental variance assumed to be constant over time.
With the “VCF” method, the evolution of the genetic variance is predicted
generation by generation, taking into account both the direct effect of selec-
tion on the between family genetic variance (the so-called Bulmer [7] effect)
and the combined effects of drift and selection through inbreeding (the so-
called Robertson {23] effect); see {27] for details. The global genetic gain was
computed as the slope of the linear regression of the cumulated response to
selection over generations. The “WB” method provides a prediction of the re-
sponse to selection in an equilibrium situation, only considering the Bulmer
effect. Bulmer-equilibrium genetic parameters were obtained by iteration and
subsequently selection response was predicted using equilibrium parameters
in the above equation.

Both methods also differ in the prediction of the evolution of the average
coefficient of inbreeding. In the “VCF” method, this evolution is predicted
generation by generation, on the basis of the probabilities of co-selection of
full sibs, paternal half-sibs, maternal half-sibs and candidates which are not
sibs, conditionally to the correlation of their values for the selection criterion.
Thus VCF considers one generation of pedigree in the prediction of the rate of
inbreeding (i.e. increased probabilities of co-selection through common sires
and dams only, not through grandparents and more distant ancestors). Equa-
tion (2) provided a predicted global rate of inbreeding from predicted values
of the average coefficient of inbreeding generation by generation.

The “WB” method provides a prediction of the overall rate of inbreed-
ing (AF) based on the concept of long-term genetic contributions [31, 32].
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The long-term genetic contribution (ry) of an ancestor k, born in generation #1,
is the proportion of genes in animals born in generation #, deriving by de-
scent from £k, when (& — 1) — 0. Assuming random mating, the expected
rate of inbreeding per generation (4F) is proportional to the sum of squared
contributions [32]:

1 143
E@F) =73 )% - 2
k=1

where 7y is the contribution of ancestor % and n is the total number of par-
ents in a generation. In the “WB” method, the long-term genetic contribu-
tions of ancestors are predicted conditionally on their breeding valve and
then, the rate of inbreeding is derived from these predicted long-term con-
tributions [3]. The predicted overall rate of inbreeding enabled values of the
average cocfficient of inbreeding at each generation to be predicted through
equation (1).

A psendo-prediction of inbreeding generation by generation was also per-
formed by putting the observed genetic contributions of ancestors from suc-
cessive generations info equation (2). The observed genetic contributions were
computed from the pedigree relationships using the probability of the gene
origin approach [4]. Then, at each generation, a pseudo-predicted rate of
inbreeding was calculated as proportional to the sum of squared-observed
contributions to the reference population (generation 8 for the French ex-
periment or 18 for the Dutch experiment) of individuals in the current
generation.

3. RESULTS
3.1. Phenotypic irend and response to selection

Figure 1 shows the evolution of the phenotypic mean of each trait bath in
the line where it was selected and in the control line in the French experiment.
The antibody response (ND3) was the trait showing the clearest and the most
regular increase in mean under selection (in line 1). Conversely, the increase in
the mean of the phagocytose activity (PHA) was low in line 2, and the mean of
the cell-mediated immune response (CC) in line 3 showed the largest variation
from one generation to the other. In each selected line, the respective means of
the two traits which were not selected fluctuated without a significant trend (re-
sults not shown). Figure 2 shows the evolution of the phenotypic mean of anti-
body titre (Ab) in the three Dutch experimental lines. The three lines followed
the same fluctuations but significantly differed in their mean from generation 1
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Figure 1. Evolution of the phenotypic mean of each trait in the line where it was
selected and in the control line from generations ¢ through 8 in the French experiment.
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Figure 2. Evolution of the phenotypic mean of antibody (Ab) titre in the three Dutch
lines.

on for Hnes H and L and lines L and C2, and from generation 2 on for lines
and C2.

Tn the French experiment, realised heritability was found to be 0.24 for
line 1, 0.02 for line 2 and 0.16 for line 3. In the Dutch experiment, realised
heritability was found to be 0.13 for line H and 0.20 for line L.

Figure 3 shows the evolution of the observed and predicted cumulated re-
sponses for the Dutch lines only (the French lines show a similar figure, re-
sults not shown). The curve of the observed cumulated response fluctuated:
fhese fluctuations were not taken into account by predictions (the curves of the
predicted response were almost linear). The curve of the observed response
to selection in line I was much more irregular and slowed down for the last
five generations. The curve of predicted response with the “VCF” method was
steeper than the one with the “WB” method for the first generations, whereas
it was the opposite in the long term.

Table T shows observation and predictions with the two methods of the
global genetic gain, for the French and the Dutch experiments. Predictions
with the “WB” method are higher than those with the “VCF” method. Both
predictions fit the observed values in the Dutch line H and in the French lines 2
and 3. In the Dutch line L, the evolution of the cumulated genetic gain was not
regular, However, by culling the stabilised part of the curve (generations 13
throngh 18), the observed global genetic gain was —~0.368 and predictions
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Figure 3. Evolution of the observed cumulated response to selection and the cor-
responding responses predicted by the two deterministic methods compared for the
Dutch selected lines: line H (a) and line L (b).

were closer to the observed value with relative values of 111 for prediction
with the “WB” method and 108 for prediction with the “VCF” method. In the
French line 1, the observed genetic gain was overestimated by both methods
of prediction.
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Table L. Observation and predictions of the global genetic gain for the French and
Dutch experiments: absolute values and relative values (in italics), considering the
observed value as the reference (basis = 100).

Global genetic gain French experiment Dutch experiment

Line 1 Line 2 | Line 3 Line H Line L
Observations 0483 100 0070 100 0.0220 100 0395 100 -0.268 100
Predictions

method WB 0.643 133 0079 113 00210 96 0336 97 -0407 152
method YCF 0.640 132 0.076 109 00209 95 0321 98 -0.390 146

Table IL Observed inbreeding (%) in the French and Dutch experiments.

Inbreeding (%) French experiment Dutch experiment
Linel Line2 Line3 LineCl LineH Linel. LineC2

Generation 8 1148 1082 1030 9.90 7.50 8.19 3.34

Generation 18 . 17.77 16.29 726

3.2. Inbreeding

Table TI shows observed inbreeding for the French and the Dutch experi-
ments, Inbreeding almost identically increased in the four French lines. From
generations 0 through 4, the three Dutch lines followed the same trend; how-
ever, from generations 5 through 8, the observed inbreeding still increased for
lines H and L but stabilised in the control line.

Because there was a higher number of sires and dams at each generation for
the Dutch lines than for the French lines, the observed global rate of inbreeding
from generations O through 8 was lower for the Dutch control line (0.41%)
than for the French one (1.26%), according to the Wright equation [33]. Due
to true mass selection that occurred in the Dutch selected lines and a higher
number of animals in the contro} line, the observed global rate of inbreeding
from generations O through 8 was two times higher for lines H and L (0.97%
and 1.06%, respectively) than for line C2. However, an increase of the observed
global rate of inbreeding in the French experiment was partly offset by the
attempt to balance family sizes after that mass selection occurred: the observed
global rate of inbreeding from generations 0 through 8 was only 1.47% for
line 1, 1.38% for line 2 and 1.31% for line 3.

Figure 4 shows the evolution of the observed, pseudo-predicted and pre-
dicted average coefficient of inbreeding for the Dutch selected lines only.
Pseudo-predicted inbreeding was higher than predicted inbreeding with the
two methods. Prediction with the “WB” method was higher than prediction
with the “VCF” method.
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Figure 4. Evolution of observed, pseudo-predicted and predicted inbreeding for the
Dutch selected lines: line H () and line L (b).

Table III shows observation, pseudo-prediction and predictions with the
two methods of the global rate of inbreeding, for the French and Dutch ex-
periments. Pscudo-predictions of the global rate of inbreeding are close to
{except for line 2) the observed values on a short-term period (generations 0
through 8) in the French experiment as well as in the Dutch experiment, and
underestimated observed values for a longer period (generations 0 through 18),
Prediction with the “WB” method over-estimated the global rate of inbreeding
in the French experiment whereas they were close to the observed values in
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the Dutch experiment. On the contrary, prediction with the “VCF” method
underestimated the global rate of inbreeding in the Dutch experiment whereas
it was close to the observed values in the French experiment.

4. DISCUSSION

For both French and Dutch lines, individuals were kept and grown in the
same “environment” so that they were affected by a common non-genetic year
effect. However, a change in the environmental conditions occurred in the
French experiment between generations 4 and 5 (use of collective cages in-
stead of individual cages): the observed genetic mean may have been affected
by this change. Thus, the observed genetic gain calculated from the evolution
of the cumulated genetic gain in the French experiment has to be considered
carefully.

Stabilisation of the observed genetic mean for line L could be explained by
accessing a selection limit. Indeed, the aim of selection in line L was to de-
crease the Ab titre. The objective was reached since the phenotypic values of
individuals from generations 14 through 18 were close to zero (0.5 at genera-
tion 15) and the Ab titre could not be negative.

No distinction was made between males and females in the Dutch experi-
ment whereas a difference of Ab titre exists: females have a higher Ab titre
against SRBC than males [20] therefore, the trend in Figure 1 was an average
over sexes,

The two methods that were used in this study need to predict the genetic
variance over time in order to give an accurate prediction of the cumulated
genetic gain. Both methods seem to agree with calculations from the Duich
dataset, although the second method seems to be more accurate. However, pre-
dictions and observations were calculated assuming the additive infinitesimal
model, implying that the fixation of alleles directly due to selection is ignored
and the use of the infinitesimal model may be questionned for two reasons.
First, the response to selection is model dependant and the additive infinites-
imal model does not take into account changes in additive genetic variance
due to selection [19]. Second, MHC genes are supposed to be major genes.
Indeed, MHC plays an important role in the immune response and several
studies have summarised the association of chicken MHC with resistance to
disease [1, 8, 14].

The predictions presented in this paper were obtained using estimated phe-
notypic variances and heritabilities from the same data as used in the present
comparison. Consequently, prediction errors in the estimated heritability and
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phenotypic variance may be correlated to the difference between results from
this experiment and average results that would have been ohtained if the se-
lection experiment had been replicated many times. Ideally, the estimation of
variance components and of the “observed” response would have been based
on independent data. However, long-term selection experiments in livestock
are scarce and we had no independent data available for this purpose.

Pseudo-predicted inbreeding at generation ¢ is defined as being proportional
to the sum of squared contributions of individuals in generation ¢ down to gen-
eration 0. After several generations, genetic contributions of ancestors stabilise
and long-term contributions are reached [32]. Therefore, contributions of in-
dividuals from the younger generations have not converged yet. Because drift
would increase the loss of diversity from one generation to another, pseudo-
predicted inbreeding of these generations should be higher than predictions
based on long-term stabilised contributions. Thus pseudo-prediction is higher
than prediction with the “WB” method.

Moreover, the pseudo-predicted rate of inbreeding was over-estimated for
the oldest generations. Indeed, there is no random mating due to, on the one
hand, rules defined in the selection scheme (i.e. avoiding full and half-sib mat-
ing, no selfing, two sexes). On the other hand, random fluctuation of the mating
system may cause deviations from Hardy-Weinberg equilibrium and therefore
affect the rate of inbreeding, so that estimation should be based on the follow-
ing equation:

E(F) = 1/4- > (1 -appry
k=1

where « ;f is the deviation from Hardy-Weinberg equilibrium in individ-
val k [24]. When mating is not at random, an additional factor reduces het-
erozygosity: a; may be seen as the correlation between alleles within indi-
vidual k due to mating not at random. Hence, a deviation from random mating
has a higher impact on 4F when the individual in which it occurs has a higher
long-term contribution.

The realised contributions of the founders could be considered as “real”
long-term genetic contributions because they are calculated over a sufficiently
long period to assure convergence. Thus, the contributions of founders calcu-
lated from the pedigree do not change anymore after approximately 10 genera-
tions. However, drift and inbreeding continue beyond generation 10, indicating
that the contributions of founder alleles must fluctuate, despite convergence
of founder contributions when calculated from the pedigree. The reason is
that the contributions calculated from the pedigree are ‘expected contributions
given the pedigree’; truly realised contributions may deviate from pedigree
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contributions due to Mendelian sampling, which is not observable from the
pedigree. Thus realised contributions of founders and long-term contributions
calculated from the pedigree are not strictly equal. This discrepancy is ac-
counted for in the derivation of the “WB” method, and predictions from it
should therefore fit pseudo-predictions for the oldest generations.

5. CONCLUSION

This study confirmed, on an experimental basis, that modellng is an efficient
approach to make useful predictions of the evolution of selected populations,
despite that basic assumptions considered in the models (polygenic additive
model, normality of the distribution, base population at the equilibrium, etc.)
are not met in reality. The two deterministic methods yielded results that were
close to real data, especially when the selection scheme followed the rules of
strict mass selection.
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CHAPTER 2

Il. A comparison of the evolution of some pameters based on pedigree analysis

The effect of selection strategies on the evolutibthe within-population variability assessed
by pedigree data has often been investigated. Aexample, among others, Huley al.
(2003) compared the within-population variabilitysmme French meat sheep breeds on the
light of their genetic management. Another intangsiexample was the case of the dairy
sheep breed Lacaune (Palhieteal, 2002): the breed was split into two separatectiele
schemes that have been independently conductédefdast twenty years. Both schemes paid
attention to management of genetic diversity b ohthem applied rules in a more constant
way across years. As a consequence, the obseriegeding rate was lower for the first
scheme and higher in the second one. Yet objectif/&®th schemes were improvement of
milk quantity and milk quality, and both startearfr the same large population, and both
achieved the same genetic gains during the penatysed. It was concluded that procedures
aiming at preserving the genetic variability mayetnsuccess not at the expense of genetic
gains.

Then, the present study aims at analysing effesetéction scheme on inbreeding and also
other criteria of genetic variability based on pmgede data for selection experiments
undergoing different selection scheme, with setbttees and control line diverging from the

same population.
1. METHODS
Individuals inbreeding coefficients, number of fdens, effective number of founders and

effective numbers of ancestors were computed from gedigree by using the PEDIG

package (refuttp://www-sgga.jouy.inra.fr/diffusions/pedig/peditm).

The programme computed the probabilities of geigirofor a reference population. In order
to obtain the three parameters based on probabilii gene origin (Boicharet al, 1997) at
each generation, calculation was done by succdgsiddeting the most recent generation
from the pedigreei.e. successively changing the reference populatiam.distinction was
made between males and females.

For details on these methods, see chapter 1.
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2. RESULTS AND DISCUSSION

Figure 2 shows number of founders, effective nhundfeiounders and effective number of
ancestors over generations for Line 1. The evatutibthese parameters was similar in other
lines (results not shown).

Total number and effective number of founders nypigcreased and stabilized in generation
2 and generation 1, respectively. Effective numbkmncestors constantly decreased. In
generation 8 in Line 1, number of founders, effectnumber of founders and effective
number of ancestors was in average over the lirge$+£3.7), 20 (x1.2) and 12 (+1.3),
respectively.

Evolution of number of founders, effective numbédrfaunders and effective number of
ancestors over generations were equivalent in e Qutch lines but values of different
parameters were higher for the control line. Figerehows number of founders, effective
number of founders and effective number of ancestger generations for Line H (a) and for
Line C2 (b).

Number and effective number of founders rapidlyrdased and stabilized in generation 3
and generation 2, respectively. Effective numberaatestors constantly decreased. In
generation 8, number of founders, effective numiiefounders and effective number of
ancestors was in average over the selected line¢xbH4), 24 (x4.1) and 18 (2.9),
respectively and were 71, 42 and 40 respectivelyhi® control line.

Starting from a base population, the reductiorheftbtal number and the effective number of
founders is rapid by nature, as illustratéa simulations by Verrieet al. (1994): a large part
of the initial lineages are lost when the selectiwacess starts and, due to the increase of
relationship between animals, the representatidghefemaining lineages is stabilized after a
small number of generations. The reduction of tifiecéve number of ancestors occurs very
early too but, contrary to the effective numberfafinders, it does not stabilize, due to
possible bottlenecks during the successive geoasa{Boicharcet al, 1997).

After stabilization, i.e. since creation of linesffective number of founders of the French
selected lines represented two thirds of the tagahber of founders. This ratio was the same
for the random-bred lines (Line C1 and C2) wherieaspresented only half for the Dutch
selected lines.

Effective number of founders shows whether expectedributions of founders are balanced

but does not account for bottlenecks further orthim pedigree. Bottlenecks are taken into
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account in effective number of ancestors. It appélaat effective number of founders and
effective number of ancestors were almost the Jamie random-bred Dutch line (Line C2)
but the ratio (effective number of ancestors dididyy effective number of founders) was
smaller when selection occurred (Line H and L)cémparison with a selection procedure
aiming to balance the family representation at epateration, mass selection tends to favour
bottlenecks. Ratio of the French control line wasgdr than ratio of the Dutch control line but
the number of parents selected was larger in thelDselection scheme than in the French
one: loss of diversity due to bottlenecks increagls selection intensity.

Effective number of ancestors is concerned with ville pedigree since major ancestors
may be founders or not: an individual from any intediate generations (generation 1
through 7) who affects the current generation kenainto account. Effective number of
ancestors reflects effects of the breeding schemgedigree and their consequences on gene

loss in the population.

Effective size of the population based on inbregdate ¢ can be defined as the number of

individuals with random mating and random selectibat would have the same rate of

inbreeding as the population under study. It iswlaked asNe = 1/ 2AF (e.g., Falconer and

Mackay, 1996).

Wray and Thompson (1990) have shown EE(aﬁF)leZ r?, wherer; is the realized
i=1

contribution of one ancestor. Afterwards, Wooliaamsl Bijma (2000) showed that the rate of

inbreeding could be expressed in terms of expectedributions K ; see chapter 1) and

under hypothesis of random mating, we may wrig@AF) = 1/42 r2

i=1
f

Asf, = Zrkz (see Chp.1), it leads us to the following equaMyc = 2f. . Thereafter, we will
k=1

refer toNec as the effective size of population based on dmutions; Nec stands here for the

effective size of the founder generation. Boicharal (1997) showed that the computation

of inbreeding is more sensitive to lacks in pedigieowledge than the computation of

probabilities of gene origin. In the present stuggdigree is complete, which provides good

conditions to comparle andNec (Table 1).

Difference appears because those two parametenstdexactly deal with the same concept.

Indeed,Ng is based on inbreeding rate from generation Outjitogeneration 8, and more

precisely,AF = AFo 0 c1) + AFG1 1o 2) +...+ AF 7 10 g8y Drift that has modified genetic
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contributions in generations prior to generatiofis &here taken into account. Howevéy,
focuses only on individuals of Generation 0 andlgledth their future contributions to
Generation 8. Drift that will occur in contributisnof individuals born in Generation 1
through Generation 8 is not here taken into accdarghort, we could say that, on one hand,
effective size of the population based on inbregdate "looks backwards" by considering
influence of generation 0 but also of intermedigémerations on the current generation; on
the other hand, effective number of the populabased on contributions relates to a single
generation only and "looks forwards" by considerihg future influence of generation 0 on
the current generation. It seems tNatis more accurate for the present study.

The concept of effective number of founders wasaaly criticized by Lacy (1989) for the
same reasons since it does not take into accoastdbgenetic diversity by genetic drift in
subsequent generations, which would be relevagbiservation of small populations with
potential bottlenecks in the pedigree. Caballem Boro (2000) also commented that in order
to minimize the increase of inbreeding, one shanidimize variances of contributions from
all generations, not only founders. To overcomepgtablem, Lacy (1989, 1995) introduced

the concept of founder genome equivaleNtg, which includes genetic drift occurring during

the pedigree development and is defined as folldWg:= %5
t

where ®, is the average kinship coefficient at generatio@riginally, Nge was a function of

expected proportions of surviving alleles of tharfders at generatidn

i(01)
where oy is the expected proportion of surviving alleleganeratiort from thei™ founder
(from generation 0) ancr_bi(olt) is the average kinship coefficient between ancestm
generation 0 and descendants in generdti®ut for practical reasons, the first definitioh o
founder genome equivalents should be preferredesindoes not need complex computer
calculations along the pedigree and kinship coieffic may be directly derived from the

additive relationship matrix (Caballero and Tor00Q).
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Figure 2: Number of founders (black), effective number ofiriders (grey) and effective

number of ancestors (white) over generations faell from the French experiment.
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Figure 3: Number of founders (black), effective number ofiriders (grey) and effective
number of ancestors (white) over generations foelll @) and Line C21§) from the Dutch

experiment.
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Table 1: Effective size of the population based on inbregdiate Ne) and on contributions

(Neo) for the French and the Dutch experiments.

NeI NeC

Line 1 34 42

. Line 2 36 37

French experiment Line 3 38 38
Line C1 40 41

Line H 52 54

Dutch experiment Line L 47 43
Line C2 119 84
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CHAPTER 3: Estimation and evolution of genetic parameters
and polymorphism evolution of a candidate gene

This chapter deals with an analysis of genetic ditye from the French experimental lines
and aims to estimate evolution of genetic pararmeterd polymorphism evolution of a
candidate gene.

The first goal of this study was to give actualimates of the genetic parameters (additive
genetic variance, heritability, genetic correlasiprin the base population. Second, MHC
genes being good candidate genes for the seleetitslih immune response, effect of MHC
genes on the traits was estimated and analysiseoMHC polymorphism within lines was
handled. This evolution will be compared to differéheoretical predictions, considering
MHC genes to be neutral or not. Third, evolutioreotime of the genetic diversity may be
assessed by estimating the parameters with diffesemples of the data, in order to

investigate the influence of available data omestions.
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l. Actual genetic parameters and effect of a candida gene
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polymorphism: the example of the Major Histocompatibility
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Summary

The aim of this paper is to combine different but complementary approaches to check the neutrality
of a given locus in a selected population. Analysis was undertaken through the polymorphism’s
evolution compared with that predicted under the effect of drift and through the analysis of the
variance components of the measured traits, considering the effect of the locus as either a fixed or a
random effect. This study deals with the case of the MHC locus, using both data from experimental
lines of chicken selected for three different criteria of immune response, and frequencies of the
genotyped haplotypes over time. Both the evolution of the polymorphism and the variance
components approach have led to the conclusion that the MHC locus has an effect on the trait
aflecting antibody production against the Newcastle disease virus. Results have also highlighted the
interest in using various methods in the case of low allelic frequencies. However, none of the
common hypotheses, overdominance or frequency-dependent selection, was sufficient to explain the
observed variation of the MHC polymorphism, which was displayed by the temporal variation of

the allelic frequencies. .

1. Introdection

The Major Histocompatibility Complex (MHC) plays
an important role in the immune system of all ver-
tebrates. In farm animals, knowledge of the MHC
genes has been growing and, in several chicken
studies, the MHC has been shown to be involved in
immune response to pathogens and disease resistance
traits (reviewed by Bacon, 1987; Bumstead ef al.,
1991; Kaufman & Lamont, 1996). Yet, these data are
still limited and selection experiments have mainly
focused on the observed change in allelic frequencies
between selected lines, but not its evolution over time.

The observed evolution over time of the poly-
morphism at a given locus results mainly from the
joint effects of drift and selection, which are known to
be two main factors affecting evolution of the genetic
variability within a closed population, In order to
Fax:

* Corresponding author. Tel: +331 34652171, +331

34652210, e-mail: loywyck@inapg.fr

1 Current address: INRA/UPS/CNRS/INA P-G, UMR de
Génétique Végétale, Ferme du Moulon, 91190 Gif-sur-Yvette,
France.

check the neutrality of a given locus, results on its .

polymorphism’s evolution should be cornpared with
the expected results under the assumption of pure
genetic drift. Another way is to analyse the variance
components of a measured trait known to be selected
at the phenotypic level and to estimate the effects of
the different alleles on this trait.

The aim of this paper is to combine these different
approaches for the case of the MHC locus, using
data from experimental lines of chicken selected for
different criteria of immune response.

2. Material
(1) Selection design

Four experimental lines of chickens have been devel-
oped since 1994 from an unselected base population
of White Leghorn chickens (Pinard-van der Laan,
2002). Three of these lines were selected for high
values according to three different criteria of immune
response: antibody response 3 weeks after vaccination
against the Newcastle disease virus (line 1, trait ND3),
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cell-mediated immune response at 9 weeks of age
(line 2, trait PHA) and phagocytic activity at 12 weeks
of age (line 3, trait CC). The three lines underwent
mass selection with a restriction on the contribution
of the different families (sizes of the different half-sib
families were approximately balanced). The fourth
line was a control line {line 4), in which the parents
were chosen at random. Within each line and at each
generation, 15 males and 30 females out of about 100
candidates of each sex were chosen as parents for the
next generation. Mating was at random, except that
full- and half-sib matings were avoided. This selection
programme was conducted for nine discrete genera-
tions (generation | to generation 9, generation 0 being
considered as the base population). Results of the
selection response and the evolution of inbreeding
were reported by Pinard-van der Laan (2002) and
Loywyck et al. (2005). A total of 7550 animals have
been measured for the three traits, whatever the status
of their line (control or selected) and the nature of the
selection criterion.

(ii)) MHC typing

MHC is a complex of three regions comprised of
several genes encoding for three classes of molecules:
B-F and B-L gene products which are equivalent
to class T and class II gene products of mammals,
respectively, and B-G gene products which are
equivalent to class IV gene products, specific to birds
(Milter et al., 2004). From the begining of the selec-
tion, all birds were typed for the MHC antigens using
alloantisera produced from the lines. Six B-G haplo-
types were found: B¥, BY, B¥, B¥ B apnd B¥,
Each haplotype identified by serology corresponded
to a unique B-G and B-F restriction fragment length
polymorphism (RFLP) pattern, with the exception of
the B* and the B*™ haplotypes which are serologically
different and have different B-G RFLP patterns but
the same B-F RFLP pattern. Because the different
analyses did mot reveal any significant difference
between the two haplotypes, the resulis presented will
consider five B-F haplotypes only: B¥, BY, B¢, B!*#
and B* (grouping the B-G*' and B-G'*). Twenty-one
genotypes were observed within the four lines.

3. Methods

(1} Variance component analysis and estimation of
haplotypes effects

In a first step, variance components of the three
immune traits (ND3, PHA and CC) were estimated
by the Restricted Maximum Likelihood (REML)
method, using VCE software (Groeneveld, 1997).
Because previous results obtained from the first six
generations showed no genetic correlation between
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the three traits (Pinard-Van der Laan, 2002), single-
trait analyses were performed. Performance and
pedigree data from all generations, up to the base
population, were used. On the basis of simulation
results by Sorensen ef al. (2003), for a given trait
data from both the line selected for this trait and the
control line were used.,

For each traii, three animal models were com-
pared: the first did not include the effect of the MHC
genotype and the other two differed in the way this
effect was taken into account:

Yiyr=p +gener; +sex;+ Ay + Ey (model 1)
kan' =H +gener,~ +S€.Xj + 2z +A,_'fk1 +E.§ik[ (mOdEl 2)
}'[’ik{ =i +gener,~+sexj+Zk +A,'jk1 +Eﬁk{ (model 3)

In these equations, subscripts i, j, k and / refer to the
generation number, the sex of the animal, its MHC
genotype and the animal itself, respectively; ¥ is the
performance; g is the overall mean; gener and sex are
the environmental fixed effects of the generation and
the sex of animals, respectively; 4 is the additive
genetic value, assumed to be of polygenic origin;
and E is the random error. The effect of the MHC
genotype is represented by z or Z, this effect being
considered as fixed (modet 2) or random (model 3).

In a second step, the breeding value (4) of each
animal and the random effect (Z) of each MHC
genotype were predicted by the BLUP method under
model 3, using the genetic parameters estimated dur-
ing the first step under the same model, and assuming
no correlation between the two variables 4 and Z.
PEST software (Groeneveld, 1990) was used to per-
form this analysis. Due to the presence of rare alleles,
only medel 3 was used here, because considering the
genotype effect as random was the only way to avoid
estimation problems for several genotypes with a very
small number of available performance data.

In a third step, the effects of the different haplo-
types were compared by the method of contrasts,
under model 2. This method consists of comparing
the mean of the effects of genotypes including one
haplotype with the mean of the effects of genotypes
including another haplotype, assuming that the
genotype effect may be considered as two additive
haplotype effects. As the use of the usual statistical
test was complicated becauvse the degrees of freedom
due to error that are not defined in a mixed-effect
model (model 3), only model 2 was used here.
Moreover, grouping in the analysis the rare genotypes
with less rare ones prevents the estimation problems
evoked in the second step, The method was performed
using data from all penerations over the four lines.
First, the effects of each haplotype on the three traits
were estimated; second, the effects of homozygous
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Table 1. Estimation of the genetic parameters for each trait as a percentage of the total phenotypic variation
(SE, in percentage), according to the three different models considered: with (fixed or random) or without an

MHC effect
Model 1: Model 2: Model 3:

Trait Parameter without MHC effact MHC as a fixed effect MHC as a random effect
ND3 a*s 334 (1D 32-1 (1) 314 (1D
[line 1] TMEC - - 2:3% (0-3)

7 666 (0-8) 67-9 (0-7) 662 (0-8)
PHA i 11-9 (2-0) 11:9(1-9) 11-9(1-8)
[line 2] ure - - 0-1 NS (0-1)

o'y 831 (22) 88122 88-0 (2-)
CcC s 237 (13-0) 23-1(13-1) 22:9 (13-0)
[line 3} o*wHC - - 08 NS (2:3)

oty 76-3 (11-4) 769 (12-3) 76:3 (12:2)

genotypes were compared with the effects of hetero-
Zygous genotypes in order to test the underlying
hypothesis of additivity.

(i) Evolution of haplotype frequencies

Within each line and at each generation, the haplo-
type frequencies were calculated. Thus, a possible
effect of drift was tested. First, the inbreeding effective
size (N, was estimated from the observed rate of
inbreeding (AF), according to the classical formula:

Ner= 5 AT
The rate of inbreeding was computed at each
generation from the observed values of the average
coeflicient of inbreeding computed from pedigree data
(Loywyck et al., 2005). Next, the comparison between
observed and expected change in haplotype fre-
quencies was performed in two complementary ways.

First, a 95% confidence interval of the frequency
was determined for each haplotype separately in each
generation and in each line. Populations with discrete
generations, random choice of parents and random
mating were simulated. Because generations did not
overlap and due to the stability of the management
rules which involved a balance between families, the
pure drift situation was simulated using the concept
of effective population size. For a given line and a
given haplotype, & population was simulated with an
effective size equal {o the estimated value of N,y and
with an initial frequency equal to the observed initial
value, In each generation, the bounds of the 95%
confidence interval were empirically determined on the
basis of the frequencies observed in 5000 independent
replicates.

Second, the MHC locus was considered as a whole:
an estimate of the standardized temporal variance in

allelic frequency, f (Waples, 1989), was computed for
each line over the nine generations; the £, estimator of
J, proposed by Nei & Tajima (1981), was used:

s 1E -y

e kf§1¥—xi'yl'

where & is the number of segregating alleles, x; is
the frequency of allele i at generation 0 and y; the
frequency of this allele at generation ¢. The estimate of
the variance effective size (N,;) of each selected line
was directly deduced from the value of f,, using
the equation of Nei & Tajima (1981), as there is no
sampling variance because the exact values for
frequencies were available (all individnals at each
generation had been genotyped):

Rey=—+.

2fe
This value was compared with the value of the
inbreeding effective size (N,;). Moreover, as in
Goldringer & Bataillon (2004), the observed value of
[, was compared with the distribution of f, obtained
from a series of simulations of populations with
the same initial allelic frequencies and the same
inbreeding effective size,

4. Results
(i) Variance components analysis

Table 1 shows the estimates of the genetic parameters
for each firait, according to the three different models
considered. When the MHC effect was not taken
into account (model 1), the estimated value of the
heritability was 0-33, 0:12 and (0-24 for traits ND3,
PHA and CC, respectively, These values for traits
ND3 and PHA are consistent with those reported
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Table 2. Estimation of the effects of the MHC
haplotypes on the three traits, using the method of
contrasts and considering the MHC effect as fixed

Haplotype Trait PHA

15 01752 0-049¢ 0-008%
19 i 0-0087 0-006%
21 0-4442 07 0-010%%
34 0-441¢ 0-050¢ 00337
124 03567 0-047° 0°

Values are given considering the lowest effect as the refer-
ence, e.g. values of the effects of haplotypes on trait ND3 are
given as a comparison with the value of the effect of B"
haplotype.

abe Two haplotypes sharing the same letter have effects that
are not significantly different.

by Pinard-van der Laan (2002)-0-35 and 0-1 3,
respectively — but the estimate for trait CC was higher
than that of Pinard-van der Laan (0-15). In compari-
son with model (1), taking into account the MHC
effect led to changes in estimated values for trait ND3
only: for ND3, when the MHC effect was considered
as fixed, the estimated value of the additive variance
(c*A) was reduced by 59 % ; when the MHC effect was
considered as random, the variance of this effect was
found to be significantly different from zero and rep-
resented 6-9 % of the total genetic variance (including
both the polygenic and the MHC components).

(ii) Effect of the MHC haplotypes and comparison
berween heterozygotes and homozygotes genotypes

Table 2 shows the estimates of the effects of the MHC
haplotypes using the method of contrasts. Compared
with B, B* and B™, the B" haplotype had a sig-
nificant negative effect on trait ND3 and, compared
with B® and B¥, the B'* haplotype had a significant
negative effect on trait CC. No significative effect of
any haplotype was observed for trait PHA.

In addition, significantly (P<<0-005) lower values
for trait CC were associated with heterozygote geno-
types than with the homozygote genotypes. More-
over, there was a significantly (P <0-003) lower value
for trait NID3 associated with the heterozygote geno-
type BB than with the corresponding homozygote
genotypes BB and BY-BY, and a significantly
(P<0-008) lower value for trait CC associated with
the heterozygote genotype B-B'™ than with the
corresponding homozygote genotypes B"™-B™ and
Bu‘i"*Bl%.

(ii1) Evolution af haplotype frequencies

Fig. 1 presents the evolution of the observed fre-
quencies of the haplotypes within each selected line
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Table 3. Estirnated effective sizes of the population

{for each line over the nine generations) based on the

temporal variation approdach Ny, and on the pedigree
approach, Ny

Jf.at MHC
Line locus (P value) Nor N [95% CI)
1 0-0884 (0-599) 34 5116-142]
2 0-0694 (0-663) 36 65 [8-181}
3 0-1103 (0-393) 38 41 {5-114]
4 00573 (0-713) 40 79 [10-219]

and within the control line. The B haplotype was lost
within line 1 at generation 6, and the B* haplotype
was lost within line 2 at generation 7 and within line 3
at generation 5. Only the evolution of the frequency
of the B* haplotype within line 1 exceeded the 95%
confidence interval under the asumption of drift. For
all the other haplotypes in all four lines, no deviation
was observed from the confidence interval (for the
sake of clarity in the figures, this interval was not
shown in these cases).

As shown in Table 3, the estimated effective size of
the population based on the temporal variation
approach (for each line over the nine generations),
Ny, was always higher than the estimate of the
effective size based on the pedigree approach, N,
This indicated that the MHC locus was globally
evolving at a lower rate than expected based on the
pedigree data, The probability of obtaining in the si-
mulated distribution an f,, value equal to or greater
than the observed f, was high for the three selected
lines (P value=0-599, 0-663 and 0-393 for lines 1, 2
and 3, respectively) as well as for the control line
(P value=0-713), indicating that the four observed
f. values were not extreme, compared with the simu-
lated f,, distributicn.

5. Discussion

The estimate of the MHC effect on the three selected
immune traits (ND3, PHA and CC) varied according
to the method used. What lessons may be drawn from
this study?

(i) The interest in combining complementary analysis

The interest in considering the MHC effect as random
was twofold. First, it reduced the effect of rare geno-
types, since in particular the initial frequency of the
B* haplotype was low, and second, it allowed con-
sideration of the effect of the whole locus. On the
contrary, assuming MHC as a fixed effect allowed
us to have an approach focused on haplotypes
instead of genotypes, and more particularly with the
emphasis laid on each haplotype. Comparing the two
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Fig. 1. Evolution of the observed frequencies of the haplotypes B, B, B®, B and B within each selected line
(unbroken lines: line 1, circles; Jine 2, squares; line 3, triangles} and within the control line (fine 4, empty squares). Bounds
of the 95 % confidence interval are drawn (dotted lines) for the B' haplotype within line 1.

hypotheses (fixed effect vs random effect) let us know
whether the locus-scale variations detected when
MHC is considered as a fixed effect may be large
enough to be detected at the genome scale. Indeed, the
negative effect of the B* haplotype on trait ND3 was
confirmed whereas the negative effect of the B
haplotype on trait CC was not.

Likewise, the temporal method relies on the
assumption that all variance in allele frequencies is
due only to drift (Waples, 1989} and considers the
locus as a whole. Effect of selection ont the B® haplo-
type within line 1 (trait ND3), revealed by the evolu-
tion of the haplotype frequency, was not strong
enough to be detected using the temporal variation
method. However, one limitation of the temporal

method was shown by Pollack (1983): selection of
constant intensity has a minor effect on fif #/N, is
small, which is the case in our study. In addition, in a
multiallelic case, it might not detect even large vari-
ation in one specific allele frequency, provided the rest
of the variation is alloted between the other different
alleles. Therefore, the approach of the evolution of
haplotype frequencies, haplotype by haplotype, is
more efficient for detecting any impact of selection
when the selection rules are maintained over genera-
tions and when a specific haplotype is selected.
Finally, evolution of the polymorphism at the
MHC locus has shown that MHC had an effect on
trait ND3 and the significant effect was confirmed by
the variance components approach. This trait deals

3
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with the antibody production against an antigen:
Newcastle disease virus. Such responses against a
variety of pathogens were already found to be corre-
lated with MHC, as for instance the response against
Salmonella bacteria (Guillot et al., 1995) or against
Marek's disease virus (Bacon, 1987). However, the
“background genome also has a substantial effect™
(Lamont, 1998) and most studies rely only on the
observation of differences in allelic frequencies be-
tween lines to deduce an association between the trait
and the MHC locus. In some cases, complementary
analyses such as the analysis of the variance compo-
neats would allow separation of the effect of the
MHC gene from the non-MHC gene effects. In this
study, only the evolution of the polymorphism would
lead us to conclude the effect of the B* haplotype on
PHA and CC, since this haplotype disappeared in
lines 2 and 3, and the complementary methods have
not shown it. Concerning the B'** haplotype, com-
plementary analyses have not given a clear picture of
the effect of this haplotype on trait CC but have laid
the emphasis on contradictory forces in the evolution
of the B®* haplotype frequency. Indeed, the variance
components approach has revealed a significative
negative effect of the B! haplotype on trait CC,
which should lead to a decrease in the haplotype
frequency, as happened within line 1 for the BY
haplotype; however, the significantly higher effect of
homozygotes over heterozygotes on trait CC may
slow down the decrease in frequency and explain why
the effect of the B** haplotype was not detected at the
locus scate.

(i) Estimation of effective population size

The effective size (N,) of the population is a key
parameter for discerning allele frequency changes due
to drift versus those due to selection and hitch-hiking.
N, is usually estimated from the rate of inbreeding
(N.p) or from the variance in allele frequencies over
time (N, ). Both methods were used in this study, The
values of these two parameters N,y and N, were
expected to be equal since the two methods are based
on the analysis of a neutral gene. However, as pointed
out by Crow & Kimura (1970), N, is usually smaller
than N,; when a small number of parents generate
a large number of offspring because ‘the inbreeding
effective number is more naturally related to the
number of parents, while the variance effective num-
ber is related to that of the offspring’. Here, the two
realized effective sizes were found to have different
values in the experimental lines analysed, N, being in
one case twice N.;, but the above explanation may
not be sufficient to explain such a large difference,
Additionally, confidence intervals of N in the four
lines are rather large since there are only five haplo-
types at a single locus, The method of calculation
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of the bounds of the 95% interval, provided by Nei
& Tajima (1981) and used by Waples (1989}, is ‘only
asymptotically correct’ for a large number of inde-
pendent alleles. .

It seems that allele frequency variations at the
MHC locus are weaker than those of the whole
genome (see pedigree analysis). Combining the two
approaches allows vs to detect whether another force
is needed in addition to drift to explain the evolution
of the haplotype frequencies.

(i) Contrasting results on the selection response
and the MHC locus effect

Response to selection was significant but variable
within the three selected lines (Loywyck ef al., 2005):
the antibody response (ND3) was the trait with the
highest and the most regular increase in its mean
under selection and the highest estimated heritability
(0-35), whereas the increase in the means of traits
PHA and CC was low and fluctuating and their esti-
mated heritability lower (0-13 and 015, respectively).
Then, assessing the effect of the MHC locus may
be more difficult: if the response to selection of the
trait is low, the evolution of the polymorphism at the
candidate gene is reduced.

Assuming MHC as a fixed effect raised the question
about the underlying model, which supposes addi-
tivity, i.e. heterozygote genclypes showing inter-
mediate values between the two corresponding
homozygote genotypes. Here, the significantly lower
values for the heterozygote genotypes compared with
their homozygote counterparts led us to reject the
underlying additive model.

The MHC locus is known to be extremely poly-
morphic and its variation is thought to be maintained
by balancing selection either through heterozygous
advantage or negative frequency selection (Hugues,
1998 Bodmer, 1972). However, both hypotheses
are controversial (Slade & McCallum, 1992) and
Takahata & Nei (1990) concluded that frequency-
dependent selection (specifically, rare allele frequency)
and overdominance could not be distingunished
mathematically. The results of this study do not sup-
port the hypothesis of negative frequency-dependent
selection, which assumes that it is advantageous to
carry rare alleles to which pathogens are not adapted
{(Bodmer, 1972): here, the rare haplotype B* disap-
peared in lines 2 and 3 although this haplotype had
the highest effect on the two traits PHA and CC, re-
spectively. As in a recent study on birds that looked
for overdominance (De Boer, 2004), no evidence in
favour of the hypothesis of a heterozygous advantage
has been reported in the present study, since the sig-
nificant difference between the effect of heterozygote
genotypes compared with the effect of homozygote
genotypes was in favour of homozygosity.



Combining methods to assess the effect of the MHC locus

6. Conclusion

This study highlights the interest in using various
sources of information and methods in analysing a
complex phenomenon such as testing whether a can-
didate gene is neutral or not. Different but comp-
lerhentary points of view have to be handled by either
considering the locus as a whole or by analysing each
allele separately, so that results may be contrasted or
nuanced.

References

Bacon, L. D. (1987). Influence of the MIC on disease and
productivity. Poultry Science 66, 802-811.

Bodmer, W. F. {1972). Evolutionary significance of the
HLA system. Nature 237, 139-145.

Bumstead, N., Millard, B., Barrow, P. & Cook, J. K. A.
(1991). Genetic basis of disease resistance in chickens.
Breeding for Disease Resistance in Farim Animals (ed. J. B.
Owen & R.F.E. Axford), pp. 10-23. Melksham, UK:
CAB International.

Crow, I.F. & Kimura, M. (1970). An Introduction to
Population Genetics Theory. New York: Harper & Row.

De Boer, R. I, Borghans, I, A. M., van Boven, M., Kesmir,
C. & Weissing, F. I. (2004). Heterozygote advantage fails
to explain the high degree of polymorphism of the MHC,
Immunogenetics 55, 725-731.

Goldringer, 1. & Bataillon, T. (2004). On the distribution
of temporal variations in allele frequency: consequences
for the estimation of effective population size and the
detection of loci undergoing selection, Genetics 168,
563-568,

Goudet, 1. (1995). FSTAT (version 1.2): a computer
program to calculate F-statistics. Jowrnal of Heredity 86,
485-480.

Groeneveld, E. (1990). PEST User's Manual. Urbana,
Illinois: University of Hlinois.

Groeneveld, E. (1997). VCE4 User’s Guide and Reference
Manual. Neustadt, Germany.

Guillot, J. F., Beaumont, C,, Bellatif, F., Mouline, C.,
Lantier, F., Colin, P. & Protais, J. (1995). Comparison
of resistance of various poultry lhnes to
infection by Selmonella enteritidis. Veterinary Research
26, 81-86.

CHAPTER 3

7

Hughes, A. L. & Yeager, M. (1998). Natural selection and
the evolutionary of major histocompatibility complex
loci. Frontiers in Bioscience 3, 509516,

Kaufman, J. F. & Lamont, S. J. (1996). The chicken major
histocompatibility complex. In The Major Histocompati-
bility Complex in Domestic Animal Species (ed. L. B.
Schook & 8. J. Lamont), pp. 35-64. Boca Raton, Florida:
CRC Press.

Lamont, 8. J. (1998). Impact of genetics on disease resist-
ance. Poultry Science 77, 11111118,

Loywyck, V., Bijma, P., Pinard-van der Laan, M. H. &
Verrier, E. (2005). A comparison of two methods for
prediction response and rates of inbreeding in selected
populations with the results obtained in two selection ex-
periments. Genetics Selection, and Evolution 37, 273-289.

Miller, M, M., Bacon, L. D., Hala, K., Hunt, H. D)., Ewald,
3. 1., Kaufman, I., Zoorob, R. & Briles, W. E. (2004),
Nomenclature for-the chicken major histocompatibility
(B and Y) complex. Immunogeneiics 56, 261-279,

Ned, M. & Tajima, F. (1981). Genetic drift and estimation of
effective population size. Genetics 98, 625-640.

Pinard-van der Laan, M. H. (2002). Immune modulation:
the genetic approach. Velerinary Immumology and
Tmnmunopathology 87, 199-205.

Pollak, E. (1983). A new method for estimating the effective
population size from allele frequency changes. Genetics
104, 531-548.

Slade, R. W. & McCallum, H. I. (1992). Overdominant vs.
frequency-dependent selection at MHC loci. Genetics 132,
861-862.

Scrensen, D., Guldbrandtsen, B. & Jensen, J. (2003). On
the need for a control line in selection experiments; A
likelihood analysis. Genetics Seleetion and Evolution 35,
3-20.

Takahata, N. & Nei, M. (1990). Allelic genealogy under
overdominant and frequency-dependent selection and
polymorphism of major histocompatibility complex loci.
Genetics 124, 967-978.

Waples, R. 8. (1989). A generalized approach for estimating
effective population size from temporal changes in allele
frequency. Genetics 121, 379-391.

Weir, B.S. & Cockerham, C.C. (1984). Estimating
Fostatistics for the analysis of population structure.
Evolution 38, 1358-1370.

Wright, 8. (1969). Evolution and the genetics of population.
The Theory of Gene Frequencies, vol 2, Chicago:
University of Chicago Press.

55

1 e et —



(CHAPTER 3

Gengt. Res., Camb. (2006), 87, p. 223.  © 2006 Cambridge University Press 223
doi:10.1017/80016672306008275  Printed in the United Kingdom :

Erratum

Loywyck, V., Pinard-van der Laan, M.-H., Goldringer, I. & Verrier, E. (2006). On the need for combining
complementary analyses to assess the effect of a candidate gen and the evolution of its polymorphism: the
example of the Major Histocompatibility Complex in chicken. Genetical Research 87, 125-131.

The published version of Table 2 omitted the column headings, the correct version is given below.

Table 2. Estimation of the effects of the MHC
haplotypes on the three traits, using the method of
contrasts and considering the MHC effect as fixed

Haplotype Trait ND3 Trait PHA Trait CC

15 0175 ab 0049 «a 0008 be
19 0 b 0-008 a 0006 ke
21 0-44% ¢ 0 a 0-010 ab
34 0441 a 0050 @& 0033 «
124 0:356 a 0047 a 0 <

Values are given considering the lowest effect as the refer-
ence, e.g. values of the effects of haplotypes on frait ND3 are
given as compared to the value of the effect of B haplotype.
‘Two haplotypes sharing the same letter (a, b or c) have
effects that are not significantly different.
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I. Evolution of genetic parameters over time.

The objective of this study was to investigate gesnin additive genetic variance during the
course of the experiment and examine the cope efuiderlying model used for the

estimation of the genetic parameters.

1. METHODS

Univariate analyses were carried out by the ReasttiMaximum Likelihood (REML) method
using VCE software (Groeneveld, 1997) on the tlsedected traits. For each trait the animal
model was as follows:

Yik =l +gener + sex + Aj + Eix
whereY is the performancey the overall meangenerandsexare the environmental fixed
effects of the generation and the sex of animalsyectivelyA is the additive genetic value,
assumed to be from polygenic origin, &the random error.
Performance and pedigree data from all lines ahdealerations, up to the base generation,
were available.
In a first step, the number of generations takeéa account for the analysis was increased
successively. In a second step, consecutive subsgeneration were taken: generation 0 to
2, generation 3 to 5 and the generation 6 to 9.patigree information available back to
generation 0 was included for the analysis of eadbset, estimations being underestimated
when back pedigrees were omitted because paretiteuwvirecords would treated as if they
were unrelated, i.e. less inbred than they reallyewMeyer and Hill, 1991).

2. RESULTS AND DISCUSSION

For trait CC, estimates given in Tables 1 and 2eht/ be nuanced because response to
selection in the selected line for trait CC (Lingshowed the largest variations from one
generation to another (Loywyek al, 2005 — see chapter 2).

Table 2 shows evolution of estimates of genetiapaters over time for the 3 selected traits

ND3, PHA and CC, increasing the number of genematto give data sets. For traits ND3 and

PHA, estimates of the additive genetic variangg) (fluctuated when only three generations
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of data were considered bugs constantly decreased when more data from the later
generations were added. Estimates of the residarednce %) followed the same trend as
the additive genetic variance for trait ND3, where& largely increased when adding data
from the earlier generations for trait PHA. Theastireated heritability (h?) decreased over
time for traits ND3 and PHA.

Table 3 shows evolution of estimates of genetiapaters 3 selected traits ND3, PHA and
CC, based on subset of data. For traits ND3 and ,Re$fimates of the additive genetic
variance and of the residual variance decreased wiwesidering latter generations. Decrease
of 6% being larger thawa?, for trait ND3 (24% and 31% far2a ando?: between subset GO-
G2 and subset G6-G9, respectively) estimate hditjaimcreased; on the contrary, decrease
of 6% being smaller than?, for trait PHA (44% and 38% far?a ando?: between subset GO-
G2 and subset G6-G9, respectively) estimated hdrita decreased. Environmental

sensitivity seems to decrease in the latter genesat

The underlying model for the analysis of the thsetected traits, using REML method, was
the infinitesimal additive model, which assumest tirait are determined by infinity of
unlinked additive genes with small effects and géequencies not affected by selection.
Then, estimations af?5 over time, when increasing the number of genematiato account,
should be identical since genetic variances arearp to be constant over time, except as a
result of inbreeding and of selection that may eduskage disequilibrium among unlinked
loci; although, additive genetic variance decredsedboth traits. Meyer and Hill (1991) have
shown by simulations using data from section expeni for food intake in mice that effects
of selection on the genetic variance were negkgiwhen heritability was lowh{=0.15).
When heritability was higheh{=40) selection induced a decrease of genetic vegian the
early generations but the effect was much smoathére later generations. Thus, variation
causes of the additive genetic variance for tiRiHg\ and CC may be explained by increase of
inbreeding within the lines whereas additive genetariance for traits ND3 could be
influenced by inbreeding but also affected by thlection strategy in the experiment.
Estimation of genetic parameters using data fromgeherations (G0-G9) was slightly
different from estimation given by Loywyo#t al. (2005) since previous estimations were
handled considering only data from the line sekbébe the trait and from the control line.
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Sorensen and Kennedy (1986) obtained unbiasedassmfz2, when ignoring data from the
first three generations in a selection experimeith W generations, which surprising since
information contributing to selection decisions heeen ignored. However, extending the
simulations for up to 10 generations, van der Véed de Boer (1990) showed that omitting
data from selected ancestors caused bias in estiofat?a due to not accounting for all
gametic disequilibrium. Linkage would be expectedldad to a progressive reduction in
genetic variance over early generations: this woedglain the decrease afa when

considering subset of data but not the large dealinen considering the latter generations.

This study shows that selection for the immune oasp traits has reduced the genetic
variance over and above the effects of inbreedimd)lenkage. The interest of the approach
proposed by Meyer and Hill (1990) lies in the iefeces that we are able to drawn on changes

in variance over time that were not due simplyntaréeding or short-term effects of selection.
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Table 2: Evolution of estimates of genetic parameters tivee for the three traits, increasing
the number of generations to give performancesskita(all pedigrees considered).

Data set trait ND3 trait PHA trait CC
O'2A O'ZE h2 O'2A O'ZE h2 O'ZA O'ZE h2

GO0-G1 1.087 2.028 0.34 0.085 0.265 0.2 0.002 0.010 670.1
GO0-G2 1.398 2.329 0.38 0.091 0.444 01 0.002 0.011 540.1
GO0-G3 1.284 2.325 0.35 0.074 0479 01 0.002 0.012 430.1
G0-G4 1.436 2.395 0.37 0.065 0.554 0.1 0.001 0.011 830.0
GO0-G5 1.300 2.267 0.36 0.070 0.523 0.1 0.002 0.010 670.1
GO0-G6 1.187 2.241 0.34 0.073 0.49 0.1 0.002 0.010 670.1
GO-G7 1.169 2.097 0.35 0.073 0471 0.1 0.003 0.009 500.2
GO0-G8 1.133 2.095 0.34 0.063 0.451 0.1 0.003 0.009 500.2
GO0-G9 1.075 2.065 0.33 0.056 0.427 0.1 0.003 0.009 500.2

NOFRP~N0OTA OO

Table 3: Evolution of estimates of genetic parameters ler three traits based on different

subsets of data.

Data set trait ND3 trait PHA trait CC

O'ZA O'2E h2 O'ZA O'2E h2 O'2A O'ZE h2
G0-G2 1.398 2.329 0.38 0.091 0.444 0.179 0.002 0.009 0.182
G3-G5 1.364 2.105 0.38 0.082 0.564 0.126 0.002 0.009 0.182
G6-G9 1.058 1.608 0.39% 0.051 0.277 0%45 0.004 0.008 0.333




CHAPTER 4

CHAPTER 4: Analysis and comparison of the evolution of
polymorphism of molecular markers

This chapter deals with analysis of genetic diversity based on molecular information from
various markers, some markers being supposed neutral, the others supposed to be under

selection. All markers were genotypes in the French experiment.

The goal of this chapter is to analyse and compare of the polymorphism evolution of different
markers but also to investigate what are the suitable methods to detect any signature of
selection left by QTLs. We aim at combining and comparing different methods to highlight

selection pattern, QTL having already been detected in the Dutch experiment.
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Abstract - We investigated the joint evolution of neutral and selected
genomic regions in three chicken lines selected for immune response and in
one control line. We compared the evolution of polymorphism of 21
supposedly neutral microsatellite markers versus 30 microsatellite markers
located in seven Quantitative Trait Loci (QTL) regions. Divergence of lines
was observed by factor analysis. Five supposedly neuntral markers and 12
markers in the QTL regions showed Fs# values greater than 0.15. However,
the non significant difference (P>0.05) between matrices of genetic
distances based on genotypes at supposedly neutral markers on the one
hand, and at markers in QTL regions, on the other hand, showed that none
of the markers in the QTL regions were influenced by selection. A
supposedly neutral marker and a marker located in the QTL region on
chromosome 14 showed temporal variations in allele frequencies that could
not be explained by drift only. Finally, to confirm that markers located in
QTL regions on chromosomes 1, 7 and 14 were under the influence of
selection, simulations were performed using haplotype dropping along the
existing pedigree. In the zone located on chromosome 14, the simulation
results confirmed that selection had an effect on the evolution of

polymorphism of markers within the zone.

Keywords: selection, QTL, hitchhiking, chicken, genetic diversity
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1. INFRODUCTION

There is currently a large interest in characterising variation patterns
in order to identify regions of the genome that are under selection. For that
purpose, scans using microsatellites distributed over a genome [32, 35] or
concentrated around candidate genes under artificial or natural selection {2,
28, 43] are commonly performed to investigate signatures of selection.
These studies highlight and compare among natural populations, differences
in patterns of heterozygosity or linkage disequilibrium, but they only give a
picture of variability at a certain time, with predictions of the evolution of
polymorphism estimated mainly thrbugh simulations. Well-known pedigree
experimental selected lines can be used fo explore the evolution of
polymorphism over several generations, leading to the introduction of a time
component that helps to distinguish the influence of selection from the
influence of drift.

| Here, we investigate the joint evolution of neutral and selected
genomic regions, using observations on microsatellite markers in a number
of selected chicken lines. For this purpose, we compared the evolution of
marker allele frequencies observed in supposedly neutral versus selected
regions of the genome. Selected regions were chosen based on Quantitative

Trait Loci (QTL) detected in previous studies. An important aim was to
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determine which methods are suitable for identifying signatures of selection,

and to compare those methods using a real data set.

2, MATERIAL AND METHODS

2.1. Selection design

We used four experimental chicken lines bred since 1994 in the
INRA experimental unit “Unité Expérimentale de Génétique Factorielle
Avicole” (Nouzilly, France) and derived from an unselected base population
of White Leghorn chickens [31] for which 42 founder animals of two lines
(9 sires of a commeicial line and 33 dams of an experimental line) were
randomly mated (Generation G-2). The F2 population has become the base
population, also named Generation 0 (G0). Animals from GO were
randomly chosen to create the four lines, thus the parents of one line cannot
be parents of another line.

Three of these lines were selected for high values according to three
different criteria of immune response: antibody response three weeks after
vaccination against the Newcastle disease virus (line 1, trait ND3), cell-
mediated immune response at nine weeks of age (line 2, trait PHA), and
phagocytic activity at 12 weeks of age (Iine 3, trait CC). The three lines

have undergone mass selection with a restriction on the contribution of the
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different far;}ilies (sizes of the different half-sib families were approximately
balanced). The fourth line was the control line, in which the parents were
chosen at random.

Within each line and at each generation (one generation per year), 15
males and 30 females out of about 100 candidates of each sex were chosen
as parents for the next generation. Mating was at random, except that full-
and half-sib mating was avoided. This selection programme was conducted
for 11 discrete generations (G1 to G11). All animals of the four lines were
measured for the three traits. The pedigree was completely known.

Estimated heritabilities were 0.33, (.12 and 0.24 for the traits ND3,
PHA and CC, respectively, using pedigree and phenotypic data up to
generation 9 [22]. For other detailed results on this experiment, including
genetic gains, various criteria of genetic variability and evolution of the
polymorphisn at a single candidate gene, namely the Major

Histocompatibilty Complex (MHC) gene, see [21, 22].
2.2, Genotyping
In order to compare the evolution of polymorphism of supposedly

neutral areas and selected areas, we decided to compare the evolution of

microsatellites from the Aviandiv panel (European project on the analysis of
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diversity in the chicken) and the evolution of microsatellites located within

QTL regions, previously detected in independent studies on other lines.

2.2.1. Sampling of animals to be genotyped

Due to financial constraints, it was not possible to genotype animals
in each generation. From G-2, 37 founders out of 42 were genotyped
because blood samples from five founders were either missing or improper
for DNA extraction. To reconstruct the five missing genotypes, and to
determine the phase of haplotypes in QTL regions, 55 animals from
generation (-1 were genotyped. Fifty animals of each line from G11

randomly chosen within half-sib families were genotyped.

2.2.2. Markers

The supposedly neutral markers are a set of di-nucleotide
microsatellite markers used in a project on the biodiversity of chickens
funded by the European Commission, namely known as the Aviandiv
project [15]. These are distributed as uniforimly as possible throughout the
chicken genome. The position of the markers is given in Appendix 1

(published in electronic form only).
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QTL-regions affecting the immune response were primo-detected in
two other experimental lines bred on the experimental unit of the Animal
breeding and Genomics Group at the Wageningen University and Research
Center (Netherlands) [36, 37, 38]. The first population was an F2
originating from a cross of divergently selected lines for high and low
antibody response to sheep red blood cells [42]. The second population was
an F2 originating from a cross between two commercial lines [3]. Among
the different regions detected, we chose six genome-wide significant QTL
regions for different antibody titre traits. The presence of these QTL was not
checked in our experimental lines due to financial constraints, which limited
the number of genotyped animals. The MHC region (chromosome 16 — zone
7) was added to the analysis, since the MHC gene is a good candidate gene
for immune response [22].

The distance between markers was defined according to estimations
of allele frequency changes of markers under selection in mouse lines [18]
and estimation of the extent of linkage disequilibrivm in domestic sheep
[23], since such estimations have not been conducted in chicken. The
position of the markers is given in Table I. Genetic distances of existing
markers were those defined by the consensus map [12] and genetic distances
of the new markers were estimated from the consensus map and their

position on the chicken genome sequence.
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The genetic position of the three markers within zone 7 (MHC
region) was found to be the same {~ 0 cM) on the consensus map: in order
to run simulations, positions were arbitrarily set to 0,00, 0.05 and 0.10 ¢M
in the strict case of this study.

[Tab. I}
Fluorescently labelled microsatellite markers were analysed on an ABI 3100
DNA sequencer (Applied Biosystems, Foster City, CA, USA) and
genotypes were determined using GeneScan Analysis 3.7 and Genotyper
Analysis 3.7 software (Applied Biosystems, Foster City, CA, USA). The
GEMMA database was used to manage the informativity tests [16], A recent
analysis (Bed’Hom — unpublished results) of the markers located in the
MHC region {zone 7) revealed the presence of a null allele for MCI¥370.
The null allele was named AAA and genotypes were rebuilt according to
specific associations of marker alleles within the zone. Appendices 2 and 3
summarise the observed allele frequencies in G-2 and G11 (Appendices 2

and 3 are available in electronic form only).

2.3, Measures of line divergence

2.3.1. Factor analysis

CHAPTER 4

69



CHAPTER 4

10
11
12
13
14
15
16
17
18
19
20
21

22

70

In order to get an overview of the distinction among generations and
among lines, we performed a multiple-dimension principal component
analysis (PCA) on all individuals, from generations G-2, G-1 and G11, First,
PCA was based on genotypes at all markers. Second, in order to assess the
influence of the different types of markers, PCA was based, on genotypes at
the supposedly neutral markers, on the one hand and on genotypes at

markers in QTL regions, on the other hand.

2.3.2, Genetic variability criteria

In order to quantify genetic differences between the lines, we
calculated standard descriptors of the genetic variability for each locus in G-
2 and in G11 within each line: observed heterozygosity Hy and unbiased
expected genetic diversity Hep [29]. Departures from Hardy-Weinberg
equilibrium were estimated by calculating Wright’s Fis and Fist according to
Weir and Cokerham [45]. The null hypothesis (F;=0) was tested by
bootstrapping over alleles within samples. Population differentiation was
tested by permuting genotypes among samples, assuming absence of Hardy-
Weinberg equilibrium within samples.

Pairwise linkage disequilibrium was estimated by testing the
significance of association between genotypes at pairs of loci within QTL

regions and across supposedly neutral loci; this analysis was performed in
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(-2 and G11 within each line. P-values were obtained by randomisation of
the genotypes at each pair of loci. In order to take into account the fact that
multiple loci were examined, a Bonferroni correction was applied within
each line. Calculations dealing with heterozygosity and linkage
disequilibrium were performed using the F-STAT programme |11].

In order to quantify the genetic divergence over time of our lines
deriving from the founder population, we estimated the genetic distances.
We assumed that mutations at the microsatellite markers could be neglected.
It has been reported that divergence occurred on a short-ferm period and
inbreeding increased within each line [21]. Thus, the Reynolds distance [34]
is preferred because under the assumption of pure genetic drift, it is the least
biased genetic distance for closely related breeds and exhibits the smallest
standard error {20]. Since our different markers are polymorphic loci with

balanced or unbalanced allele frequencies in the founder population, we
used weighted estimates of Reynolds distance, 15; [20]. The standard error
of the weighted Reynolds distance, a(Dy), is equal to:

FE+(y + 1 "

*

G(ﬁﬁ):

where ky; is the number of alleles at the jth locus in the founder generation,

np and #, are respectively the number of alleles in the founder generation and

in generation G11 and F the average inbreeding coefficient [20]. Here,
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weighted estimates of Reynolds distance and standard errors were computed
between the G-2 population and lines in G11, and across lines in G11, using
the POPULATIONS programme [19]. In order to assess the influence of the
different types of markers, genetic distances were estimated using genotypes
at supposedly neutral markers, on the one hand and genotypes at all markers

in QTL regions, on the other hand.
2.4. Evolution of marker polymorphism within lines
2.4.1. Temporal changes in allele frequencies

In order to detect markers for which the evolution of polymorphism
departs from evolution under pure drift, we estimated temporal changes in
allele frequencies for each locus.

An estimate of the standardised temporal variance in allele frequency,
f [47), was computed for each locus within each line over the 13

generations; the fo estimator of f, proposed by Nei and Tajima [30] was

used:
J’} _ _I_i [xo,f — Xy ]2
C kAT Xy Xy, ! 2)
__5‘“““” = Xos t Xei

where k is the number of segregating alleles, xg; is the frequency of allele i

in G-2 and x,; the frequency of this allele in G11. The observed value of fc
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was compared to the distribution of f& obtained from simulations of
populations under drift, with the same initial allele frequencies and the same
inbreeding effective size {10]. P-values were computed for each locus,
Because multiple loci were examined, expected false discovery rates, also
known as (-values, were calculated within each line using the QVALUE
package [39]. The false discovery rate is the expected proportion of false
positives among the tests found significant. A false positive is the term used
to describe rejection of the null hypothesis (i.e., calling the test significant)
when it is really true. We fixed the false discovery rate at a pre-determined
level of a = 5% beforehand, in order to guarantee that the number of false
positives would represent 5% or less of the number of significant tests.

The estimate of the variance effective size (Ney) of each selected line

was directly deduced from the value of J?c, using the equation of Waples

[44]:

Ne, =

t
A= Josy™ Jos,) )

where Sp and 5 are respectively the sample sizes in the founder generation

(G-2) and in generation G11, ¢ is the number of generations and fis the
mean of fc across the different loci, weighted by the number of alleles [40].

This value was compared to the value of effective size calculated from the

pedigree, Ne, Z%AF
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2.4.2. Stmulations

In order to detect markers undergoing selection, we simulated the
evolution of polymorphism of the different markers along the existing
pedigree. Simulations (1000 iterations) using haplotype-dropping along the
pedigree were performed. From the simulation iterations, a 95% confidence

interval (C1) was drawn for the allele frequencies of each marker,

Initialisation: A haplotype consisted in the different markers located within
a defined zone. Haplotypes in the selected zones and genotypes at the
supposedly neutral markers were known for the 43 individuals of generation
G-2. We drew different assumptions about QTL location in one of the
selected zones and in that case, the favourable allele Q in generation G-2
was either defined as linked to a marker allele within the zone, or settled

according to a given initial frequency.

Transmission: The approximate mutation rate in our dataset was calculated
based on the number of new alleles in Gil (and confirmed with
simulations), which yielded a mutation rate of 107, Therefore, a stepwise
mutation model was used with a 10”7 mutation rate, Recombination within

the haplotype followed the Haldane model. Haplotypes and genotypes were
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dropped along the existing pedigree conditional on the observed
phenotypes.

First, we tested the assumption of pure drift: transmission of
haplotypes and genotypes followed Mendelan transmission rules. Second,
we assumed the presence of QTL related to one of the three traits in one of
the QTL regions and tested the assumption of both selection and drift:
transmission of genotypes and haplotypes in zones without QTL followed
Mendelian fransmission rules whereas transmission of the haplotype in the
zone with the QTL was conditional to the transmission of the QTL.
Transmission of the QTL was conditional on the phenotype of the offspring
and on the QTL genotypes of the parents. In that case, we used the Bayes

theorem; .

p(G) p(z/G))
ZP(G,-)'P(Z/GJ) 4

p(G,[z)=

where P(G,/2) is the probability that offspring inherit QTL genotype G;
given its phenotypic value z. The so-called prior probabilities of the three
QTL genotypes, p(G=p(QQ), p(G)=p(Qg) and  p(Gs)=p(qq) were
calculated according to the genotypes of the parents, Probabilities of the
phenotype given the QTL genotype, also called penetrance, were given by
p(/G) = ¢lz, i, ), where y; is the phenotypic mean for the genotype 7 at
the QTL, and o is the phenotypic standard deviation (estimated in the base

population, i.e., in generation G0). The distribution of the phenotype was
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assumed to follow a normal distribution. We set the QTL values for the {rait
to +a, (k*a) and -« for genotypes 0Q, Qg and gq respectively, & being the

degree of dominance, using the same scale as Falconer and Mackay [8].

3. RESULTS

3.1. Line divergence

3.1.1. Factor analysis

A two-dimension analysis of all individuals based on genotypes of
all markers discriminated individuals from GI1 (Figure la). The three
selected lines were distinct and well distributed, although the control line
overlapped with individuals from generations G-2 and G-1 in the middle of
Figure la. The first two principal components explained in total 10% of the
variance.

We obtained the same picture when using only the genotypes of
matkers in the QTL zones but not when using the genotypes of supposedly
neutral markers (Figure Ib and lc): for supposedly neutral markers,
individuals from G11 gathered at the centre and individuals from line 3 and

from the contro! line overlapped.

[Fig.1]
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A three-dimension analysis of all individuals based on genotypes of
all markers showed that individuals from generations G-2 and G-1 were in a
different plane than individuals from G11 (results not shown): the third axis

seems to represent time divergence between generations G-2 and G11.

3.1.2, Genetic variability and genetic distances

Fis values of six markers (one supposed to be neutral and five in
QTL zones) in G-2 were significantly different from zero, all markers
showing an excess of heterozygosity. Excess of heterozygosity at the
markers was observed for female founders originating from an experimental
line with very few reproducers: in that case, allele frequencies are different
for sires and for dams [33]; the more heterozygosity is in excess, the smaller
is the number of reproducers. This excess was not observed anymore in
G11. However, two markers showed a significant heterozygote deficiency:
SEQALL427 (zone 3) in line 1 and ADL327 (zone §) in lines 1 and 2. The
supposedly neutral marker ADL278 showed a significantly negative Fis
value in G11 in line 2, whereas this marker did not show any departure from
Hardy-Weinberg equilibrium in G-2. The results of deviations from Hardy-
Weinberg equilibrium as estimated by Fis vales are presented in Table 11,

[Tab. II]
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Fst values ranged from 0.035 to 0.409. According to the Wright
criterion, the important diversification (Fsr>0.15) among lines in G11 was
due to five supposedly neutral markers and 12 markers located in QTL
zones. Estimated Fst values (and standard deviation) of those markers are
presented in Table 111

[Tab. III]

No linkage disequilibrium between pairs of neutral loci was found,
neither in generation G-2 nor in G11. On the contrary, significant linkage
disequilibrium occurred between pairs of loci within each QTL zone.
Linkage disequilibrium was also tested between the selected markers across
the zones: linkage was only observed between markers within a given zone
(detailed results not shown), Furtherinore, in our simulations, these results
will allow us to consider the supposedly neutral markers as independent
whereas markers located in a QT1. zone will consist in a haplotype.

Table TV gives the mat-rices of weighted Reynolds distances between
the G-2 population and the four lines in Gl1, estimated either with
genotypes of the supposedly neutral markers (upper matrix), or with
genotypes of markers located in all QTL zones (lower matrix). Genetic
distances between G-2 and any of the four lines in G11 tend to be larger
using genotypes of markers located in all QTL zones than using genotypes

of supposedly neutral markers. However, the Mantel test did not show a
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significant difference between the two matrices, whether individuals from
the control line were taken into account or not (P>0.05).

[Tab. IV]

3.2, Evolution of marker polymorphism within lines

3.2.1. Temporal variations in allele frequencies

Two markers show variations in allele frequencies that could not be
explained only by drift: f¢ of the supposedly neutral marker ADL278 was
0.559 (Q-value = 0.01) in line 3 and 0.324 (Q-value = 0.00) in line 4; fc of
SEQALL454 in zone 2 was 0.485 (Q-value = 0.00) in line 4. For loci for
which variations could be explained by drift, the average fc value was 0.135

(+0.101).

3.2.2. Simulations

The 95% confidence intervals (CI) were very large under the
assumption of pure drift. The observed allele frequencies of six markers (in
zones 1, 2 and 3) fell outside the 95% CIL The observed allele frequencies

and 95% CI of those markers are given in Table V.

[Tab, V]
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There is no multiple testing in the results of simulations, but
considering the total number of alleles per zone, we may approximate the
expected number of false positives. The expected number of false positives
is four for zones 1 and 2 and three for zone 3. The number of observed allele
frequencies that fall outside the 95% CI is larger than the expected false
positives for zone 2. Consequently, and according to previous results about
genetic variability, we shall focus on zone 2 in greater detail.

QTL in zone 2 was primo-detected for antibody titre to KLH and M.
butyricum, which are complex antigens. Such complex antigens bind to Thl
or Th2 cytokines and lead to a combination of cellular and humoral
mediated pathways [9, 17). Trait PHA corresponds to the cell-mediated
immune response. To understand the evolution of markers located in this
zone, different assumptions were drawn about the presence of a QTL
affecting trait PHA (i.e., the selected trait in line 2). First, we compared the
observed allele frequencies in G11 in the four lines. Second, we confronted
the genotypes of individuals at each marker with the Jowest and the highest
PHA phenotypes. This gave us indications on any particular association
between the marker alleles and the QTL alleles. Then, we tested different
localisations of the QTL within zone 2, different degrees of dominance
between the QTL alleles and different effects of the QTL on trait PHA.

However, the observed allele frequencies of SEQALL455 never fitted the
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95% CI drawn under the different assumptions about a bi-allelic QTL
simulated within zone 2.

Further investigation of genotyping results led us to question the real
polymorphism of two markers, namely SEQALL453 in zone 2 and 4DL327
in zone 5: for both of them, a pseudo-null allele seems to exist (with a size
of 209 bases for SEQALL453 and 107 bases for ADL327) and was not
detectable according fo the other allele in the genotype. These assumptions

may offset the effects of selection on these markers.

3.3. Effective population size

Table VI shows the estimations of the effective size for each line,
based on the rate of inbreeding vsing pedigree information (Ne;) or based on
variations of allele frequencies (Ney) either from supposedly neutral markers
or from markers in all QTL zones.

[Tab. V1]

The values obtained via the temporal variation approach (Ney) were
always higher than the values derived from the rate of inbreeding (Ne;).
Moreover, Neyp values estimated either from supposedly neutral markers or
from markers in QTL zones were significantly different everywhere except
in the controf line. The value from neutral markers was significantly lower

than the one from markers in QTL zones in lines I and 2, and the opposite
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was observed in line 3. It has to be noted that, in the three selected lines,
estimnations of the effective size based on temporal allele frequencies at the
MHC locus [22] were equivalent to Ney using genotype information from
markers in all QTL zones, but estimated values were larger in the control
line i.e. 76 for the control line and 51, 65 and 41 for lines 1, 2 and 3,

respectively.

4, DISCUSSION

4,1, Combining different methods for the detection of signature of

selection

Factor analysis gives a good overview of the divergence of lines and
constitutes an interesting starting point in detecting signatures of selection.
The non-significant difference between matrices of genetic distances,
according to the type of markers considered, let us suppose that not all
markers in the QTL zones are influenced by selection. The evolution of
polymorphism of loci over time (f¢) and fixation indices allowed us to focus
on a smaller set of markers that may be influenced by selection.

Finally, to confirm which marker was actually under the influence of
selection, simulations were performed since they could take the selection

scheme into account (the pedigree was completely known).



10

11

12

13

14

i5

16

17

18

19

20

21

22

4.2, Improving the detection of signature of selection

The extent of selective sweep and the distortion in allele frequency
spectrum depend on the strength of selection and time since selection
occurred e.g. [1, 4] but also on original marker variability and marker
density. In our experiment, the strength of selection was attenuated since we
tried to balance the representation of the half-sib families. The low marker
density in our datasef was partly due to the limited number of microsatellites
known in the chicken genome and the limited number of polymorphic
markers in our experimental lines. In chicken, dropping simulations along
the pedigree would probably be more efficient using high-density
genotypes. For instance, simulation results on bovine chromosomes [13]
suggest that the signature of selection can be detected up to 1 Mb (assuming
IMb ~ 1 cM) from a QTL. However, this effect may extend further since
Pollinger et al. [32] showed a 40 Mb-selective sweep around 2 gene with a
large phenotypic effect in dog (i.e. the TYRPI gene known to be responsible
for black coat colour).

To improve detection of the signature of selection in our
experimental lines still using our microsatellite markers, an earlier
generaﬁon should be genotyped. Indeed, the number of crossing-overs

increases with time and any particular association between a marker and a
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potential QTL could be broken along the successive generations, This
association could probably still be detected in earlier generations. This
approach was confirmed by Wiener et al. [46] when comparing the effect of
selection on GDF-8 (myostatin gene associated with double muscling) in
double muscled breeds, using microsatellite loci at various distances from
GDF-8. Their study showed that selection on GDF-8 had left a stronger
mark in the breed in which the double-muscling mwutation had been present

for the shortest time,

4.3. Difficulties in detecting signature of selection on immune response

traits

The resulis dealing with zone 2 (located on chromosome 14) agreed
that selection had an effect on the evolution of polymorphism of markers
within the zone. However, modelling selective sweep was not easy and the
undertying model seems to be complex. A QTL may be involved in the
evolution of polymorphism within this zone but not only, since the observed
allele frequencies never exactly fitted the simulated confidence intervals. A
polygenic background could be added or the presence of several QTL with
low effects could be assumed with epistatic interactions within a zone, for
instance. Crossbreeding (F1, F2 and backcrosses) created from generation

(11 have been analysed for the three immune traits and the analysis showed
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a significant recombination loss for ND3, which highlights the important
epistatic interactions for this trait [26], Pleiotropic effects of QTL on the
three traits could also be considered, since the pairwise genetic correlations
were shown to be non-significant [25, 31] but were still not null and the
three traits represent different aspects of the complex mechanism of immune
response,

Recent improvements in chicken genome mapping [27, 41] have
shown a certain number of discordances that led us to question the genetic
position but also the order of microsatellites located within zone 2. Such
discordances do not disturb findings from statistical analyses but could
disturb results from simulations.

QTL were primo-detected for primary antibody response to specific
antigens such as Sheep Red Blood Cells (SRBC), Mycobacterium butyricum
and Keyhole Limpet Hemocyanin (KIH), and for Lipopolysaccharide (LPS)
natural antibodies. However, as in mammals, immune responses in avian
species are specialised in the elimination of antigens: responses to antigens
are Thi- or Th2-mediated [7]. Thl responses require the interference of type
1 T helper cells that directs immune response toward a cell-mediated
response (cellular pathway). Th2 responses require type 2 T helper cells that
favour the development of humoral response (humoral pathway). KLH and
SRBC antigens represent Th2-responses whereas M. butyricum represents

Thl-response.
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In our experimental dataset, line 1 was selected for antigens against
ND3 (New Castle Disease virus), inducing a Thl-response [6] whereas traits
selected in lines 2 and 3 deal with innate immune response. Markers from
zone 2, primo-detected for antigens to KLH and M. butyricum and falling
outside the 95% CI under assumption of pure drift in line 2, show that
responses are rarely exclusively Thl or Th2 mediated and even if immune
responses to antigens follow the same pathway, there is additional
complexity in the control of different antigens. The detected QTL were
linked to immune response to specific antigens and could not match with
our selected traits, This was confirmed by a recent experiment where
antibody response to KLH, M. butyricum and LPS was tested in our
experimental lines in generation G12 [24]: no difference was observed
among lines for KLH and LPS antibodies, but line 1 selected for ND3
showed a significantly higher specific response to M. butyrictm. Finally,
this led us to retain the hypothesis that QTL may have not segregated in our

experimental lines.

4.4, Effective population size

The effective size estimated from the rate of inbreeding (Ney) was

slightly smaller than the effective size estimated from the variance of allele

frequencies over time (Ney) of supposedly neutral markers. This agrees with
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Crow and Kimura [5] who pointed out that Ne; is usually smaller than Ney
when a small number of parents generate a large number of offspring, with
both estimations assuming neutrality of the markers. However, a surprising
result was that estimation of effective size based on allele frequency
variation from G-2 to G11 of markers located in QTL zones was larger than
estimation from supposedly neutral markers for lines 1 and 2. This may be
explained by selection acting like a backmoving force that draws allele
frequencies in the same direction, whatever the selected line; in that case,
fluctuations for allele frequencies-are lower than for neuiral loci e.g., {14].
Another explanation may be that samples are taken from extreme
generations and a calculation based on temporal variation in allele
frequencies does not take into account fluctuations that occur over
generations: samples from intermediate generations would have given more
information,

It seems that allele frequency variations at the supposedly selected
markers are weaker than those of the whole genome, as for the MHC locus,
which is involved in different stages of the immune response [22}]. Could
this indicate that variations of markers that influence ND3 or PHA traits are
maintained by balancing selection, like variations at the MHC locus, and
that detection of signatures of selection when it deals with immunity traits is
rather difficult? In addition, since experimental animals are vaccinated

against other diseases, do these vaccinations have an impact on our trait
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measures? This may explain why the observed allele frequencies of
SEQALL454 in zone 2 fall out of the confidence intervals even in the control

line.
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Figure 1. Two-dimensional component analysis (PCA) on all individuals
from generations G-2, G-1 and G11, using genotypes at all markers (a), at
markers in QTL regions (b) and at the supposedly neutral markers (c).

Black circles refer to G-2, black squares to G-l and white items refer to
G11: circles refer to Line 1, squares to Line 2, triangle to Line 3 and

diamonds to the control line,
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CHAPTER 4

1 Table 1. Position of markers in the QT zones and the trait they are related

2 to
Position Trait of OTL
Zone Marker Chromosome Genetic Physical (Arlf;it?*e?o...)
(M) (bp)
MCWI83 86 23417075
ADL279 92 24462410
1 ADLI11 7 98 257717047 SRBC
MCW236 109 28822966
ADL118 0 2265471
MCW296 5 3665129 KLH
2 SEQALLO4S4 14 10 4774810 &
SEQALLO435 14 5695404 M. butyricum
SEQALLO4S3 18 6830872
LELI146 169 49939300
ADLO359 172 52275623
SEQALLG426 191 57481907
3 SEQALLG427 1 192 57730587 1PS
SEQALLG428 195 58353741
MCW018 203 60171549
MCW1i2 205 61585157
ADLII4 319 111343871
LETIgs 320 112311513
LEI353 325 112475918
4 SEQALLG433 2 335 115448137 SRBC
GCT002 349 116794963
MCW166 360 124405931
MCW314 362 124918166
MCW366 120 33933596
5 ADL327 3 158 47104936 KLH
LEII66 300 103360808
6 MCW037 3 317 106712843 SRBC
LEI258 ¢ 147375
7 MCW370 16 0 166229 SRBC
MCW371 0 158157
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Table IIl. Estimated Fsf values (and standard deviation) of markers involved in fine

differentiation,

Marker Fsf (£ SD)
MCWIB3 0.196 (£0.133)

[Zone 1]

ADLIL 0.158 (£0.056)
ADLI118 0.188 (x0.053)
MCHW296 0.163 (= 0.091)
SEQALL4S4 [Zore 2] 0.409 (£ 0.108)
SEQALLLSS 0.336 (= 0.205)
SEQALL453 0.373 (= 0.170)
SEQALLA426 [Zone 3] 0.236 (+ 0.208)
MCIVISS [Zone 4] 0.172 (= 0.132)
ADL327 [Zone 5] 0.217 (= 0.083)
LEI1s6 [Zone 6] 0.168 (= 0.146)
MCW370 [Zone 7] 0.223 (£0.162)
ADL278 0.206 (+ 0.091)
LEI234 0178 (£ 0.071)
MCW067 [Aviandiv] 0.189 (= 0.088)
MCIo81 0.344 (: 0.178)
MCW222 0.158 (£ 0.063)
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Table IV. Genetic distances (+ standard error) between the founder generation (G-2}) and the

four lines in generation G11. The upper mairix gives weighted Reynolds distances estimated

by using genotypes of the supposedly neutral markers, whereas the lower matrix gives

weighted Reynolds distances estimated by using genotypes of markers located in all QTL

ZOnes.
G11
G-2
Control Line 1 Line 2 Line 3
G-2 | 0 0.070 (£0.035) 0.095 (£0.031) 0.068 (£0.030) 0.069 (+0.027)
Control 0.078 (0.035) 0 0.106 (x0.030) 0.118 (20.029) 0.070 (0.028)
1t Line 1 0.072 (£0.031) 0.153 (x0.030) 0 0,143 (:0.027) 0.147 0.025)
Eine 2 0.067 (0.029) 0.127 (£0.029) 0.129 (20.027) 0 0.121 (£0.025)
Line 3 0.104 (i0.0;27) 0.148 (£0.028) (.199 (0.025) 0.176 (0.025) 0
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Table VI. Estimation of the effective population size for each line, using pedigree

information (Ney) or genotype information (Ney) either from supposedly neutral markers or

from markers in all QTL zones.

Line 1 Line 2 Line 3 Control line
Ney 34 36 a8 40
Ney Neutral markers 43 46 48 56

[26:66]  [28:70]  [29;74] 34 ; 87]
[95% C1]

. 52 58 40 56
Markers in all QTL 201e8 [37 : 81] [39 : 85] [27. 57] [3? ; 81]
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Appendix 1: Position of the supposedly neutral markers from the Aviandiv panel.

Marker Chromosomnte Position
(pb)

ADL268 1 82959056
LEI194 1 23950597
MCWIil 1 35965715
LEI228 2 134463213
LEI234 2 10723773
MCWO34 2 69660072
MCW206 2 30490372
MCWw222 3 19350780
LEIN 4 50648081
MCWa98 4 78890081
MCW295 4 16085321
MCWo78 5 26438647
MCWo8!1 5 45678311
LEI192 6. 2416235
MCWoI4 6 6388946
ADL278 8 29243118
ADLII2 10 20826244
MCWO67 10 8887913
MCW216 13 11876856
MCW330 17 7009839
MCW068 26 1210140
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Appendix 2: Observed allele frequencies for the markers located in the QTL zones

Generation Generation G11
Zone  Marker Allele . - - -
G-2 Linel Line2 Line3 Lined
282 0.470 0.170 0.433 0.540 0.489
300 0.169 0.702 0411 0.076 0.233
MCH183
304 0.157 0.011 0.156 0.390 0.244
308 0.205 0117 0 0 0.033
101 0.025 0 0 0.041 1]
i1l 0.848 0.840 0.680 0.745 0.827
ADL279
I3 0.076 0.160 0.320 0.214 0,174
1 99 0.051 0 0 0 0
123 0.361 0.380 0.020 0071 0.250
ADL111 124 0.374 0.400 0.730 0337 0.630
134 0.265 0.220 0.250 0.592 0.120
308 0.073 1] 0 0276 0.260
311 0.659 1 0.730 0.551 0.666
MCW236 313 0.049 0 0.240 [i] 0,030
315 0.146 0 0.030 0.092 0.050
323 0.073 0 0 0.082 0
156 0.561 0.650 0.260 0.688 0.622
ADLIIS 157 0.281 0.350 0.320 0.313 0.378
160 0.159 [} 0.420 0313 0
238 0.161 0.350 0.320 0 0.061
MCW2986
242 0.840 0.650 0.680 i 0.939
220 0,386 0.551 0.398 0 0.100
225 0.229 0.071 0.56! 0.110 0.500
SEQALLO454 227 0.205 .367 0.041 0.460 0
229 0.060 0 0 0 ]
231 0.121 0.010 0 0.430 0
211 0.962 0.960 0.704 1 1
SEQALLO4SS
213 0.039 0.040 0.296 0 0
203 0,073 i} 0.210 0.651 [¢]
205 0.134 0.133 0.120 0 0.042
SEQALLO4S3
209 0.195 0.041 0.050 0.296 0.750
226 0.598 0.827 0.620 0.653 0.208
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Generation Generation G11
Zone  Marker Allele - - - -
G-2 Linel Line2 Line3 Lined
252 0.136 0 0.170 0 1]
262 0.012 0 0 1] 0
LEI146
263 0.407 0.220 0.270 0.470 0.650
274 0.444 0.780 0.560 0.530 0.350
204 0.769 0.867 0.760 0.920 6.730
ADLO359
216 0.231 0.133 0.240 0.080 0.270
153 0.469 0.380 0.520 0.030 0.580
SEQALLO426
164 0.531 0.620 0,480 0.970 0.420
178 0.657 0,585 0.778 0.704 0.740
180 0.012 0.011 0 0.031 0.010
SEQALLO427
184 0.060 0.351 0 0214 0.180
186 0277 0.053 0222 0.051 0.070
221 0.309 0.082 0.146 0.150 0.320
SEQALLO428
223 0.691 0918 0.854 0.850 0.680
221 0.247 0 0.150 0.060 0.050
MCWOIS
227 0.753 1 0.850 0.940 0.950
258 0.256 {1.460 0.140 0,480 0.430
MCW112 27 " 0671 0.540 0.790 0.3470 0.560
273 0.073 0 0.070 0.174 0.010
163 0.675 0.744 0.600 0.340 0.710
ADLINS 176 0.013 0 0 - 0 {
179 0313 0.256 0.400 0.660 4.200
134 0.269 0.250 0.071 0.070 0.220
142 0,089 0 0 6 0
LETI0S
147 0.385 0.531 0.622 0.290 0430
151 0.256 0.219 0.306 0.640 0.350
223 0.024 0 0 0 0
227 0.366 (.300 0.070 001 0.122
235 0.329 0210 0.260 0.633 0.449
LEI355
239 0.244 0.440 0.6260 0.2959 0.4286
4 243 0 i 0.0200 0 0
247 0.036 0.050 0.030 0 0
232 0.096 ] 0.010 6.080 0.040
SEQALL(433 236 0.337 0.250 0.540 0.190 0.110
237 0,566 0.750 0.450 3.730 (1.850
151 0.756 0.980 0,900 0.725 0.910
GCT002 161 0,122 0.020 0.100 0 0.050
167 0.122 4] 0 0,276 0.040
191 0.072 0.160 0 0.225 0.030
MCHWI66 193 0.482 0.250 0.680 0.306 0,170
201 0.446 0.590 0.320 0.469 0.800
273 0232 0.230 (0.370 0.360 0,180
MCW3I4
277 0.768 0,770 0.630 0.640 0.810
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) Generation Generation G11
Zone Marker Allele G-2 Linel Line2 Line3 Lined
146 0.072 0 0 0 0
MCW306 148 0.482 0.480 0460 0.280 0.370
160 0.374 0.520 0.520 0.720 0.630
5 162 0.072 i} 0.020 0 0
107 0.241 0.622 0.204 0.100 0.200
ADL3Z27 120 0.217 1] 0.378 0,080 0.070
g9 0.542 0.378 0.418 0.820 0.730
251 6.293 0.021 0464 0.426 0.289
LEIIG66 255 0.024 0.021 0.060 0 0
261 0.683 0.957 0.476 0.575 0.711
6 150 0.098 0.235 0.177 0.041 0.090
MWD 152 0.476 0.480 0.646 0.643 0.470
153 0 0 0 0 0.030
154 0.427 0.286 0.177 0316 0410
261 0.220 0.180 0.360 0.480 0.388
359 0.366 0.280 0.030 0,408 0.225
LEISS 422 0.012 0.130 0 G 0.031
489 0.256 0410 0,450 0.05¢1 0.357
544 0.146 G 0.130 0.06}1 0
557 0 ¢ 0.010 0 0
7 £78 0.173 0.010 0.117 0.061 ¢
MO0 I79 0.2716 0.4271 0.4681 0.0510 0370
181 0.383 0.375 0.064 0418 0.250
AAA . 0.173 0.188 0.351 0469 0380
201 0222 0.174 0.361 0.539 0.409
MCW371 202 0 0.012 0 1] 0
203 0.778 0.814 0.640 0.462 0.591
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1 Appendix 3: Observed allele frequencics for the supposedly neutral markers (excluding those

2 located in a QTL zone)

Marker Allele Generation Generation G11
G-2 Linel Line2 Line3 Lined
ADLLI2 123 0.051 0.030 0.106 i 0.052
127 0.949 0.970 0.893 1 0.948
109 0.696 0.500 0.640 0.745 0.640
ADL268 111 0.266 0.150 0.160 0.194 0.100
113 0.033 0.350 0.200 0.061 0.260
110 0.188 0.133 0.160 0 0.460
ADL27S 116 0.063 0 0 0.110 0
117 0.200 0 0.360 0.490 0.090
119 0.550 0.867 0.480 0.400 0.450
246 0.085 0 0.367 0.070 0.089
LEI094 260 0476 0.628 0.389 0.540 0.456
262 0.256 0.096 0.244 0.330 0.278
283 0.183 0277 0 0.060 0.178
253 0.573 0.710 0.370 0.880 0.700
LEI192 265 0.207 0.160 0.480 0.120 0210
269 0.183 0.080 0.040 0 0.020
572 0.037 0.119 0.110 0 0.070
128 0.104 0 0 ) 0
130 0.571 0.600 0.598 0.850 0.844
LEI94 138 0.182 0.350 0.402 0 0.156
160 0.013 0 0 0.110 0
164 0.117 0.050 0 0.040 0
172 0.013 0 0 0 0
197 0.750 0.640 0.783 0.771 0.735
208 0.138 0.040 0.022 0.073 0.184
LEI228 216 0.025 0 0 0 0
224 0.075 0.320 0.185 0.021 0.082
227 0 0 0 0.073 0
235 0.013 0 0.011 0.063 0
215 0.167 0.080 0.096 0.020 0.260
280 0.060 0.210 0.032 0 0.073
LE234 288 0.107 0.280 0 0.092 0
297 0.655 0.430 0.872 0.878 0.667
305 0.012 0 0 0.010 )
162 0.063 0 0 0 0
MCWOIi4 176 0.813 1 1 0.980- 0.895
178 0.125 0 0 0.020 0.104
219 0.305 0.080 0.280 0.122 0.120
MCHO34 230 0.183 0.220 0.280 0.133 0.030
231 0.512 0.700 0.440 0.745 0.850
174 0217 0.180 0.280 0.420 0.180
MCWO067 176 0361 0.260 0 0.390 0.620
180 0.361 0450 0.240 0.190 0.200
182 0.060 0.110 0.480 0 0
MCIV069 154 0434 0.830 0.790 0.660 0.790
161 0.566 0.170 0.210 0340 0.210
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Marker Allele Generation _ .Generatian G-ll '
G-2 Linel Line2 Line3 Lined
134 0.386 0.490 0.500 0.190 0.222
MCWO78 138 0.554 0.510 0.500 0.780 0.778
140 0,060 9 0 0.030 n
MCWORT i1 0410 0 0321 0.052 0.022
i 0.590 1 0.679 0.948 0.978
MCIF098 255 0.241 0.020 0.032 0.194 0250
257 0.760 0.980 0.963 6.806 0.750
MCWIIL 97 0.063 0 0.122 0.160 0.244
99 0.938 1 0.878 0.840 0.756
223 0.163 0.440 0 0.040 0.150
MCIV206 228 0.663 0.370 0700 0.650 0.480
236 0.175 0.190 0.300 9310 0.370
MCW216 142 0.456 0.250 0.255 0.417 0406
144 0.344 0.750 0.745 9.583 0.594
218 0.463 0.404 0.567 0.510 0333
MCw222 220 0.207 0 0.389 0.060 0.400
222 0.329 0.596 0.044 0.430 0.267
83 0.301 0.380 0.255 0.061 0.146
85 0.145 0 0213 0.398 0
MCIW295 93 0.108 0.180 0.138 0.184 0.219
95 0.121 0 0.149 0.225 0.260
97 0325 0.440 0245 0.133 0.375
MCW330 274 0.800 0.362 0.381 0.745 0.367
286 0.200 0.138 0.119 0.255 0.133
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CHAPTER 5: Evaluation of risks consequently to reduction D
genetic  diversity in  populations  having
experimented a strong bottleneck

This chapter deals with consequences of intensakecson on the increasing number of
genetic abnormalities in simulated populations. fdfis on dairy cattle populations, mainly
on the French Prim'Holstein population since thgsepulations have faced severe
bottlenecks. We aim at mimicking mechanism of #g@oductive system of this population in
order to model and simulate polymorphism evoluttdrspecific alleles: deleterious alleles
linked to genetic defects. Appearance of thosdealles the direct consequences of diversity
loss in the population; then, management of detetsralleles is part of management of
genetic diversity. But efficient management reqaikeowledge of the genetic basis.

The goal of this chapter is to improve our knowkeddpout appearance of genetic defects in
selected populations and the consequences of cesgleetion against the deleterious alleles

in short and long-term.
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More or less empirical selection procedures hawnlgoing on in animal populations for
thousands of years. During the last two centubeseds have been standardised and, from the
middle of the 28 century, breeding programmes applying the qudivitajenetics concepts
and methods have been implemented. In the lastddecthe selection procedures became
more and more accurate and intense. Such seleci@n, many generations and in large
populations, has driven the accumulation of mutatiaith favourable effects on phenotypes,
as well as mutations with pathological phenotyminsequences and deleterious mutations.

In the case of bovine populations, several morgdiodd, neurological or metabolism
abnormalities have been reported over the lasgears. For about 400 of these abnormalities,
a genetic basis is putative or has been proverb@asf them, a locus was located and for 27
of them, a causal mutation was identified (Duetsal, 2004). In France, a large scale
inventory has been organized by the so called ‘@frd8ovine Genetic Disease Observatory”,
created in 2002. The incidence of genetic defectsually low but economical consequences
of those abnormalities are important. Vigil prograes were set up in order to detect any fast
increase of the frequency of some particular dsfectd manage the crises. When then
number of stillbirth calving peaks, counter-selectiagainst the defect is handled by
developing a molecular test to find the causal tmutaout and by selecting against the
mutant allele in the breeding scheme.

In dairy cattle breeding, the massive and unbalhnse of some artificial insemination (Al)
bulls induces large bottlenecks from one generatiaime next one. As a consequence, many
“large” dairy cattle breeds, i.e. breeds widelydjssith a very large female population size,
are small populations from a genetic point of vigar recent results in the case of French
breeds, see Mattalet al, 2006).

The goal of this study is to investigate the riskappearance of genetic defects in selected
populations submitted to bottlenecks, as dairy leafiopulations. Is the increase of
abnormalities due to new mutant alleles or du&¢daad of deleterious alleles inherited from
the past? Is the probability of facing peaks duth&reduction of effective size of population
or due to the specific selection scheme? What wdi@ldthe most efficient management

against a new peak: temporary or continual selecgainst the deleterious allele?
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1. Material and methods

The evolution of the frequency of a deleteriouglallwas monitored within a simulated
population. In order to mimic the intensificatiohtbe selection procedures having occurred
from the 1950s’, two successive periods were censitl (Figure 4): during the first period,
natural service bulls were used, there was no@afifselection and, within a given parental
sex, no distinction was made between breeding dsiatording to the sex of their future
progeny; during the second period, the numberreksias very small, the selection intensity
was as high as possible and the fourth gene pathgag-sire, dam-sire, sire-dam, dam-dam)
were distinguished. The demographic parametersiefsimulated population were inspired
from the current status and the known history effhench Holstein population. However, for

the sake of simplicity, the population was simulateth separate generations.

For most abnormalities, a Mendelian inheritanceniyautosomal recessive (60%), has been
postulated (Huston, 1993). Therefore, a locus witlo alleles was considered in the
simulation: a wild-type alleley, that mutates at rate to a deleterious allele: (no back
mutations), with a mutation rate ranging betweet! 46d 1& from one studied situation to
the other. The deleterious allele was assumed tedessive and lethal: the selective value
(w;) of an individuali was equal to 1 fos# homozygote and heterozygoter individuals,
whereasw; was equal to 0 formm homozygote individuals. For this study, the BLAD
abnormality (Bovine Leukocyte Adhesion Deficienayas considered as a reference frame:
the occurrence rate of BLAD at birth was estimatetie 0.2% in the United States in 1992,
which corresponds to a 0.044 frequency of the letltele in the population. Frequency of the
causal mutant allele (D128G allele) was estimabelet 0.15 and 0.06 for Holstein bulls and
dams respectively (Nagahata, 2004). In Denmarthetested animals in 1993, 0.5% of them
were affected animals. As BLAD in different Holstgpopulations has been successfully
controlled, the above frequencies will define akpe& abnormality in the population: the
population will be considered to face a peak ofaabrality when frequency of the lethal
allele reaches 0.044, which corresponds to a 0.28arcence rate of stillbirth. Furthermore,

we will considerer a Ibmutation rate.
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1.1. Initialisation

The purpose of the initialisation step is to estantihe frequency of the deleterious allele
when (intense) selection starts, i.e. at the entthefirst period (see above). During this first
period, the population was assumed to be unseléradom choice of parents). It counted
50,000 dams in each generation, and one sire faio 30 dams. Mating was at random.

Under such hypotheses, the theoretical value ofefifective size Ne), is given by the

classical equation (e.g. Crow and Kimura, 1970103):%\|e:%,Nm +%Nf , whereNn,

and Ny are the number of sires and dams, respectivelyn Thee effective size of the
population was comprised between 4,000 and 6,0&@rding to the extreme values for the
number of dams per sire. The population is supptsédve reached the mutation-selection-
drift equilibrium by that time; therefore, frequenof the inherited deleterious alleteat the
end of the first period could be estimated throdgfusion equations (Crow and Kimura,
1970, chapter 8). Then, allele frequency in thee@aspulation was estimated to be between

102 and 1¢*. Furthermore, we will consideg to take 17 value.
1.2. Transmission: reproduction and selection dgrine second period

According to demographic data from the French heodk of Holstein population, the
population counted 4,150 males and 1,900,000 fesnadeotal 2,700 sires and 424,000 dams
were referenced, but among them, only 275 siresla8@b dams were considered as the elite
because of their high breeding values. Those netexkfigures will be used in our simulated
population and the “elite” reproducers will prodeahe next generation of bulls: 275
different bull-sires and 1,365 bull-dams will beeds(see Fig.4). Furthermore, those figures
will be referred as “demographic data”.

Mating was at random between individuals selectedparents to procreate the next

generation.
In a first set of simulations (hereafter referred“eandom choice”) no artificial selection of

the parents occurred, so that the population wsisgubmitted to the selection on the/m

locus (see next).
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In a second set of populations (thereafter refeatimass selection”), parents were selected
according to their phenotypic value for a givenittrdhe underlying additive model to
generate the phenotypic valBeof an individuali wasP = #+ A +E  wherep is the overall
mean,A is the individual genetic additive value akdis the environmental effect. For the
founder animals, breeding values)(were generated ¢A =4 L£ | wheres; is a random
number, normally distributed, centred on zero amtependent from one founder animal to

the other, ands, is the additive genetic standard deviation in Itlase population. On the

same way, environmental effect was generate E =0y, wherey; is a random number,
normaly distributed, centred on zero, independen; and independent from one founder
animal to the other, ande is the environmental standard deviation, assuradaetconstant

over generations. From one generation to the otherfransmission model was as follows:

for each offspringi, A =2A *3A.+Z; whereA, et A, are the breeding values of its sire

and the dam, respectively, add represents the meiosis alea. This alea was gedeesat

F,+F,
2

_}/2
H , where(; is an independent random number drawn

follows: Z; = 0, (] [E%[l_

from a N(0,1) distribution, an#, andF, are the coefficients of inbreeding of the siFg)(
and the dam€HK,), respectively (Foulley and Chevalet, 1971; Vermt al., 1989). The
individual coefficients of inbreeding were computad the basis of the complete knowledge
of the pedigree. The additive genetic standardadien was arbitrarily chosen as unity in the
base populatiorsf, = 1) and the heritability of the selected traitsvia3.

At each generation, the genotype of animals aldbes M/m was taken into account. First,
mm homozygous animals were systematically considasedead at birth. Second, when the
frequency of the lethal allelen] was higher than a given threshold, fixed in tslisdy to
0.044 (see above), a systematic selection agdirsstliele was assumed, by putting to zero
the selective valuewf) of vm homozygous animals. This corresponds to the desfgn
molecular tests allowing the systematic detectiod tne elimination of individual carrying
the lethal allele. This new selection regime coalther be continual or temporarye.
counter-selection of heterozygaten stopped as soon as the frequencyrzafas lower than
the threshold.
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Simulations (1000 iterations) starting from the égspulation overt generations were

undergone. Frequency of allele ¢) was given byd: = do +q | whereq, is the inherited
allele frequency (sednitialisation) and g’ the frequency of a new allele appeared aver

generations.
1.3. Estimation of the variance effective sizenefiopulation

A locus, independent from both tl&/m locus and the selected trait, and with no mutation
was simulated. This locus was biallelic, with theme initial frequencies (in the base
population) as for the/m locus. The “variance” effective size of the popwla (Ne,) was
estimated on the basis of the temporal variatiothefallele frequencies at the neutral locus
(Waples, 1989), using estimator proposed by NeiTajiona (1981).

1.4. Duration of the process and number of repéesat

Simulations over 10 generations were undergone raitdlom choice of the parents, in order
to understand the underlying dynamics of new muadlete appearance. The 10-generations
duration matches with the stretch of time startirgm 1950 up till nowadays, considering
that the generation interval for French Holsteirpydation is estimated to be 5.7 years
(Mattaliaet al, 2006). In the situation of selection, simulatiovexre run up to 30 generations.

For each case, 1000 replicates were undergone.
1.5. Influence of the selection scheme and thectextuof the effective size of population

Studies from Institut de I'Elevage have shown th@® bull-sires were active nowadays but
only 10 of them procreate 80% of the young buligt the ratio bull-sires per bull-dams was
1/5 and that bull-dams represented 1%o of the tat@hber of dams. In order to define the
useful number of reproducers, we reduced the nurnobesires and dams: the different

hypotheses that were tested are presented in Fable
In order to test the influence of the complex s@d@cscheme, we have simulated a population

with the same number of sires but undergoing tla¢ural’ animal breeding scheme handled

before 1950’s (in average, 40 dams per bull). Dantssires were selected according to their
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phenotypic value for a given trait (“mass seleclioifhe number of sires and dams to be
mated depends of the useful number of reproduedisedi as above.

1.6. Risk of facing new abnormalities

In order to evaluate the risk of facing a peakraither locus, i.e. facing a new abnormality,
when counter-selection occurred against the lethele (n), we simulated other loci carrying
lethal alleles.

The loci that would carry a lethal allele may besidered as lethal equivalents. Their number

(1000) was estimated from the concept of expectashber of lethal equivalentang):

Ne. = 20N (Hedricket al, 1998), whereQis the average frequency of lethal alleles arid
the number of loci in an organism that can cartgthal allele. In the bovine genome, there

are 30 000 genes in average; assuming that a tmmsnot match directly with a gene, then

the total number of loci should be larger, anduassg that dwas approximated by the
inherited allele frequencyo, we have decided to considerer 1000 lethal egemialin our

population,.e. 1000 independent loci carrying lethal alleles.
2. Results
2.1. Parents chosen at random

After 10 generations, the average frequegcwas almost equal tqo, frequency of a new
alleleq’ being negligible (averagg was 10°). The average; was equal to 9.1 10in each
gene pool (sire, dam or whole population).

Persistence of a new mutant allele differed acogrth the sub-population where it appeared.
In the dam population, new mutant alleles that waile observed after 10 generations had
appeared mostly in the very last generations (1@ ¢eneration 8, 22% in generation 9 and
57% in generation 10), whereas, in the sire pofmriahew mutant allele had appeared in any
of the 10 generations, with the same probabilityed; we may conclude that the increase of
abnormalities was due to the load of deleteriolees inherited from the past, rather than

new mutant alleles.
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2.2. Mass selected parents

a) Short-term period

From the simulated replicates, a 95% confidencerwal (Cl) for the final frequency of the
mutant allele was drawn in each gene pool (sire dad offspring pools). The 95% CI under

different hypotheses are presented in Table 5.

Observed allele frequencies using demographic fdatdams and sires fell outside the 95%
Cl for each gene pool.

The reduction of the number of bull-dams did notehmfluence on Cl bounds.

When the number of sires was reduced from 2,7000@ of which 10 bull sires, and the

number of dams fitting demographic data, observedquiency of the deleterious allele in the
whole population (0.044) matched with the 95% @i, 61 bounds were not large enough for
the sire and dam gene pools. The observed frequainthye deleterious allele in the whole

population matched with the 95% CI when the nundbesires was reduced to 25, of which 5
bull sires, for each gene pool.

Out of the 1000 simulated population frequenci¢srdfO generations, 55 of them were larger
than the observed frequency of the deleteriouseahlidaen total number of sires was 100, of
which 10 bull sires (55 in the case of 25 siretoial, of which 25 bull sires). This means that
in average, among 1000 independent loci, 55 of tlskiwwed an increase of frequency
(frequency higher than the threshold defined ta st@election against the deleterious allele)
that may lead to an abnormality peak; then, we dasgtimate risk of facing a new crisis at
5.5%.

For each gene pool, 95% ClIs were similar, whatekler selection scheme (‘natural’ or
complex), which lead us to conclude that abnormeslipeaks are mainly due to the very small
number of reproducers, more than the specific 8elescheme.

b) Long-term period

Simulations over 30 generations were undergone miéiss selection of the parents in the

population in order to get a long-term overviewroutant allele appearance.
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Figure 5 shows evolution of average lethal alledgjfiency and its 95% CI when continual or
temporary counter-selection against the lethaleatbecurred in a population with 25 sires, of
which 5 bull-sires. Counter-selection started imegation 2, which is illustrated by the
deleterious allele threshold line (lethal allelegquency equals to 0.044) crosses the 95% CI.
Average frequency rapidly decreased and stabileféel 15 generations at around 8.10
“ when total number of sires was 25, of which 5-girks.

When increasing the number of sires with total nemdif sires was 100, of which 10 bull-
sires, curve of evolution of average lethal allglguency overlapped (results not shown)

whatever the counter-selection regime.

Figure 6 shows the risk of facing a peak (numbeooif out of 100 with a frequency higher
than deleterious allele threshold) over 30 genamatwhen continual or temporary counter-
selection against the lethal allele occurred. Télewas higher during the first 10 generations
when total number of sires was 25, whatever cotsgkaction against the lethal allele was
temporary or continual. From 10 to 30 generatidhs, risk was equivalent whatever the
number of sires of method of counter-selection reggahe lethal allele and was estimated in
average at 0.2%.

Figure 7 shows the risk of facing a peak at andibhmrs over 30 generations when temporary
or continual counter-selection occurred againstdtiel allele.

When temporal counter-selection occurred, thewiak higher when total number of sire was
100, of which 10 bull sires, than when total numbiesires was 25, of which 5 bull sires. On
the contrary, when continual counter-selection aerl) risk was lower when total number of
sire was 100, of which 10 bull sires, than whealtaumber of sires was 25, of which 5 bull
sires. In the long term, whatever the total nundfesires or the method for counter-selection
against lethal alleles, average risk stabiliseti%at This means that among 1000 independent
loci, 10 of them shows an increase of frequenaygiency higher than BLAD threshold of
0.044) that may lead to an abnormality peak.

Table 6 shows estimations of the “variance” effeefpopulation size and inbreeding after 10
generations. Estimations of the effective populasize and inbreeding rate were similar with
the complex selection scheme with 25 sires, of Wwibcbull-sires, and with the ‘natural

selection scheme with 25 sires and 1000 dams. Weetotal number of sires increased from
25 to 100, the “variance” effective size of the plgpion slightly increased but the inbreeding

rate was divided by half.
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3. Discussion

Deleterious alleles regularly appear and frequasfcgome of them may increase in the dam
gene pool but strong bottlenecks from one genaratoanother one act like a purge. As a
matter of fact, unbalanced use of sires is theecatigbnormalities crisis. In fact, alleles with
nowadays fast frequency increase are alleles itgoeand accumulated along domestication
years, before intensification of selection in th@bQ’'s; and an intense use of some male
reproducers allows mutation load (Glemin, 2003gxpress. If one of the highly-used sires
carries a lethal allele, the risk of a fast frequeimcrease of this allele is strong. It is actyall
what happened for BLAD crisis: BLAD carriers wemn@ng the most prominent bulls of
Holstein breed, such as Osbornedal lvanhoe, wodiehuised bulls, and some of its sons.
Mechanism of French Holstein population could altyube compared to mechanism of a
population where only 25 sires procreate, assumany simplified hypotheses such as non-
overlapping generations and simple mass selechtioriact, the intense artificial selection
undertaken nowadays is much more accurate than sedestion. Genetic improvement is
greatest through selection of males because fewatrsnthan females are needed in breeding:
bull-sires and bull-dams pathway contribute aroB@#% and 39%, respectively, to the overall
genetic improvement. Progeny testing of bulls hexsoine central to genetic improvement of
dairy cattle and the intense use of some bullsiregn accurate estimation of their breeding
values (high precision of their indexes with anuracy of the estimation at least greater than
0.7). Thus, consequences on genetic diversity weat drawn out of this study actually
minimize the real effect of selection and then, imine risks. On the contrary, consequences
of overlapping generations are more difficult toalexate but we may consider that
overlapping generations intensify the effect ofesgbn since reproducers of different
generations may compete against one another atithe time.

Moreover we assume fitness to be linear, givingrevgarent the same probability to
procreate; in reality, fithness should be exponérsiiace it is defined according to breeding
value, decreasing again the number of useful paré@hien, estimation of effective size would
not be large and would agree with estimatiig & 50) based on pedigree analysis (Boichard
et al, 1997), although estimation of effective populatisize is always lower when using
pedigree data, compared to estimation based ole atbeiation Ne,). Finally, incidence of
the lethal allele (0.2%) was calculated g& assuming non-inbred population, so that

frequency of the lethal allele was estimated t® 044 in the population; however, according
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to inbreeding estimation, incidence of the lethigla should take inbreeding into account and
be calculated ag? + Fq(1-g), so that frequency of the lethal allele wouldld®eer (0.017) in
the population.

This study illustrates the visible consequence rdfreeding, which increases with the
reduction of the effective size of the populatidnbreeding in itself simply increases
homozygosity, whether homozygous combinations ¢omteleterious allele or not; therefore,
it increases the chances of deleterious alleleicpdarly lethal genes, to become homozygous
and thus express themselves.

Continual counter-selection against lethal allélat tcurrently occurs, such as against BLAD
allele, will not have direct consequences on fregyeof other deleterious alleles. However,
probability of facing a new crisis at each mutamus still exist (1%i.e. 1 locus out 100). An
increase of the number of reproducers (as for mestal00 sires, of which 10 bull-sires)
would correspond to a better use of reproducersildvoot have any impact on the risk for
other loci in the Holstein population but wouldedst reduce inbreeding coefficient and thus,

inbreeding depression.

Numerous abnormalities are well known in the FreHolstein population, such as umbilical
hernia. Frequency of those abnormalities in theufaijon is still very low. But would happen
if a new sire with high breeding value was caragone of those alleles? What would happen
if one son of a worldwide used Holstein bull woutdeive a lethal allele from his mother and

then would be intensively used?

In the light of this study, advice could be givear the management of population which
selection tends to intensify but have not faced abgormalities peaks yet, especially for
populations with high-level diffusion possibility parents, sheep populations for instance:
- The number of reproducers should not be too naamavtheir use should be balanced,
especially for sires.
- If frequency of a lethal allele ever increaseshr population, temporary counter-

selection against the lethal allele should be prefkin order to low risk at other loci.
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Table 4: Different hypotheses about the reduction of the Imemof reproducers.

Dams Sires
Total number Number of bull-damg  Total number Nurabof bull-sires
125,000 125 100 10
424,000 1365 100 10
(Demographic data) 25 5

Table 5. 95% confidence intervals for the final frequemgpf the mutant allele after 10

generations with mass selection of the parents

Whole
population

Sire gene pool

Dam gene pool

Demographic data

[0.004; 0.019]

[0.003; 0.020]

[0.004; 0.017]

Reduction of number of sires

Complex 100 sires
selection scheme  of which 10 bul-sires [0; 0.062] [0; 0.079] [0; 0.056]
25 sires
of which 5 bull-sires [0; 0.082] [0; 0.010] [0; 0.083]
‘Natural’ : _ _ _
selection scheme 25 sires & 1000 dams [0;0.082] [0; 0.080] [0; 0.080]

Table 6. Estimation of the effective population size andreeding after 10 generations

Choice of Ney F (%)
parents
Demographic data Mmass 2868 0.17

Complex selection scheme 100 sires, of which 10 bi-sires selection 24C 5.4C

25 sires, of which 5 bull-sires 165 10.66
mass

‘Natural’ selection scheme 25 sires & 1000 dams selection 158 11.19
random 190 10.63
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Figure 4: Schematic representation of the selective schardairy cattle(a) before 1950’s
(‘natural’ breeding scheme), afin) after 1950’s (complex selective scheme).
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Figure 5: Evolution of the average allele frequency in thbole population over 30

generations when continual (triangle) or tempocaktle) counter-selection against the lethal
allele occurred, assuming total number of sireba®5, of which 5 bull-sires. Dotted lines
refer to bounds of the 95% Cls: bold dotted linestEmporal counter-selection and plain
dotted line for continual counter-selection. Semwiteld line refers to the BLAD threshold

lethal allele frequency.
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Figure 6: Risk of facing a peak over 30 generations whewptaary (dotted line) or continual
(plane line) counter-selection against the letlaleaoccurred, assuming total number of sires
to be 100, of which 10 bull-sires (triangle) or @sing total number of sires to be 25, of
which 5 bull-sires (circle). Semi-dotted line refdo the estimated risk after 10 generations

without selection against the lethal allele.
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Figure 7: Risk of facing a peak at another locus over 3fegations when temporary (dotted
line) or continual (plane line) counter-selectioccarred against the lethal allele, assuming
total number of sires to be 100, of which 10 buks (triangle) or assuming total number of

sires to be 25, of which 5 bull-sires (circle).
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GENERAL DISCUSSION

The purpose of this thesis was to investigate iaildegenetic variability, using different
kinds of information, such as genetic markers, egflg the molecular markers, pedigrees, or
phenotypes for quantitative traits, and also usiifigrent methodologies based on statistical

analysis or simulations.

1. Interest of analysis of genetic variability at difént scales

Investigation of genetic variability could be hagdilat different scales according to the types
of information and the methods to analyse them. Sdades are defined according to the part
of the genome concerned and depend essentiallyeotyppe of data available.

The criteria of variability based on pedigree dafaap. 2) represent, in a probabilistic way,
the polymorphism at an anonymous locus, strictaging a neutral locus with no mutation:
the results may be generalised to any part of ém@ge following the same assumptions. The
genetic parameters (chap. 3), i.e. the parametdised within the framework of the usual
model for representing the phenotypic variatiom given trait (additive variance, heritability,
etc.), provide a picture of the variability dueaon unknown number of unknown functional
genes. The criteria of variability established goren known loci, functional (chap. 3) or not
(chap. 4), give a measure of the variability diseonh the DNA but restricted to the concerned

loci and, to a lower extent, to the vicinity of sleeloci.

Within a population, the evolution of the aboveemnia from one generation to the other, or
from one cohort of animals to the other, generallpws to quantify the evolution of the
genetic variability over time. Such information arery useful for people in charge of the
genetic management of the population. For thisaagarameters as the rate of inbreeding,
the change in the expected heterozygosity or tmpaeal variation of allele frequencies, are
often computed on real populations. Note, howeat, the current methods used to estimate
the genetic parameters (e.g., REML) always refénéovariance in the base population: using
such methods in order to quantify the trend in gienariance tells complex methodological

guestions.
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The first interest of analysis genetic diversityd#terent scales lies in getting different but
complementary points of view so that results maydm@rasted or nuanced. In chapter 3 for
instance, comparing the two hypotheses about tleetedf MHC (fixed effect vs. random

effect) or comparing the two methodologies abositaitele frequencies, let us know if the

variations for this locus may be large enough taétected.

The second interest of analysis genetic diversityliierent scales lies in focusing on a
gradual reduction of the number of relevant logichapter 4 for instance, a first population-
scaled analysis such as PCA gives a good overvigheadivergence of the lines and is also
useful to find out which markers are mainly invalvia the divergence; second, a genome-
scaled analysis using polymorphism evolution of taer time {c) and fixation indicesKis)
gives a set of markers that may be influenced Wgcten. Finally, simulations of allele
polymorphism,i.e. an analysis restricted to some loci, confirm whichrker was actually

under the influence of selection.

2. Estimation of effective size of population

The effective sizeNe) of the population is a key parameter for estingathe trend in genetic
variability. Neis usually estimated using pedigree informatiod e rate of inbreedindNg)

or from the variance in allele frequencies overetifNe,); both methods were used in this
study. Compared to other descriptive parametergedbas pedigree information, such as
effective number of founders or ancestors, ratelfeeding based on pedigree information
appeared in chapter 2 to be the most appropriatener for estimation of effective size of

populationNe,.

In different studies in this thesis, the estimatatlies of the effective size were always lower
when based on inbreedinlyd) than when based on the temporal variation apprdse,),
whatever the loci that were considered. This was for a candidate gene whose neutrality
was tested (chap. 3), and for supposedly neutrs¢lected markers (chap. 4). Such results let
suppose that the change in genetic variability nb@y underestimated using pedigree
information in comparison with molecular data. Mwmrer, estimation using genotype

information from supposedly neutral marker was Iowlean estimation using genotype
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information from markers under selection (chap.mganing picture of genetic variability

will depend on the nature of molecular information.

Note that estimation of the effective size popuolatbased on temporal allele frequencies at
MHC locus has to be toned down because of the balguselection that occurs in this region.
Picture of genetic variability based on moleculsioimation should however be nuanced
when it deals with microsatellites because it hashown that amplification success declined
with genetic distance from the base population ghiret al, 2004), inducing a bias in the
use of microsatellites to assess neutral varigbilithis study was undergone in flies’
population but similar patterns have been foundtirdies about birds (Primmet al, 1996;
Galburesaet al, 2000). Moreover, successive generations leddp dr variability (reduction

of Ne,) that could be attributed to loss of rare allelese alleles being lost before common

alleles

Different temporal estimates dfe were compared in mass selection lines in Pacifgters
(Appleyard and Ward, 2006): the moments temporahotk that we have used along this
thesis (Waples, 1989), a Bayesian approach (Bestierl, 2002) and a pseudo-likelihood
approach (Wang, 2001). It appeared that the theegpdral methods gave very similar
estimations ofNe, differences being mainly due to stochastic effeatsociated with each
model. ThenNe, could be calculated using aaf/the three methods based on microsatellites

information.

Although, opposite results about genetic variabilising different kinds of information were
observed in quails (Kimet al, 2007) and in plant breeding (Soleimaeti al, 2002).
Estimation of inbreeding in Japanese quail lines waore accurate (smaller standard
deviation) using pedigree analysis than microsasllanalysis; and in cultivars of wheat,
genetic distances based on pedigree analysis ¢fhrkinship coefficient) were larger than
those based on molecular information (AFLP markeramplified restriction fragment
polymorphism). But in both cases, knowledge of ledigree was not complete or could not
be traced back for more than a couple of genemtiwhich may overestimate the actual level
of variability.

3. Benefits and limits of modelling

129



GENERAL DISCUSSION

Computer simulations are a useful tool in mimickneglity. But one question arises when
modelling: what genetic model should be consideged@tailed and complex model, in order
to be as realistic as possible and fit the reasidt or a simple but unrealistic one?
Predictions of genetic gain and inbreeding (chagpwegre calculated using deterministic
equations assuming simplified hypotheses, such alyggnic additive model, non-
overlapping generations, random mating. Hypothesiglrift as the only force affecting
evolution of allele frequencies could be also gthap. 3 and 4) using a simple model: the
observed parametefc] was compared with the distribution bbbtained from a series of
simulations of a population undergoing pure drifidahat presents the same initial allelic
frequencies and the same inbreeding effective 3iais. test allowed us to identify loci with
extremef values compared to the rest of the genome, ilaesareater then expected values
under drift alone. In both case, modelling was dficient approach to make useful
predictions of the evolution of selected populatioalthough the basic assumptions
considered in the genetic model are not met intyedh chapter 5, computer simulations of a
simplified model that mimics the selection and ogjuction scheme of dairy cattle allowed us
to understand why fast increase of lethal allebgdiency occurred. But consequences on
genetic diversity that were drawn out of this stuabtually minimize the real effect of
intensive artificial selection and overlapping geti®ns and then, minimize risks.

However, more complex models may be useful and gieee accurate analysis of genetic
diversity. In chapter 4, for instance, the selecsocheme was taken into account. Knowledge
of the complete pedigree and phenotypes of theteeldrait for each individual, but also the
specific associations between markers, allowedouéttreality and be able to decipher
whether polymorphism evolution of the markers waslar selection force or not, which

could not clearly defined using statistical anaysi

4. Utility and improvement of experimental dataset

The advantages of our experimental lines were rahif
- Pedigree was complete and we had even knowledfmunfiers population that were
crossed to create the base population, so thatowutd get precise and unbiased
measures of genetic variability using pedigreerimfation, even on a long-term scale
since the number of selected generations was large.
- The number of individuals and the number of pargmse constant over time so that

it fit basic assumptions of theoretical approaches.
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All individuals were measured for selection criggreven for the trait they were not
selected for, so that comparison between contrdlsmbected lines could be handled
but also the estimation of a selected trait onrottadts.

All individuals were blood-sampled so that molecul@#ormation could (in theory,

I.e. without financial constraints) be availableaay generation.

Then, these experimental chicken lines have allowsedb validate and compare theoretical

predictions with real data as well as to invesggatdetails genetic variability, using different

kinds of information. However, selection rules war strictly those of truncation selection:

because of the small size of the population be¢caapeesentation of the half-sib families had

to be maintained and some individuals were kegpite of their lower phenotypes.

Moreover, this experiment was not drawn on purgosgenetic diversity study: the first goal

of those experimental lines was to improve selectod immune response in chickens. If we

could set up a new experiment aiming at analysargetc diversity, advice could be given:

To combine molecular information from single nudide polymorphisms (SNPs) and
microsatellites. SNPs are biallelic markers witlinaited information content of a
single marker but their high density makes them ritaker of choice for linkage
disequilibrium studies and then, would be usefuldetection of selection signature.
On the contrary, microsatellites have a low dendig to the limited number of
microsatellites in the chicken genome but theyroffee advantage of a multiallelic
marker, which is highly informative.

To breed replicate lines so that estimation of germrameters would be an average
over independent data from the replicates and thiss in estimation of genetic
diversity would be reduced. However, this piecad¥ice may often not be taken due
to resources limitations (financial, material afétmeans).

To reduce the number of generations and prefergedaaumber of individuals per
generation so that results would fit better witkested populations and detection of
signature of selection could be handled even faréffect QTL or low-heritability
trait. In that case, another type of analysis cdagdindertaken for the identification of
selective sweep suchRW-test (Schldtterer, 2001) based on the ratio ofeniesi
variances in repeat number in two populations: mstiloci test is specially adapted
to microsatellites and its power to identify a s&de locus is stronger in the case of
comparison of closely related populations that héaeed a recent reduction in

variability. This method was recently used aboutflewver hybrid species (Edelist
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al., 2006): variability of microsatellites linked tal@ptation (natural selection) QTLs
appeared to be lower than those of neutral regiaasye have shown previously.
However, selection experiments provide the framé&wéor the study of the
inheritance of complex traits and allow the evabratof theoretical predictions by
comparing observations against expectations. Depgndn the time scale, the
objectives of selection experiments may differ: rstherm experiments can be used,
for instance, to estimate genetic variances andarcavwces, and estimate the
magnitude of the initial rates of response to smlac Long-term experiments are
useful in monitoring changes in the rates of respaor variances caused by selection
itself. As these changes are dependent on the numiiects and frequencies of the
genes which influence the quantitative trait, Idagn experiments may provide more
detailed information about its underlying inhertanFinally, long-termselection
studies may uncover evolutionary results thatddferent from those seen in earlier
generations (Hill, 1980; Hill and Caballero, 1992).
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