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Interplay between high-drift and high-selection

Chapter 1

General Introduction

Standfirst

The complexity of our world is striking, thrilling, even frightening sometimes. Looking at the Cambridge dictionary definition, complex is defined as "having many parts connected in ways that are difficult to understand". This definition is directly coming from the word's etymology: the word complex comes from the Latin root plectere: to weave, entwine, and from the prefix com "with, together". Hence the complexity of a system, arises from the interactions between its parts, with the inherent computational difficulties coming from the combinatorial nature of interactions. In its broadest sense, we call "complex system" : 1) a set of entities 2) that through their interactions 3) forms a unified whole defined in terms of its boundaries 4) that present emerging properties not present at the level of each component.

The first strategy proposed to study complex systems was the use the reductionist approach (for a review see [START_REF] Rosenberg | Reductionism in biology[END_REF]). Popularized by René Descartes, in De homine (1662), the author was one of the first to develop a reductionist approach of life, considering schematically a complex system as the sum of its parts in first approximation. However the reductionist method isn't without flaws as (i) hidden variables could act as confounding factors, (ii) several causal factors do not always act additively on a system, and (iii) it does not account for relationships between the system and its environment. A more systemic approach is therefore necessary. Although it is arguable that science studies complex systems for hundreds of years, formal conceptualization underlying the complex system theory dates from the 1970's. The complex system theory can be seen as an alternative paradigm to reductionism; it attempts to explain systems in terms of their constituent parts and the individual interactions among them.

In that sense, living organisms are highly complex: interactions are ubiquitous within and between the different scales of life (from molecules as DNA, cells, tissues, organisms to ecosystems). Even without considering interactions, the number of species (parts of the biosphere system) is tremendous, with an estimated 5 ± 3 million leaving species [START_REF] Costello | Can We Name Earth's Species Before They Go Extinct[END_REF]. Since Darwin published in 1859 On the Origin of Species, the evolutionary biology community tries to understand the origin of this immense diversity through the study of the mechanisms that govern the changes in the heritable characteristics of biological populations over successive generations, i.e. the adaptive process. These mechanisms are referred to as evolutionary forces and impact the allele frequencies of a population, defined here in its largest sense as a collection of individuals. The evolutionary forces structuring these complex leaving systems are:

• Selection: the differential survival and reproduction of individuals due to differences in phenotypes,

• Drift: the change in the frequency of an existing allele in a population due to random sampling of organisms,

• Mutation: the alteration of the nucleotidic sequence of the genome of an organism during reproduction,

• Migration: the gene flow between individuals from different populations,

• Recombination: Recombination doesn't properly speaking change the allelic frequencies, but their covariance, or in other words the haplotypes of an organism, thanks to crossover between homologous chromosomes happening during sexual reproduction.

• Mating system can be seen as an additional evolutionary forces: in sexual eukaryotes, the mating system is related to sexual behaviour of individuals, the way gametes are formed and individuals encounter upon fecundation when it exists.

Several fields of investigation (namely Mendelian genetics, population genetics, quantitative genetics and the later evolutionary developmental biology, and genomics) have been integrated in the "Modern Synthesis". However, their theoretical framework rely on different views of the adaptive process. For example, population genetics works bottom-up from the dynamics at single loci, without much focus on the phenotype, whereas quantitative genetics envisions phenotypic adaptation top-down, from the vantage point of the trait [START_REF] Höllinger | Polygenic adaptation: From sweeps to subtle frequency shifts[END_REF]. Therefore, they differently explore the parameter spaces of their models. While, we are still far from a holistic and unified view of adaptation, experimental evolution combined with -omic data can help bridging the gap between these two disciplines.

Fundamentals in quantitative and population genetics have been set long before the advent of molecular genetics. Those disciplines can be seen as a field of applied mathematics that describe changes of allelic frequencies and/or phenotypes in populations. In the early 1900's, most of the objects manipulated in population genetics were conceptual entities described by letters, using a mathematical formalism (e.g. Box "Some definitions" in 1.2.1.1). I wrote this introduction in an educational perspective in the hope to help other students to navigate among the diversity of models and underlying hypotheses. Personally, I would have loved to be taught these concepts prior to the beginning of this intellectual adventure.

In this introduction we will keep in mind the reading axes: how does evolutionary forces and their interactions govern the adaptive process ? What are the consequences on adaptation of two qualitatively different sources of variation, namely standing genetic variation and de novo mutation ?

Evolutionary forces 1.2.1 Drift

Because populations are of finite size, genetic drift occurs whenever the collection of individuals is randomly sampled, resulting in random change of allele frequencies. Consider a population composed of N diploid individuals randomly mating to produce a new population at the next generation. Some individuals may leave many offspring, while others may leave few because of non genetic factors that can be modelled as a stochastic process. Furthermore, mendelian segregation adds another source of stochasticity. Indeed, an heterozygote Aa can transmit either a a allele or a A allele to its progeny. Altogether, at the next generation, the total number of A alleles will be the result of a binomial sampling B(2N, p), where p is the frequency of the A allele at the parental generation, and 2N the number of gametes that form the N diploid individuals. This random change in the number of A in the offspring translates into a change in the probability of drawing the allele A or a at the next generation.

Wright-Fisher Model for haploid populations

For the sake of simplicity, let's firstly consider a Wright-Fisher Model, whose assumptions are:

• A constant population size of N ∈ N haploid individuals every generation.

• Non-overlapping generations.

• No selection: Generation at time t+1 is formed by randomly choosing N individuals at generation time t, uniformly and with replacement. t ∈ N

• One locus with two alleles A and a.

Intuitively, each parent gives birth to a large number of offspring but only N individuals randomly survive to form the next generation. Figure 1.1 presents different simulation results for the evolution of the allelic frequency p of the A allele in a Wright-Fisher population under genetic drift. We can extract from this graph some intuitive remarks. An allele submitted to drift is submitted to frequency changes characteristic of a brownian motion. An allele either become fixed or lost. The smaller the population size,

Some definitions

• Locus : The position of a sequence of interest on a chromosome, like a gene, an exon, a nucleotide.

• Gene : A sequence of nucleotides that encodes the synthesis of an RNA often translated into a protein.

A concept in constant redefinition.

• Allele : A variant form of a locus/gene.

• Genotype : The combination of alleles carried by an individual at a particular locus.

• Ploidy : The number of complete sets of chromosomes in a cell.

Haploid: The number of sets of chromosomes normally found in a gamete. Diploid: Diploid cells have two complete sets of chromosomes.

• Allele frequency : The ratio of the number of copies of an allele in a population, over the total number of alleles. Consider two alleles A and a at a given locus in a population of size N , with N A and N a copies: For a haploid population, the frequency of allele A is given by: f A = N A N A +Na = N A N . For a diploid population, the frequency of allele A is given by: f A = N A N A +Na = N A 2N . In all cases allelic frequencies sum up to 1: f A + f a = 1.

• Genotype frequency : The ratio of the number of individuals of one genotype in a population, over the population size. Consider two alleles A and a at a given locus in a population of size N : For a haploid population, the genotype frequencies equal the allelic frequency, which greatly simplifies the calculations. For a diploid population, three different genotypes are possible for a diallelic locus (AA, Aa,aa), and we have:

f AA = N AA N ; f Aa = N Aa N ; f aa = Naa N with f AA + f Aa + f aa = 1.
We can compute directly the allelic frequencies from the genotypic frequencies, e.g:

f A = 2N AA + N Aa 2N = f AA + 1 2 f Aa
• Hardy-Weinberg equilibrium : For a diploid species, the allelic frequencies can be computed from the genotypic frequencies. However we need other hypotheses to estimate the genotypic frequencies from the allelic frequencies. These are:

• Monoecious diploid population.

• Infinite population size.

• Panmixia (i.e. random mating: all individuals are potential partners, gametic equiprobability, Mendelian allelic segregation during meiosis).

• No selection.

• No mutation.

• No migration.

• Discrete non-overlapping generations.

Genotypic frequencies can then be computed from allelic frequencies:

Genotype AA Aa aa Frequency f 2 A 2f A f a f 2 a
Under these hypotheses, one generation is sufficient to reach the so called Hardy-Weinberg equilibrium, where allele frequencies are constant trough time.

the quicker the loss/fixation of the allele is. The smaller the population size, the higher the variance in frequency change through generations. Let's present a theoretical framework to formalize these intuitions.
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Census size = 20 Census size = 100 Census size = 10000 0 . 0 2 . 5 5 . 0 7 . 5 1 0 . 0 0 1 0 2 0 3 0 4 0 0 5 0 1 0 0 1 5 0 2 0 0 0 5 0 0 0 1 0 0 0 0 1 5 0 0 0 2 0 0 0 0 0.00 A Markov process Let X t denotes the number of individuals of type A in the t'th generation, and p t = Xt N be the frequency of allele A. In a Whright-Fisher population, the next generation consists in a random sampling with replacement of N parents. Each parent transmits a copy of its allele to its progeny. Hence, X t+1 is a drawing in a Binomial(N,p t ) distribution :

Pr{X t+1 = m|X t = N p t } = N m p m (1 -p t ) N -m , m ∈ [[0, N ]] (1.1)
Note that X t+1 does not depend on X t-1 , but solely on the value of X t at the previous generation.

Recall that a Markov chain is a stochastic process noted (X t , t ≥ 0) describing a sequence of possible events in which the probability of each event depends only on the state of the previous event. In other words, a discrete Markov chain is a sequence of random variables X 1 , X 2 , X 3 , ... satisfying the Markov property:

Pr(X n+1 |X 1 = x 1 ∩ X 2 = x 2 ∩ ... ∩ X n = x n ) = Pr(X n+1 |X n = x n ) (1.2)
Hence, (X t , t ≥ 0) is a discrete-time Markov chain. As X t+1 |X t follows a binomial distribution, the expected value and the variance of X t+1 are:

E(X t+1 |X t ) = N p t = X t implying E(p t+1 |p t ) = p t (1.3) and: V(X t+1 |X t ) = N p t (1 -p t ) implying V(p t+1 |p t ) = p t (1 -p t ) N (1.4)
Using the law of total expectation, we obtain:

E(X t+1 ) = E(E(X t+1 |X t )) = E(N X t N ) = E(X t ) (1.5)
By induction, we have E(X t ) = X 0 , and E(p t ) = p 0 .

From these equations, we can see two key properties of genetic drift:

• The expected allele frequency is constant.

• The variance of the allele frequency is inversely proportional to the population size.

Loss of genetic diversity through time

Even though allele frequencies do not change on expectation, each particular trajectory is expected to be different, as shown in Figure 1.1. Moreover, as time passes, allele frequencies tend to be closer to fixation or loss, which corresponds to a reduction of the genetic diversity within populations. Genetic diversity can be measured by Nei's index H t = 2p t (1 -p t ), the probability that two randomly (with replacement) picked individuals contain both alleles in a population a time t.

To see how H t change over time, we can write

E(H 1 ) = E(2p 1 (1 -p 1 )) = 2(E(p 1 ) -E(p 2 1 )) = 2(E(p 1 ) -V(p 1 ) -E(p 1 ) 2 ) (1.6) = 2(p 0 - p 0 (1 -p 0 ) N -p 2 0 ) = (1 - 1 N )2(p 0 -p 2 0 ) (1.7) = (1 - 1 N )H 0 (1.8)
By induction on t, we have:

E(H t ) = H 0 (1 - 1 N
) t ≈ H 0 e -t/N for large N (1.9)

Therefore, the smaller the population, the quicker the loss of genetic diversity will be.

If we set z i,t = Pr{X t = i}, we can write the Markov chain as follows:

- We can easily see from the transition matrix T that p = 0 and p = 1 are absorbing states, these states correspond to the fixation of allele A if p = 1 and a if p = 0. Therefore, without any other evolutionary forces, whatever the initial conditions (N and p 0 ), drift leads to the inescapable loss of polymorphism in a population, through the fixation of alleles.

Fixation probabilities Next, we can compute the probability that allele A get fixed. Let τ = min{t : X t = 0 or X t = N } be the fixation time. The probability of fixation of A writes Pr{X τ = N }, and the probability of fixation of a writes Pr{X τ = 0}. As we have seen that fixation always occurs and that the average value of X t remains constant over time, we have intuitively: E(X τ ) = 0 Pr{X τ = 0} + N Pr{X τ = N } = E(X 1 ) = X 0 therefore:

Pr{X τ = N } = X 0 N = p 0 (1.12)
To prove this, we note that since X t = X τ when t > τ , X 0 = E(X t ) = E(X τ ; τ ≤ t) + E(X t ; τ > t) where E(X; A) is short for the expected value of X over the set A.Now, let t → ∞ and use the fact that |X t | ≤ N to conclude that the first term converges to E(X τ ) and the second to 0.

An interesting consequence is the rate of fixation of new mutations: a mutation can occur in any of the N individuals with probability µ (the mutation rate). Hence, it goes to fixation with probability 1/N . So, at each generation, the probability that a mutation arises and ultimately gets fixed is N • µ • 1/N = µ.

• In simpler terms, the fixation probability of an allele A corresponds to its initial frequency.

• In terms of genealogies, this implies that all alleles in a population descend from one unique allele at generation 0, with a probability p 0 to be of allele A.

• The rate of fixation of a neutral mutation in a population of size N , is the mutation rate µ, and does not depend on N .

Average fixation time

Let us now compute the average fixation time τ (p 0 ) of an allele that is initially at frequency p 0 . If p 0 = 0 or p 0 = 1, fixation is reached so that τ (0) = 0 and τ (1) = 0. Otherwise (p 0 = {0, 1}), neglecting the probability of fixation within a single generation, the allele frequency at the next generation is p 1 , and τ (p 0 ) = 1 + τ (p 1 ). By conditioning on the value p 1 and using the Markov property, we obtain:

τ (p 0 ) = 1 + k Pr{p 1 = k/N }τ (k/N ) (1.13)
Therefore τ (p) is a solution of a certain linear equation. It can be solved when N is small, but become computationally heavy when N becomes large, and an approximation is required. Suppose τ (p) is continuous, we can expand the function in a Taylor series about p:

τ (p) ≈ 1 + k Pr{p 1 = k}[τ (p) + τ (p)(p 1 -p) + 1 2 τ (p)(p 1 -p) 2 ] (1.14) τ (p) ≈ 1 + τ (p) + E(p 1 -p)τ (p) + 1 2 τ (p) E((p 1 -p) 2 ) (1.15) Because V(p t+1 ) = pt(1-pt) N
, and E(p 1 -p) = 0, (1.15) gives,

τ (p) ≈ -2N p(1 -p) (1.16)
Solving with the boundary conditions τ (0) = τ (1) = 0 gives:

τ (p) ≈ -2N (p log(p) + (1 -p) log(1 -p))
(1.17)

Thus, for the Wright-Fisher model, the expected time to fixation is of order O(2N ). But be careful, this formalism called "diffusion equation" is based on a continuous time approximation that is correct if N is large and p ≈ (1 -p).

Main equation for diploid:

• Heterozygosity loss:

E(H t ) = H 0 (1 - 1 2N
) t ≈ H 0 e -t/2N for large N (1.18)

• Time to fixation:

τ (p) ≈ -4N (p log(p) + (1 -p) log(1 -p)) (1.19)
One can very often extend results for haploid population to diploid one, by considering a population size of 2N. Note that this doesn't hold when interactions among alleles or loci exist.

The Coalescent approach in haploid populations

Let us try to have a glimpse of the impact of genetic drift on the genealogies of a population. A famous approach, synthesized under the term "coalescent" or "n-coalescent" was developed by J.F.C. Kingman in his articles: On the genealogy of large populations (Kingman, 1982b) and The coalescent (Kingman, 1982a). Recall that the ultimate fate of an allele is to be lost or to get fixed because of drift. Suppose that the initial situation is N different alleles. Then, after fixation, all individuals will carry the same allele as one of its ancestors, that has been transmitted from parent to offspring. The coalescent model looks backwards in time and describes the fact that two or more individuals (or alleles) merge/coalesce in the genealogies into a single ancestor through random coalescent events (see figure 1.2). In sub-figure (a), the three first dark blue dots share an ancestor at the previous generation. This is called multiple merging. The 2 others dots coalesce 2 generations back in a simple merging process. All five dark blue dots share the same ancestor (or coalesce) 4 generations back. Sub-figure (b) represents a more complicated multiple merging process. The 2 first orange dots coalesce a generation back, in a simple coalescence event, and the three last orange dots also merge a generation back. We have here 2 coalescence events at the same generation, with two and three individuals sharing two different ancestors. The five orange dots coalesce two generations back.

Present

Looking backwards in time, the five individuals of figure 1.2a) coalesce in one generation in three individuals, which coalesce in one generation into two individuals. Hence, all five individuals share a common ancestor four generations back. Hence a coalescent can be seen as a succession of times (t k , t k-1 , ..., t 2 ) between coalescence events from the actual population to the common ancestor. In figure 1.2a), we have (t 5 = 1, t 4 = 0, t 3 = 1, t 2 = 2), while in figure 1.2b), we have (t 5 = 1, t 4 = 0, t 3 = 0, t 2 = 1). Note that the individuals that did not leave any progeny at the considered generation are discarded because they don't bring any information.

Two individuals First consider two random individuals from a haploid population of size N. The probability that they share the same parent at time t -1 is 1 N : Indeed, for the first considered offspring, N parents are possible and N parents are possible for the second, giving N 2 total possibilities but only N possibilities for identical parents: it follows the sought probability: N N 2 = 1 N . We can write the probability that two individuals do not share the same parent at generation t -1 as: 1 -1 N . Thus the probability that the common ancestor of these two individuals lived two generations back is (1 -1 N ) 1 N . By induction, the probability that these two individuals coalesce n generations back is (1 -1 N ) n-1 1 N . Hence, the time t 2 before the coalesence of two lineages is a random variable that follow a geometric distribution of parameter N -1 , with E(t 2 ) = N and V(t 2 ) = N (N -1).

k individuals Kingman shows that in a sample of k individuals the probability of coalescing at the previous generation is:

k(k -1) 2 1 N (1.20)
Indeed the number of ways to pick two individuals in a sample of k, is:

k 2 = k(k-1)
2 and 1 N the probability that they come from the same parent. However, we are neglecting here the fact that more than two individuals can come from the same parent, a process called multiple-merging. For example: in figure 1.2b three individuals come from the same parent a generation back. In figure 1.2a a pair and a triplet of individuals coalesce a generation back. However, as Kingman noted these events occur with probability of order O( 1 N 2 ) and can be neglected when N is large. Therefore, the probability that the k lineages do not coalesce during n generations when N is large is:

≈ (1 - k(k -1) 2 1 N ) n ≈ e -k(k-1) 2 n N
(1.21)

If we express time in terms of N (the population size) generations, and set t = n N with n the generation, we can see that, the time t k during which there are k lineages, converges to an exponential distribution of rate k(k-1) 2 and mean 2 k(k-1) , i.e. the expected value of t k is E(t k ) = 2N k(k-1) , and its variance is

V(t k ) = 4N 2 k 2 (k-1) 2 .
Most recent Common Ancestor Looking backward in time, there will be k lineages during t k , then k -1 lineages during t k-1 , and so on until the last two lineages coalesce into a particular individual called the Most Recent Common Ancestor (MRCA) of the sample Fig. 1.3.

The time T M RCA to the MRCA can be computed as T M RCA = k i=2 t i . We then have:

E(T M RCA ) = E( k i=2 t i ) = k i=2 E(t i ) = k i=2 2N i(i -1) = 2N k i=2 1 i - 1 i -1 = 2N (1 - 1 k ) (1.22)
Thus the average time to the most recent common ancestor of a haploid population is in order of 2N generations in a Wright-Fisher model, and 4N for a diploid population.

Note that the t i are random variables and that the whole process is highly stochastic. Tavaré (1984) computed the whole distribution of the Kingman coalescent TMRCA, giving: The distribution of T M RCA is provided in Figure 1.4. It shows that the distribution is skewed towards smaller T M RCA values. While the approximated expected value is quite robust to variations in population size, the realized value is most of the time smaller. Note also the broadness of the distribution that illustrates the stochasticity of random genetic drift. ) and the colored vertical lines correspond to the simulated mean. The expected value, neglecting multiple merging is quite robust to the population size.

Mutation

In the previous paragraph, we have seen that genetic drift alone leads to the inescapable loss of genetic diversity due to allele fixation or loss. However, it is particularly obvious from phenotypic or molecular observations that a certain amount of diversity is observable. Mutations are modifications of the genetic information that occur during DNA replication and result in the occurrence of a new allele. Evolutionary relevant mutations are the ones transmitted to offspring, and therefore population genetics focuses more on mutations in germinal cells. (N.B. Population genetics models are now used to study the fate of other types of mutations, like somatic mutations occurring in different types of cancer, considering cancerous tissues as population of daughter cells).

We can distinguish several types of causes for mutations: spontaneous mutations (molecular decay, like depurination or deamination), mutations during repair of DNA damage (like error-prone translesion synthesis involved in the repair of apurinic site, or through non-homologous end joining repair process), induced mutations caused by mutagens (like DNA intercalating agents, oxidative chemicals, UV, ionizing radiations...), transposable elements movements, etc... These different causes for mutation occurence lead to several classes of DNA modifications:

• Substitutions of one nucleotide by another. The change of a purine (A or G) resp. pyrimidine (C or T) to another purine resp. pyrimidine is called transition. The change from a purine to a pyrimidine (and vice versa) is called transversion. Transitions and transversions occur at different rates, with the former being more frequent than the later.

• Insertions of one to many nucleotides (several kb). Insertions are often caused by transposable elements, or errors during replication of repeating elements. Insertions in the coding region of a gene may alter splicing of the mRNA (splice site mutation), or cause a shift in the reading frame.

Insertions often significantly alter the gene product.

• Deletions of one to many nucleotides. Deletions often cause a shift in the reading frame, altering the gene product. Large deletions of DNA can lead to the loss of one to several genes.

• DNA duplication, like gene duplication.

• Chromosomal translocations: the interchange of large piece of DNA between non-homologous chromosomes.

• Chromosomal inversions: reversing the orientation of a chromosomal segment.

• Etc.

In any case, the appearance of a new allele results from a single event occurring by chance. The initial frequency of the mutation is p 0 = 1/N in haploids, and p 0 = 1/2N in diploids. The fate of a new mutation is determined by the other evolutionary forces.

Independence of mutation occurrence from selection

The demonstration that genetic mutations arise randomly in population, independently of other evolutionary forces was brought by the famous Luria-Delbrück experiment [START_REF] Luria | Mutations of bacteria from virus sensitivity to virus resistance[END_REF], also called the Fluctuation Test. In this experiment, a small number of cells from a E. Coli strain sensitive to a phage were used to inoculate a culture in a non selective liquid medium, in the absence of the phage. After the stationary phase was reached, samples were plated on a rich selective medium in presence of the phage. After some time, the number of colony forming units was counted on each plate. Because the medium was selective, only resistant cells could form a colony (Fig. 1.5) Let X i be the number of resistant colonies on plate i. There were two hypotheses (Fig. 1.6):

Were mutations induced by selection? In this case, mutations could only appear in the plated cells, and each cell would have the same tiny probability µ of getting a mutation. Hence, X i would result from the drawing in a binomial distribution. Furthermore, because µ is expected to be very small compared to the number of cells plated, X i can be approximated as following a Poisson distribution with its variance being equal to its mean.

Were mutations spontaneous, and independent of the selective agent? In that case, they could appear at any time from the beginning of the experiment. In particular, a mutation appearing in the pre-culture and having the same growth rate as the wild-type cells may reach a significant census size at the end of the overnight culture. Plating here consists on sampling randomly n cells, among which a fraction p 0 can carry the resistance gene. Because of drift, the authors expected a variance between plates much larger than the mean.

This experiment clearly demonstrated the independence of mutation occurrence from the selective agent, as the experimental results experiment clearly fitted the hypothesis that mutations occur at random, prior to the plating with the selective agent. In this experiment, their fate was determined by genetic drift and selection. The figures from the paper are in black. The gray distribution corresponds to a Poisson distribution with mean equal to the observed mean.

Population genetic model for neutral mutations

Any mutation can be modeled using a di-allelic model, in which one allele is mutated and the others not. From this vantage point, the fate of an allele can be described without reference to its specific molecular basis. Nevertheless, when several mutations occur at the same locus or different types of mutations are considered, adjustments of the parameters (e.g. mutation rate) should be considered, as discussed below.

The simple di-allelic model supposes A the randomly mutated version of allele a. Consider a probability of mutation, or mutation rate, µ. What is the expected allele frequency of A at time t + 1, p t+1 , knowing p t ? E(p t+1 |p t ) = p t + µ(1 -p t )

(1.24)

Therefore, the expected change of allelic frequency of A, at each generation is E(p t+1 -p t ) = µ(1 -p t ) if no other forces are involved. Tacking into account genetic drift and the recurrent appearance of A alleles by mutation, all individuals in the population will eventually be of type A.

If mutation can occur in both directions, so that µ A→a corresponds to the probability that A mutates into a, and µ a→A , the opposite:

E(p t+1 |p t ) = (1 -µ A→a )p t + µ a→A (1 -p t ) (1.25)
In the absence of other forces, an equilibrium will be reached when E(p t+1 |p t ) = p t = p * and it follows:

p * = µ a→A µ A→a + µ a→A (1.26)
A broad application of this simple population genetics model is the inference of phylogenetic trees from molecular data, taking into account different mutation rates for each possible DNA base substitution [START_REF] Kimura | A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide sequences[END_REF]. Building on the transition matrix, [START_REF] Felsenstein | Evolutionary trees from DNA sequences: A maximum likelihood approach[END_REF] proposed a maximum likelihood method to infer evolutionary trees from DNA sequence data that takes into account the possibility of different rates of evolution in different lineages.

Mutation rate estimations

The straightforward method to estimate mutation rate is to perform mutation accumulation (MA) experiments. In this type of experiment, a single inbred and highly homozygous line is typically replicated and maintained for many generations at small population size (through brother and sister mating, selfing, etc.), in an environment designed to minimize the effects of natural selection. As mutations are accumulating, variance between lines increases. The phenotypic changes across generations is used to indirectly estimate the mutation rate for that organism. If one wish to estimate the mutation rate affecting a simple phenotype due to monogenic resistance, one could confront the derived lines to the selective agent, as in the Fluctuation Test, to estimate the proportion of resistant individuals. Knowing the breadth of the mutational target, one can further estimate the mutation rate per base pair (by dividing the mutation rate by the number of bases of the mutational target). The actual advances in sequencing techniques combined with mutation accumulation experiments improve genome-wide estimates of mutation rate: as we have seen in the drift section, neutral mutations become fixed at the mutation rate µ; and therefore, by looking at the number of fixed synonymous (neutral) mutations, one can directly estimate the neutral mutation rate [START_REF] Wielgoss | Mutation rate inferred from synonymous substitutions in a long-term evolution experiment with escherichia coli[END_REF]. For example, the famous Lenski's E. coli long term-evolution experiment that started in 1988 and reached over 60 000 generations in 2016 with 12 populations grown on different media [START_REF] Good | The dynamics of molecular evolution over 60,000 generations[END_REF], allowed [START_REF] Wielgoss | Mutation rate inferred from synonymous substitutions in a long-term evolution experiment with escherichia coli[END_REF] to produce a reliable estimate of 8.9 × 10 -11 point mutation per base-pair per generation. However some uncertainties still remain and variance in the mutation rate within species can be found in the literature, among different bacterial strains for example. Note that the mutation rate varies greatly along the genome, influenced by factors such as the recombination rate, and the presence of repeats (short sequence repeat, transposable elements) [START_REF] Drake | Rates of spontaneous mutation[END_REF].

Mutation rate can also be inferred from phylogenetic data thanks to the common hypothesis of constant accumulation of neutral mutation (clock-like) in a genome: the molecular clock hypothesis. The phylogenetic method uses a known phylogenetic tree of closely related taxa and their approximate TMRCA. If we count neutral mutations between two taxa and assume that these mutations have been accumulating at a constant rate since the TMRCA, we can estimate the mutation rate. Indeed, as we have seen previously, the rate of fixation of neutral mutation under genetic drift is equal to the mutation rate. For further discussion see for example [START_REF] Scally | Revising the human mutation rate: Implications for understand ing human evolution[END_REF].

Table 1.1, compile mutation rates estimates, for several model organism and through different protocols. 

Species

Table 1.1: Diversity of mutation rate (substitution) across living organisms. Note that in eukaryotes, mutations that are transmitted are the ones occurring in the germinal cells. Because cellular divisions occur in the germline, the mutation rate per generation is higher than the mutation rate per cell.

Mutation rate evolution

From table 1.1, the mutation rate seems to stay "low" throughout the tree of life, i.e. a 10 -9 mutation probability seems consistent with the first role of the DNA, that is to convey reliably the genetic information. However, such small probabilities are difficult to apprehend, for example, what is the evolutionary impact of a change in mutation rate? and how can we explain differences between organisms? E.g. Prokaryotes also seem to have a lower mutation rates per generations than eukaryotes.

To answer those questions, we can correlate these differences with other parameters, such as the genome size. [START_REF] Drake | A constant rate of spontaneous mutation in DNA-based microbes[END_REF] concluded that the mutation rate per base pair per generation scales inversely with the genome size (G) in DNA-based microbes, which have been confirmed for double-stranded DNA viruses and other prokaryotes [START_REF] Lynch | Evolution of the mutation rate[END_REF]. However in contrast to prokaryotes, eukaryotic mutation rates scale positively with genome size, with vertebrates rates being nearly 100 times higher than that of prokaryotes, rates for unicellular eukaryotes, invertebrates, and land plants being intermediate.

The evolution of mutation rate results from several interacting forces. High mutation rates increase the number of deleterious mutations and tend to be selected against. But a high mutation rate also produces more advantageous mutations. Low mutation rates may also result in metabolic cost and slow replication rate due to the involvement of more accurate repair systems. The idea of a trade-off was explored [START_REF] Kimura | On the evolutionary adjustment of spontaneous mutation rates[END_REF], however the expected mutation rate should be lower than what is observed. One possible explanation is that the power of genetic drift (in order of 1/N e , the effective population size, a concept which will be explained later on) ultimately constrains what natural selection can accomplish with any trait. Once the incremental effect of reduced mutation rate is smaller than the power of drift, the mutation rate reaches a lower bound. A better understanding of the evolution of the mutation rate would require a fine comprehension of the interplay between drift and selection [START_REF] Lynch | Evolution of the mutation rate[END_REF][START_REF] Lynch | Genetic drift, selection and the evolution of the mutation rate[END_REF].

Mutational effect on fitness and its distribution

Point mutations are often characterized as non-coding (if they occur in non coding region like introns) or coding (e.g. in exons). Coding mutations are then decomposed in non-synonymous or synonymous, if the change of nucleotide change (resp. do not change) the coded amino-acids. Note that these DNA modifications can lead to several effects on function, like loss-of-function (e.g. the insertion of a STOP codon), gain-of-function, function modification, changes in levels of expression or dominance.

Figure 1.7: Hypothetical DFEs. The distribution of fitness effects comprise a continuum of effects from lethal, strongly or mildly deleterious, to beneficial. Three distributions are pictured here that comprise different amounts of deleterious and beneficial mutations: the dashed distribution where most mutations are detrimental with two modes, one for lethal and the other for deleterious mutations; the dotted distribution, also bimodal, which allows for substantial proportion of beneficial mutations; the continuous distribution (solid gray) is predicted by a Fisherian fitness landscape (Figure from [START_REF] Bataillon | Effects of new mutations on fitness: Insights from models and data[END_REF]).

We can distinguish three classes of mutations according to their effect on fitness: (i) mutations that confer a reproductive disadvantage to the bearer and are selected against, called lethal or deleterious mutations depending on their strength; (ii) mutations that have no fitness effects and evolve under drift, called neutral mutations; and (iii) mutations that confer a reproductive advantage to the bearer and are selected for, called advantageous mutations. However, these three categories conceal a continuous mutational fitness effect distribution. The distribution of these fitness effect (DFE), is of particular importance to geneticists [START_REF] Bataillon | Effects of new mutations on fitness: Insights from models and data[END_REF], as it caries information needed to understand the nature of quantitative genetic variation, and the dynamics of de novo mutations in adaptation, and to predict the consequences of maintaining animals or plants at low population, etc... Figure 1.7 illustrates three hypothetical distributions of fitness effects. There are two main difficulties in inferring the DFE. First, we expect that, within a well-adapted population, most mutations with detectable fitness effects will be deleterious. Second, if beneficial mutations are rare, they consist in extreme events drawn in the right-tail of the distribution. The Extreme Value Theory (EVT) tells us that draws from tails of virtually any distribution converge to the same distribution called the generalized Pareto distribution [START_REF] Bataillon | Effects of new mutations on fitness: Insights from models and data[END_REF][START_REF] Beisel | Testing the Extreme Value Domain of Attraction for Distributions of Beneficial Fitness Effects[END_REF], so that different distributions can hardly be compared.

Despite those difficulties, two approaches, mutation accumulation and mutagenesis experiments on one hand, and the analysis of DNA sequence data, on the other hand, have been used to decipher the DFE, as reviewed in Eyre-Walker and [START_REF] Eyre-Walker | The distribution of fitness effects of new mutations[END_REF]. The main idea in the analysis of polymorphism and divergence data remains rather close to one of the first attempts developed by [START_REF] Mcdonald | Adaptive protein evolution at the Adh locus in Drosophila[END_REF] to measure the amount of selection experienced by genes, the McDonald-Kreitman test. This test computes the ratio d n /d s of non-synonymous variation (supposed to experience selection) over the synonymous variation (supposed to evolve neutrally). It then compares the amount of variation between species (d n /d s ) to the amount of variation within the sampled species (π n /π s ). Some authors, like [START_REF] Smith | Adaptive protein evolution in Drosophila[END_REF], then built on this test to infer α the proportion of advantageous substitutions, and the proportion of strongly deleterious substitutions experiencing purifying selection. Then using the theory of Poisson random field, [START_REF] Huerta-Sanchez | Population genetics of polymorphism and divergence under fluctuating selection[END_REF] (see [START_REF] Sethupathy | A Tutorial of the Poisson Random Field Model in Population Genetics[END_REF] for a theoretical tutorial), proposes an estimate of the DFE. The Site Frequency spectrum (SFS, a concept developed later) is used to better integrate patterns of nucleotide variation within the focal species, while variation between the focal species and the outgroup is measured by counting the number of fixed mutations between them. (The SFS can be linked to the DFE and demographical parameters like the effective population size; selection is assumed to be weak (s << 1) and the DFE to be constant in time and the same in both the ingroup and outgroup). Selection and demography are again disentangled by separating the sites into neutrally evolving and selected sites classes. The DFE is then inferred by contrasting the SFS counts for the neutral and selected sites, by assuming homogeneity in demography and other forces, between the two classes. One can note the method developed by [START_REF] Tataru | Inference of distribution of fitness effects and proportion of adaptive substitutions from polymorphism data[END_REF] that uses a hierarchical probabilistic framework that extends previous methods to infer DFE and α from polymorphism data alone, without taking into account any information from an outgroup. They used a mixture between gamma and exponential distributions, which model deleterious and beneficial mutations, respectively, according to probability parameters.

We need to keep in mind the difficulties of estimating the DFE. First the effect of mutations are difficult to disentangle from demography, as neutral mutations depend on their ability to overcome drift. The concept of effectively neutral mutations has emerged in that sense. Secondly, the advantageous or deleterious qualification of a mutation depends on the adaptive state of the population. In conditioning the effect of mutations on a fitness function of a population, we can distort the absolute DFE of mutations, as a strongly advantageous mutation might overshoot the optimal value, hence become deleterious if the individual is already well adapted (see Fisher Geometric model hereinafter). Finally, the proportion of mutations that are advantageous, effectively neutral and deleterious may vary between species, and differ between coding and non-coding regions.

However, as reported by Eyre-Walker and [START_REF] Eyre-Walker | The distribution of fitness effects of new mutations[END_REF], we can draw the following conclusions:

• Advantageous mutations are rare, and those that are strongly selected are exponentially distributed, as suggested by Orr and Gillespie from the Extreme Value Theory (for example see: [START_REF] Joyce | A general extreme value theory model for the adaptation of DNA sequences under strong selection and weak mutation[END_REF]). This property remains nevertheless difficult to test because of a lack of power emanating from the rarity of this mutational class.

• The DFE of deleterious mutations is complex and multi-modal.

• It is unlikely that mutations are truly neutral, they however have vanishingly small effects. But effectively neutral mutations are easier to identify through the joint estimation of demographical parameters.

Recombination

We focused previously on one locus mainly, and didn't account for the chromosomal arrangement of loci that are not transmitted independently, so that linked loci segregate together during meiosis. In order to take into account this non independent transmission, we can first define, the recombination rate c between two loci as the proportion of recombinant gametes after meiosis. c varies between 0 (same locus) and 1/2 (independent loci). By shuffling the combination of paternal and maternal alleles along the chromosome, recombination results in new gametic combinations in a population. As shown below, it also changes gamete frequencies. For those two reasons, we can consider recombination as an additional evolutionary force.

Linkage Disequilibrium

Definition and measurement Let's first consider a simple case, a diploid population constituted of N individuals with two loci: A and B, with respectively two alleles A,a and B,b. The four combinations are called haplotypes (AB, Ab, aB, ab). Let's count the number of individuals presenting each haplotype: n AB ,n Ab ,n aB and n ab , and their respective frequencies:f AB ,f Ab ,f aB and f ab . We can retrieve each allelic frequency by summing the corresponding haplotype frequencies, such as f A = f AB + f Ab .

If alleles at each locus were independent, the probability of any haplotype would be the product of its corresponding allele frequencies: f AB = f A × f B . However, if the two alleles A and B are not independently inherited, one can measure the departure from this equilibrium, by introducing D, the linkage disequilibrium coefficient [START_REF] Bennett | ON THE THEORY OF RANDOM MAT-ING[END_REF], such as:

D AB = f AB -f A × f B
(1.27)

D Ab = f Ab -f A × f b (1.28) D aB = f aB -f a × f B (1.29) D ab = f ab -f a × f b (1.30)
Note that when D AB = 0, the loci are said to be in linkage equilibrium. Using the sum property of haplotype frequencies, one can easily show that: Therefore, one can consider only one value, that we call D, without any subscript and whose sign is dependent on which allele is first considered like D = D AB = D ab . How can we interpret the value of D ? We can see that the value of D is constrained by the allele frequencies:

D Ab =
f AB = f A × f B + D (1.32) f Ab = f A × f b -D (1.33) f aB = f a × f B -D (1.34) f ab = f a × f b + D (1.35)
As the haplotype frequencies cannot be negative, we have:

D > 0 ⇒ D ≤ min(f A × f b , f a × f B ) (1.36) D < 0 ⇒ -D ≤ min(f A × f B , f a × f b ) (1.37)
Therefore, following [START_REF] Franklin | Is the gene the unit of selection?[END_REF], D can be normalized by its maximum value, and we obtain:

D = D min(f A ×f b ,fa×f B ) if D > 0 D = -D min(f A ×f B ,fa×f b ) if D < 0 ⇒ 0 ≤ D ≤ 1 (1.38)
If D = 1, |D| is maximal, and therefore, at least one haplotype is missing.

One other traditional way to measure linkage disequilibrium consists on using a correlation coefficient whose significance can be easily tested using a χ 2 test [START_REF] Hill | Linkage disequilibrium among multiple neutral alleles produced by mutation in finite population[END_REF] . E.g., let's consider a couple of random variables (X i , X j ) so that X i = 1 if an haplotype is composed of an allele A and X i = 0 if it includes an a and X j = 1 if the haplotype presents an allele B and X j = O if it presents a b.

E(X i ) = 1 × Pr(X i = 1) + 0 × Pr(X i = 0) = f A (1.39) E(X j ) = 1 × Pr(X j = 1) + 0 × Pr(X j = 0) = f B (1.40) E(X i X j ) = 1 × 1 × f AB + 1 × 0 × f Ab + 0 × 1 × f aB + 0 × 0 × f ab = f AB (1.41) V(X i ) = E(X 2 i ) -E(X i ) 2 (1.42) = 1 × Pr(X i = 1) + 0 × Pr(X i = 0) -f 2 A (1.43) = f A -f 2 A = f A (1 -f A ) = f A f a (1.44) V(X j ) = f B f b (1.45) Then: r 2 (X i , X j ) = (E(X i X j ) -E(X i ) E(X j )) 2 V(X i ) V(X j ) = (f AB -f A f B ) 2 f A f a f B f b (1.46) r 2 (X i , X j ) = D 2 f A f a f B f b (1.47)
• Because D depends on the allele frequencies, we expect values of D to vary a lot over many pairs of markers, even when sites are in complete LD.

• D has the interesting property to always be equal to 1.0 if two SNPs are in complete LD. Furthermore, we only need three gametic types without the need to know the recombination rate to explain patterns of variation. However, because of the normalization by the product of marginal allele frequencies, the sampling properties of D are difficult to study [START_REF] Gaut | The lowdown on linkage disequilibrium[END_REF].

• We will note that these measures of LD are derived only for 2 loci, with an increasing complexity with more markers and more alleles per site. One way traditional way to overcome this limitation is through the summary of pairwise measures of LD in matrix form, or to plot values of r 2 against a physical map. New interesting definitions have been proposed, such as the paradoxical definition of linkage disequilibrium at one locus, that allows to see LD as the probabilistic independence of certain events [START_REF] Gorelick | Decomposing Multilocus Linkage Disequilibrium[END_REF].

Linkage Disequilibrium evolution : recombination If we are interested in the evolution of LD through generations, we can for example consider a diploid, panmictic, population of infinite size without selection or mutation, and compute the frequency of f AB , after one generation of panmixia. First we need:

f AB f ab -f Ab f aB = [f A × f B + D][f a × f b + D] -[f A × f b -D][f a × f B -D] (1.48) = [f A f B + f a + f b + f A f b + f a f B ]D (1.49) = D (1.50)
Let's compute the frequency of f AB , after one generation of panmixia. After meiosis, AB gametes can be produced without recombination by any genotype carrying a AB chromosome: (AB/AB, AB/Ab, AB/ab, AB/ab). But AB gametes can also be created by recombination from the following genotype : (Ab/aB, aB/Ab, AB/AB, AB/Ab, AB/aB). If we count all possible crosses between haplotypes that lead to AB, we get:

f AB (t + 1) = f AB (t) 2 + f AB (t)f Ab (t) + f AB (t)f aB (t) + f AB (t)f ab (t) + c × f Ab (t)f aB (t) -c × f AB (t)f ab (t) (1.51) = f AB (t) -c[f AB (t)f ab (t) -f Ab (t)f aB (t)] (1.52)
Recalling that f AB (t) = f A f B + D(t), and that in the absence of selection, drift, mutation, we have f A (t + 1) = f A (t), we finally obtain:

f A f B + D(t + 1) = f A f B + D(t) -cD(t) (1.53)
Which leads to:

D(t + 1) = (1 -c)D(t) (1.54)
By induction on t, we have:

D(t) = (1 -c) t D(0) (1.55)
Therefore, linkage disequilibrium between two loci decreases on average at a rate (1-c) per generation. However, if one generation of panmixia is enough to create Hardy-Weinberg equilibrium, a much longer time is required to reach linkage equilibrium. The decrease in LD after 1/c generations tends towards 37% as c tends towards zero. This means that, whatever the evolutionary force creating linkage disequilibrium between two loci, two closely linked loci may stay in strong LD for a period of time inversely proportional to their recombination rate.

In panmictic population, the amount of linkage disequilibrium between pairs of loci is expected to be inversely proportional to their recombination rate. Because of recombination and Mendelian segregation, independent loci are expected to be in linkage equilibrium. This consideration had important consequences in population and quantitative genetics. It is at the basis of genetic maps construction and of Genome Wide Association Studies (GWAS).

Linkage disequilibrium : drift and mutation Both drift and mutation are evolutionary forces that create linkage disequilibrium in populations.

As seen before, a mutation occurs during reproduction and results in the modification of a DNA sequence in the progenies of a single individual. Let's consider a polymorphic locus with two alleles A (in frequency p(t)) and a in a diploid population of size N . Suppose that a mutation occurs at a neighboring locus that changes the monomorphic allele b into a new allele B in an A individual. At the next generation, there will be three haplotypes having the following frequencies: haplotype AB Ab aB ab frequency 1/N • p(t) (1 -1/N )p(t) 1 -p(t) 0 and the linkage disequilibrium will be D(t + 1) = p(t)/N , with r 2 close to one: the fate of the A allele will be linked to the fate of the new B allele. If B is a favourable mutation, haplotype AB will increase in frequency and make the frequency of allele A also increase in the population.

Random genetic drift is also a powerful mechanism that may create linkage disequilibrium. Indeed, in finite populations, the frequency of haplotype AB in the next generation is the result of a Binomial(N, f AB (t)) sampling. Haplotype frequencies are going to fluctuate as in a brownian motion. For neutral loci, [START_REF] Hill | Linkage disequilibrium in finite populations[END_REF] linked r 2 to the recombination rate through the widely used parameter 4N e c in diploids population, so that:

E(r 2 ) = 1 1 + 4N e c
(1. [START_REF] Burke | Standing genetic variation drives repeatable experimental evolution in outcrossing populations of saccharomyces cerevisiae[END_REF] where c is the recombination rate in morgans between the two markers and N e is the effective population size. This equation emphasizes that LD is a population properties and should be interpreted as such.

In particular, the fate of a new mutation that appears in a given haplotype context will determine the fate of the alleles at all neighbouring loci. Both beneficial and detrimental mutations will tend to decrease the genetic polymorphism at surrounding loci by accelerating their fixation or loss. However, the two dynamics are different. The fixation of rare beneficial mutations will lead to a local decay of polymorphism called selective sweep [START_REF] Smith | The hitch-hiking effect of a favourable gene[END_REF]. Because slightly detrimental mutation may occur at a higher frequency at the genome scale, the loss of detrimental mutations will lead to a general decay of neutral polymorphism concentrated in regions with low recombination. This phenomenon is called background selection [START_REF] Charlesworth | The effect of deleterious mutations on neutral molecular variation[END_REF]. Selective sweeps will be seen more in detail in the next chapter.

Recombination and crossing-overs

Genetic recombination is the genetic reshuffling of combination of several locus that leads to production of offspring with combinations that differ from those found in either parent. In eukaryotes, genetic recombination occurs during meiosis, through a process called chromosomal crossover, or crossing over. It corresponds to the exchange of genetic material between two homologous chromosomes non-sister chromatids that results in recombinant chromosomes during sexual reproduction, occasionally producing new chimeric alleles.

Crossing-overs During the pachytene stage of prophase I, this process involves the formation of a synaptonemal complex, which is a protein structure that forms between homologous chromosomes (two pairs of sister chromatids) to mediate chromosome pairing. Crossover usually occurs when matching regions on matching chromosomes break and then reconnect to the other chromosome, thanks to a structure called "Holliday junction". The resolution of this double-strand break initiate the recombinational repair process. The repair of the gap can lead to two different mechanisms: crossover repair or non-crossover repair of the flanking regions. Crossover repair occurs by the Double Holliday Junction (DHJ) model while non-crossover repair occurs primarily by the Synthesis Dependent Strand Annealing (SDSA) model, leading to gene conversion. See figure 1.8. Figure 1.8: Schematic view of the DNA repair process leading to crossover or non-crossover mechanisms. Crossing over leads to recombination and non-crossing over to gene conversion. From [START_REF] Bernstein | Meiosis as an Evolutionary Adaptation for DNA Repair[END_REF].

Because recombination can occur with small probability at any location along chromosome, the frequency of recombination between two locations depends on the distance between them. Recombination points can be simulated by considering linear chromosomes and drawing successive recombination points in an exponential law of parameter λ, so that 1/λ is the average number of recombination event per chromosome [START_REF] Falque | Patterns of recombination and MLH1 foci density along mouse chromosomes: Modeling effects of interference and obligate chiasma[END_REF]. Note that this model supposes no interference.

Recombination pattern along chromosomes and the crossing-over interference Among other molecular particularities of recombination [START_REF] Zickler | Recombination, pairing, and synapsis of homologs during meiosis[END_REF] reviewed the distribution pattern of crossing over along chromosomes. They discuss the fact that both double-stranded breaks and consequent crossovers tend to be evenly spaced along the chromosomes by mechanisms that remain to be discovered. Those mechanisms seem to prevent two crossovers to fall nearby. This feature was first discovered in Drosophila and called "crossover interference" [START_REF] Muller | The Mechanism of Crossing-Over[END_REF][START_REF] Berchowitz | Genetic Interference: Dont Stand So Close to Me[END_REF]. I.e. if a crossover happened at one loci, there is a reduced probability that another crossover will occur nearby, but this probability increases again as distance increase. This implies the existence of communication along the chromosomes, the basis for which is still incompletely known. However, we can conservatively observe that regular homologous segregation in meiosis requires at least one crossover (chiasma): a first "obligatory crossover" [START_REF] Jones | Meiotic Crossing-over: Obligation and Interference[END_REF].

Several models have been proposed, 3 major are based on interference mechanisms:

• [START_REF] King | A polymerization model of chiasma interference and corresponding computer simulation[END_REF]: a model based on the kinetics of crossover designation and signal spreading.

• [START_REF] Lande | Chiasma interference and the distribution of exchanges in Drosophila melanogaster[END_REF]: a model based on a mechanism that begins at one end of a chromosome and "count" double stranded breaks interactions, with crossover-designation occurring after a specific (nearly) fixed number of precursors.

• [START_REF] Kleckner | A mechanical basis for chromosome function[END_REF]; [START_REF] Zhang | Topoisomerase II mediates meiotic crossover interference[END_REF]: a model based on the idea that communication for crossover interference might occur via redistribution of mechanical stress: the "beam film model".

Another way of modeling crossover patterning is to try to match the observed pattern to any particular mathematical distribution. Considerable attention has been given to modeling by the Γ distribution, (often used to analyze crossover patterns), as the "signal" seems to decrease exponentially with distance away from the nucleating site, and that the sum of i.i.d. exponential distribution is a special case of Γ distribution [START_REF] Mcpeek | Modeling interference in genetic recombination[END_REF][START_REF] Falque | Patterns of recombination and MLH1 foci density along mouse chromosomes: Modeling effects of interference and obligate chiasma[END_REF]. This approach only describes the final outcome of the process, without regard to any other features.

Selection

In this paragraph, we will try to understand how selection, i.e. differences on survival and reproduction between individual, changes the allele frequencies in a population and what are its impact on the phenotypic values.

Haploid model

Again, to build our intuition, we will start by considering selection at one locus, with two possible alleles A and a, in a haploid population with discrete non-overlapping generations. In this first approach, we will not take into consideration the stochasticity in the number of offspring of an individual, we will only consider a purely deterministic model.

Let N A (t = 0) be the number of individuals of type A at time t = 0 and N a (t = 0) be the number of individuals of type a. This translates into the following definition of allele frequencies:

f A (t = 0) = N A (t = 0) N A (t = 0) + N a (t = 0)
and f a (t = 0) = N a (t = 0) N A (t = 0) + N a (t = 0)

(1.57)

Let w A the number of offspring of individuals carrying the allele A individual and w a for individuals carrying a. Here the w s are also called absolute fitness, and they depend on the probability that an individual survives to reproduction and the probability that it reproduces, both of which are under the influence of environmental conditions, a combination of biotic and abiotic factors. However to decipher the factors leading to differences in absolute fitness won't be relevant in our case. Furthermore, what really matters are the differences in w s values between the two genotypes. To see this, let's try to compute the change in allele frequency after one generation:

f A (t = 1) = N A (t = 1) N A (t = 1) + N a (t = 1) (1.58) = w A N A (t = 0) w A N A (t = 0) + w a N a (t = 0) (1.59)
Dividing numerator and denominator by N A (t = 0) + N a (t = 0) gives:

(1.60)

= w A f A (t = 0) w A f A (t = 0) + w a f a (t = 0) (1.61)
Dividing numerator and denominator by w A gives:

(1.62)

= f A (t = 0) f A (t = 0) + wa w A f a (t = 0) (1.63)
We can see from this last line, that the evolution of allele frequencies, only depends on the ratio between absolute fitness. A common way of seeing this problem consists in defining a selection coefficient s so that:

1 -s = wa w A f A (t = 1) = f A (t = 0) f A (t = 0) + (1 -s)f a (t = 0) (1.64)
If we suppose that the differences in reproductive success persists through time, we can show that:

N A (t) = w t A N A (t = 0) (1.65)
Therefore, by induction on t, we can write:

f A (t) = f A (t = 0) f A (t = 0) + (1 -s) t f a (t = 0)
(1.66)

Figure 1.9 plot the evolution of the an allele A with varying selection coefficients from f A = 0.05 through generations. From this figure and the limit when t goes to infinity in the last equation, we can see that if an allele confers even a small increase in the number of offspring to its bearer, and no other forces acts upon it, it will eventually goes to fixation. From figure 1.9, we can also see that the time, for example to go to f A = 0.5 is not a linear function of s. If we solve for t, we get:

t = 1 log(1 -s) log f A (t = 0)/f A (t) -f A (t = 0) f a (t = 0) (1.67)
Therefore the time to significantly change the initial frequency in an haploid population is proportional to -1 log(1-s) ≈ 1 s when s is small. In other words, if s is increased by some multiple of s, from s to Ks, then the time needed to reach the desired value is divided by K.

Furthermore we can see from figure 1.9, that for this deterministic model, the speed of allele fixation is maximal at t 50 , the time at which the allele frequency equal 50%. Hence for initial allele frequency close to the boundaries (0 or 1), the fixation speed tends to 0. Hence, selection effect on a population might be overpowered by other evolutionary forces like, random genetic drift when allele frequencies are close to zero or one.

Diploid extension

In the same way, if we consider a biallelic locus in a diploid population, we can compute the change in the genotypic frequency, of, let's say, AA individuals. We have then:

f AA (t = 1) =
f AA (t = 0)w AA w with w = f AA (t = 0)w AA + f Aa (t = 0)w Aa + f aa (t = 0)w aa (1.68)

If we suppose that this population reproduces randomly, we can compute the change in allele frequency of A between t = 0 and t = 1. We can show that:

∆f A = f A f a w [f A (w AA -w Aa ) -f a (w aa -w Aa )] = f A f a d ln w 2df A (1.69)
From 1.69, two observations can be made:

• The only state of stable polymorphic equilibrium is when the selective value of heterozygotes is greater than that of both homozygotes (w Aa > w aa and w Aa > w AA ). This special situation is called overdominance and is quite rare in nature [START_REF] Fiévet | Variabilité du protéome enzymatique et contrôle métabolique : vers un modèle biochimique de l'hétérosis[END_REF]).

• Another special case is when the selective value of heterozygotes is lower than that of both homozygotes (w Aa < w aa and w Aa < w AA ). In that case, called underdominance, the frequency of the A allele can increase or decrease, depending on the value of the ratio f A fa as compared to the ratio waa-w Aa w AA -w Aa .

• In all other cases, the frequency of the most favorable allele will increase until fixation.

• Natural selection leads to the increase of mean population fitness. The speed of change of allelic frequencies are proportional to d ln w 2df A . However, a local maximum can be reached. Then, natural seletion does not guarantee fitness maximization.

Again, in this equation, fitness is viewed as a relative measure of reproductive success and several notations can be used:

AA

Aa aa w AA w Aa w aa 1 + s 1 + hs 1 1 1 -hs 1 -s Table 1.2: Different fitness notations s is the selection coefficient, h is called the degree of dominance and both s and h are included between 0 and 1. Dominance affects the speed of fixation by changing the relative selective value of heterozygotes, as compared to the two homozygotes.

In the absence of other evolutionary pressures, a favorable allele's fate depends on the selective value of the heterozygotes compared to that of homozygotes. There is a state of polymorphic equilibrium only when the value selective heterozygotes is greater than that of both homozygotes (called overdominance). In all other cases, an allele is lost. So in general, natural selection does not allow to explain the genetic polymorphism observed in populations. However notable exceptions do exists like: frequency dependent selection (w(f A )) and selection varying through time or space ( w(f A , x, y, z, t)).

Selection from the vantage point of a quantitative trait and the breeder equation

Until now, we adopted the vision of traditional population genetics and focused more on the change of allele frequencies due to evolutionary pressures without much focus on the phenotypic trait. If the previous monolocus models are of considerable importance for discrete traits such as bacterial resistance, quantitative traits that take continuous values are not as well depicted, as they are encoded by many genes along the genome. R.A. Fisher, the father of quantitative genetics, while reconciling the Mendelian school of genetics with the biometricians of his time, proposed a very rich and insightful view of adaptation. We will start by presenting the effect of selection on a trait, without much focus on the underlying genes before making the link with population genetics as Fisher did by considering his famous infinitesimal model.

Fisher's decomposition of phenotypic effects

Indeed, in 1918, Fisher proposed a probabilistic model of decomposition of the phenotypic value. One can consider a quantitative trait Y , as the sum of a genetic effect (G), the average effect of a genotype on its phenotype, and one micro-environmental effects (E). The micro-environmental components of the parents are independent of those of the children in the absence of environmental correlations, and specific to each individual. (Note, however, that E can be transmitted in part for all characters having a "social" component). When two different genotypes respond to environmental variation in different ways, one need also to include G × E interactions, that we won't elucidate here. Hence one can write:

Y = G + E + G × E (1.70)
We will neglect G × E interactions for this introduction, and only consider:

Y = G + E (1.71)
Based on Mendelian transmission of genes in a panmictic population, one can further decompose the genetic effects G into additive effects (A) and non additive effects (N A): G = A + N A = A + D + I + W with N A = D + I + W where we have:

(1.72)

• Additive effects (A) : Each parent transmits to his children half of its additive effects, which corresponds to the fact that a parental gamete, at the end of meiosis, contains half of the genetic information of the parent.

• Dominance effects (D) : Dominance effects are interactions between alleles at the same locus. When gametes meet at random, it is impossible to predict the allele received from the mother knowing the allele received from the father. The dominance effect is therefore specific to each individual. Note that this doesn't hold with inbreeding.

• Epistatic effects (I) : Epistatic effects are interactions between alleles at different loci. In the presence of genetic linkage, some of the effects of epistasis are transmitted as additive effects.

• Meiosis effects (W ) : A parent transmitting half of his genes, he transmits in average half of its additive genetic value. However, the transmission results from the random draw of a copy of each gene among the two, the value of the offspring therefore includes a random term.

Notice that all terms above are random variables that can be described by a mean and a variance in a population. V(Y ) is the phenotypic variance in the population. Because in Fisher's model, all random terms A, D, I, W and E are supposed to be independent, we have:

V(Y ) = V(G) + V(E) (1.73) V(G) = V(A) + V(D) + V(I) + V(W ) (1.74)
In a population, each individual has a different phenotype. Phenotypic similarity between relatives can only be approached statistically by the measurement of a covariance. However, one can express the phenotype of an offspring subscripted with the letter o, according to the genetic effects of its father (subscripted with f) and its mother (subscripted with m):

Y f = A f + D f + I f + W f + E f Y m = A m + D m + I m + W m + E m ⇒ Y o = 1 2 A f + 1 2 A m + D o + I o + W o + E o (1.75)
Recall that the subscripts chosen for the component of Y o are the result of many hypotheses:

• Panmixia : Dominance and epistasis effects in the offspring cannot be predicted.

• Linkage equilibrium : Epistasis effect in the offspring result from the random shuffling of allelic combinations at different loci.

• Absence of common environmental effect

Given those hypotheses, the only effects that are transmitted from parent to offspring are the additive effects. The covariance between a father and one of it's offspring writes:

Cov(Y f , Y o ) = Cov(A f + D f + I f + W f + E f , 1 2 A f + 1 2 A m + D o + I o + W o + E o ) = Cov(A f , 1 2 A f ) + Cov(A f , 1 2 A m ) Cov(A f , D o ) + Cov(A f , I o )+ Cov(A f , W o ) + Cov(A f , E o ) + Cov(D f , 1 2 A f ) + Cov(D f , 1 2 A m )+ Cov(D f , D o ) + ... + Cov(E f , E o )
Provided the many hypotheses enumerated above, most of the terms are independent leading to a null covariance :

• Panmixia : Cov(A f , A m ) = 0, Cov(A f , D o ) = 0, Cov(D f , D o ) = 0, ...
• Linkage equilibrium : Cov(A f , I 0 ) = 0, Cov(I f , I o ) = 0, ...

• No transmission of environmental effects : Cov

(A f , E 0 ) = 0, Cov(E f , E o ) = 0, ... Thus, remembering that Cov(A f , A f ) = V(A): Cov(Y f , Y o ) = 1 2 V(A) (1.76)
Therefore, the regression line between parent and offspring has a slope b f /o equal to:

b f /o = 1 2 V(A) V(Y ) = 1 2 h 2 (1.77)
where h 2 is called the narrow sense heritability

With these tools, one can define the widely used concept of heritabilities:

• Broad sense heritability (H 2 ) : The proportion of genetic variance in the phenotypic variance and is computed as:

H 2 = V(G) V(P )
(1.78)

• Narrow sense heritability (h 2 ) : The proportion of additive variance in the phenotypic variance and is computed as:

h 2 = V(A) V(P )
(1.79)

We will be very cautious in their interpretation. Heritability must not be confounded with heredity. Indeed, heritabilities are defined as statistical concepts that are dependent on the population and environment in which there are estimated and do not represent the nature of inheritance. Heritabilities measure the relative parts of variance components in a population. A low heritability does not mean the absence of genetic determinism, but the absence of genetic variability for the trait in the population. For example, the character "number of ears" in the human population is genetically determined. The genetic variance is nevertheless very small compared to the phenotypic variance in the population, which is much more influenced by hairdressers ability, or other mishap... Therefore, the heritability of the number of ears in the human population is close to zero. Indeed, all variance components depend not only on the effect of the genes on the phenotype, but also on allele frequencies. Variance components and heritabilities can be computed for monogenic traits. Figure 1.10 shows the variation of the additive (VarA), dominance (VarD) and total genetic (VarG) variance for trait determined by a single locus with two alleles, A 1 and A 2 as a function of the allele frequency of A 1 .

Figure 1.10: Variance components change with allele frequencies in a panmictic population (in Hardy-Weinberg equilibrium) of genotypes with a single biallelic diploid locus. Extracted from [START_REF] Petrizzelli | Mathematical modelling and integration of complex biological data : analysis of the heterosis phenomenon in yeast[END_REF] Without dominance, the genetic and the additive variance are maximum when the genetic diversity is maximum, i.e. when f A1 = f A2 = 0.5. When one of the allele is dominant, the additive variance is not null but captures dominance effects: it is maximum when the allele frequency of the dominant allele is not too high. Moreover, because in Fisher's statistical decomposition of genetic effects, dominance terms are computed after adjusting for additive effect, the additive variance captures non-additive genetics effects.

The effect of selection on a quantitative trait As we have seen previously, selection does not modify the traits inheritance, but only the underlying allele frequencies, through the changes in the probability that a parent contributes to the next generation. Let's consider a panmictic population with non overlapping generations, and no effect of sex on the considered phenotype. Let's call X t the random variable that describes the phenotypic value of an individual of the population at generation t. X f t (resp. X m t ) corresponds to the phenotypic value of the father (resp. mother) of individual X t+1 . First, we can use the parent-offspring regression model to describe the phenotypic value of the offspring at generation t + 1:

X t+1 = µ t + h 2 ( X f t + X m t 2
-µ t ) + , with ∼ N (0, σ 2 ) and µ t = E(X t ) (1.80)

Now, let's consider a fitness function giving the probability that a parent of a given phenotype reproduces: w(x). We first want to compute the mean of the selected parents. This can be achieved by integrating on all possible parental phenotypic values, weighted by their respective probability of reproduction w(x), and the density f t (x) of the phenotypic values at time t. We have to normalize it by the integrated product w = +∞ -∞ w(x)f t (x), i.e. the mean fitness of the population. We have then:

µ s,t = +∞ -∞ x t w(x)f t (x)dx +∞ -∞ w(x)f t (x)dx (1.81)
We are now interested in the expected mean of the new generation of individuals. We have:

µ t+1 = µ t + h 2 (µ s,t -µ t ) ⇐⇒ µ t+1 -µ t = h 2 (µ s,t -µ t )
(1.82) µ t+1 -µ t is the difference between the mean of generation t + 1 and the mean of the whole parental population, also called selection response R: R = µ t+1 -µ t

(1.83) µ s,t -µ t is the difference between the mean of the selected parents at generation t and the mean of the whole parental population, also called selection differential S.

S = µ s,t -µ t (1.84)
Written this way, we obtain the famous breeder equation:

R = h 2 S (1.85)
In other words, the response to selection is proportionally linked to the difference between selected individuals and the whole population by the narrow sense heritability.

N.B: if we have access to several consecutive generations, several couples (R t , S t ) can be computed, and we can define the realized heritability, as the regression slope of R = f (S).

Selection Types Traditionally, we distinguish several types of selection, characterized by distinct fitness function: Stabilizing selection: Where selection acts against individual with the most extreme values, the highest and the lowest one, whose fitness is minimal.

Directional selection:

Where selection acts in one direction against the most extreme of the phenotypic distribution. One example widely used by breeder is truncation selection, where only individual above (or below) a threshold are allowed to reproduce. Disruptive selection: Where selection acts against individual with intermediate phenotypic values.

In the particular case of truncation selection, w(x) = 0 for x lower than the truncation threshold T , and w(x) = 1 otherwise, as represented by the red area in (Figure 1.11). Here, S is expressed in the unit of the measured phenotype and difficult to interpret and compare to other selected trait. Truncation selection consist in reproducing only the individuals having X t higher than a given threshold. µ s,t is the mean of the selected individuals.

Therefore it is often normalized by the standard deviation of the trait: S = iσ P where σ P is the phenotypic standard deviation, and i is called selection intensity and corresponds to the average value of the right-tail of a N ormal(0, 1) distribution truncated at (T -µ t )/σ P . This lead to an other equivalent way of presenting the breeder equation:

R = h 2 S = σ 2 A σ 2 P iσ P = ih 2 σ P (1.86)
This writing emphasizes here the fact that the selection response is proportional to the selection intensity, the the narrow sense heritability, and the amount of phenotypic variance.

The infinitesimal model

The central assumptions of many quantitative-genetic selection models rely on the hypothesis that the number of loci is assumed to be sufficiently large so that the amount of phenotypic variation attributable to any single locus is small, and hence the amount of selection on any locus is also small. The infinitesimal model have been proposed by Fisher Ronald Aylmer (1930) as the as the limit of Mendelian inheritance, where a phenotypic trait is represented by the total sum of an effectively infinite number of Mendelian loci, each contributing an infinitesimal amount to the total phenotype. It was mathematically formalized by [START_REF] Bulmer | The mathematical theory of quantitative genetics[END_REF], and revisited more recently by [START_REF] Barton | The infinitesimal model: Definition, derivation, and implications[END_REF].

Under the infinitesimal model, allele frequencies remains approximately unchanged by selection. Selection acts on the mean phenotypic value of a population by summing infinitesimal allele frequency changes at a large number of loci. To get an intuitive idea of the phenomenon, consider n independent (in linkage equilibrium) biallelic loci with alleles L and l. Let's consider that each locus has the same effects (L having an allelic effects +a and l having an effect equal to zero) and same frequencies (L being in frequency p and l in frequency 1 -p). Then the expected values for the trait mean and variance are: µ A = 2npa and variance V(A) = 2np(1 -p)a 2 (1.87)

For V(A) to be bounded when n → ∞, a need to be in order of O( 1 √ n ). Let's consider a change in allele frequency ∆p, then

∆µ A = 2 • n • a • ∆p (1.88)
If a is of order O( 1 √ n ), ∆µ A will be of order O( √ n • ∆p). If n in large enough, this may correspond to an observable change in the trait mean value.

Under the infinitesimal model, the mean value of a trait can change under selection without noticeable allele frequency changes.

It easily follows that after one generation of selection:

∆ V(A) = 2n∆p(1 -2p -∆p) (1.89) ≈ a(1 -2p)∆µ (1.90)
Since a is of the order of magnitude of O( 1√ n ), ∆ V(A) is of the order of magnitude of O(∆p) which is close to zero.

Under the infinitesimal model and linkage equilibrium, selection doesn't change the additive genetic variance.

Selection gradient

Let's return to the selective value w t (x) associated to phenotype x. Assume that this function is continuous and integrable for all values of x. The mean fitness of the population is:

w t = w t (x)f (x)dx
(1.91)

As we have seen, selection will lead to a mean fitness change, due to a mean trait change. Let's presume that X t ∼ N (µ t , V(P )). We want to quantify this mean fitness change, due to a mean trait change. In other words, we are interested in assessing dwt dµt , but to do so we need to use the fact that the fitness of an individual w t (x) is independent of the phenotypic mean µ t of the population and we need to use the following property:

df (x t ) dµ t ≈ f (x t ) x t -µ t V(P ) (1.92)
One find then:

dw t dµ t = 1 V(P ) x t w t (x t )f (x t )dx t -µ t w t (x)f (x t )dx t (1.93) = 1 V(P ) [w t µ s,t -µ t w t ] (1.94) ⇐⇒ µ s,t -µ t = V(P ) d ln w t dµ t (1.95)
One can then rewrite the breeder equation as:

R = µ t+1 -µ t = V(A) d ln w t dµ t (1.96)
where d ln wt dµt is called the selection gradient. It is measured as the slope of the function linking the population mean selective value to the population phenotypic mean and reflects the strength of selection on the trait. This formulation, and its extension to the multivariate case, was initially proposed by [START_REF] Lande | Natural Selection and Random Genetic Drift in Phenotypic Evolution[END_REF]Lande ( , 1979)). It highlights three observations:

• The response to selection on a trait depends on both the additive variance and the strength of selection.

• Selection will move the population phenotypic mean towards a local optimum of the fitness function.

• The applications of quantitative genetics are not reduced to breeding programs and also cover the study of evolution in natural populations.

Fitness landscape definition

A famous visualization of the relationship between fitness and genotypes has been promoted by [START_REF] Wright | The roles of mutation, inbreeding, crossbreeding, and selection in evolution[END_REF]: the concept of fitness landscape. Indeed, if we consider fitness as a function defined on a multidimensional genotypic space, we can represent it on a diagram with one axis representing the fitness value and one or two axes as projection of the genotypic space, as shown figure 1.12. Fitness landscapes are often depicted as ranges of mountains, where points from which all paths are downhill, are called local adaptive peaks, and regions from which many paths lead uphills are called valleys. A fitness landscape with many peaks and valleys is called rugged. In this landscape, the distance between two points can be seen as an evolutionary distance.

Hence, adaptation can be seen as the gradual walk of a population towards an adaptive peak.

Figure 1.12: S. Wright's visualization of a fitness landscape, [START_REF] Wright | The roles of mutation, inbreeding, crossbreeding, and selection in evolution[END_REF]. The two dimensions represent two phenotypic traits and the contour lines the fitness.

Three main fitness landscape types have been used:

• Genotypes fitness landscapes: Fitness is considered as a function defined on a multidimensional genotypic space. This space is not continuous. Instead each points is linked to another through a mutational network.

• Allele frequencies fitness landscapes: Fitness is considered as a function of allele frequencies.

• Phenotypes fitness landscapes: Fitness is considered as a function defined on a space of phenotypic traits.

Let's consider a phenotypes fitness landscape. If all the traits that determine fitness have Gaussian distributions, we can use the properties of the multivariate normal distribution to extend Lande's equation to the multitrait case. For example for two taits A and B, we will have:

∆µ A ∆µ B = V(A A ) Cov(A A , A B ) Cov(A A , A B ) V(A B ) β A = ∂ ln wt ∂µ A β B = ∂ ln wt ∂µ B (1.97) ∆ - → µ = G - → β (1.98)
The β coefficients are called selection gradient and determine the adaptive landscape. G is the variance-covariance matrix of additive effects. It is called G matrix. By determining the strongest axes of genetic variation, the matrix G will determine the direction of phenotypic evolution in a given adaptive landscape.

Other evolutionary forces

In this thesis, I chose to detail the evolutionary forces that will be of particular interest for my work. Two other evolutionary forces are of importance in evolutionary biology: migration and mating system. I briefly review here some fundamentals and will develop self-fertilisation (after introducing the concept of effective population size which is central when considering interacting evolutionary forces).

Migration

Migration brings new alleles into a population. From a population genetics point of view, its effect are similar to those of mutations: a migrant arrives with its haplotypes and it is a source of linkage disequilibrium. In diploids, effects of migration on allele frequencies depend on whether the migrants arrived as diploids (the individuals are moving) or haploids (gametes or gametophytes are moving). Also, migration rates can be much higher than mutation rates.

At one biallelic locus, the admixture of two panmictic populations results in a deficit in the frequency of heterozygotes, as compared to Hardy-Weinberg proportions. This effect, also known as Wahlund effect [START_REF] Wahlund | Zusammensetzung von Population und Korrelationserscheinung vom Standpunkt der Vererbungslehre aus betrachtet[END_REF]. , has led to the concept of F-statistics that measures the differentiation between and within populations [START_REF] Wright | The genealogical structure of populations[END_REF].

More generally, migration is associated with the concept of metapopulations: the individuals of the same species form a network of populations that are interconnected by migration [START_REF] Levins | Some Demographic and Genetic Consequences of Environmental Heterogeneity for Biological Control[END_REF][START_REF] Couvet | De la Métapopulation au voisinage : la génétique des populations en déséquilibre From metapopulation to neighbourhood : genetics of unbalanced populations[END_REF].

Mating systems

In sexual eukaryotes, the mating system describes the encounter of gametes or gametophytes prime to fecundation. Mating systems typically change the relation between allelic and genotypic frequencies. The reference mating system is panmixia or random mating, that results, within a single generation in the Hardy-Weinberg equilibrium. The mating system can be determined by single loci or chromosomes like in the case of auto-incompatibility or sex determination, or by phenotypic traits like in the case of homogamy (preference mating between similar individuals) or heterogamy (preference mating between dissimilar individuals). In all cases, it results either in an excess, or in a deficit of heterozygotes.

Interaction between evolutionary forces

Evolutionary forces rarely act alone. Rather, genetic and phenotypic diversity that can be observed in a population at a given generation are the result of the combination of evolutionary forces during many generations. Here, I detail theoretical advances that allowed to better understand interactions between evolutionary forces.

Effective population size: Ne

Wright-Fisher model is very convenient for its mathematical properties but is based on an idealized view of populations. However, most populations deviate from these hypotheses, especially when they encounter several interacting evolutionary forces. One way to circumvent this issue would be to design more realistic models, like Moran models [START_REF] Moran | Random processes in genetics[END_REF] allowing for overlapping generations and used to model birth-death processes. The results obtained with Moran models, however, often converge to the ones obtained with Wright-Fisher model, as N increases.

In 1931, S.W. Wright suggested an other approach: the concept of effective population size, which became essential in population genetics. In simple terms, the effective population size is equivalent to the number of individuals that an ideal population (like a Wright-Fisher population or a Moran population) would require to get the same behavior as the focal population. The different factors affecting N e have been listed in [START_REF] Charlesworth | Fundamental concepts in genetics: Effective population size and patterns of molecular evolution and variation[END_REF]:

• Variation in offspring number per individual that does not follow a binomial distribution.

• Inbreeding that tends to decrease N e .

• Changes in population size: for example, population bottlenecks greatly reduce N e .

• Genetic structure and selection: the long-term maintenance of two or more alleles by balancing selection results in an increase in N e at sites that are closely linked to the target of selection. In contrast, directional selection causes a reduction in N e at linked sites. This process correspond to the Hill-Robertson effect.

• Inheritance mode: for example, autosomal, X-linked, Y-linked or organelle.

• Separate sexes and differences in male and female census size (decrease N e resulting from this mechanism is encountered in bovine breeding programs).

• Age-and stage-structured populations.

• Spatial structure and metapopulations.

Yet, the many ways to depart from an idealized population do not affect the different properties in the same way. This led to many different interpretations, and different methods for the estimation of N e [START_REF] Kimura | The Measurement of Effective Population Number[END_REF]Crow and Kimura, 1971).

Inbreeding effective size (N f

e ): Let's consider a single locus in an ideal monoecious diploid population, reproducing trough panmixia, with possible selfing, and no selection. A progeny is produced by randomly drawing with replacement a pair of alleles in an infinite pool of gametes. Let's consider the inbreeding coefficient, the probability that two alleles at any locus in an individual are identical by descent, f t at generation t.

f t = 1 2N t-1 + 1 - 1 2N t-1 f t-1 (1.99)
It corresponds to the probability that the two alleles of the progeny come from the same parental allele ( 1 2Nt-1 ) plus the probability that the two drawn alleles don't 1 -1 2Nt-1 but were nevertheless identical by descent in the previous generation, f t-1 . Now let's consider a non ideal population, and call P t the probability that two uniting gametes comes from the same parent. Then we have:

f t = P t 2 + 1 - P t 2 f t-1 (1.100)
Indeed, the probability that the two alleles of the progeny comes from the same parental allele is equal to the probability that they come from the same parent P t times the probability that the probability that they are the same 1/2. Then, the two equation are equivalent if:

P t = 1 N t (1.101)
Therefore, one can define the inbreeding effective population size as the inverse of the probability that two randomly chosen gametes come from the same parent.

N f e = 1 P t (1.102)
Hence this effective population size definition relies on the number of individuals in the parental population. Now, let's try to compute P t more generally. Let's call k t,i the random variable giving the number of gametes of individual i at time t, with mean k and variance V k . The number of ways in which two gametes can be chosen out of the total number of gametes

N t-1 k, is Nt-1k 2 of which i kt-1,i 2
is the number of cases in which two gametes come from the same parent. Hence,

P t = i kt-1,i 2 Nt-1k 2 = i k t-1,i (k t-1,i -1) N t-1 k(N t-1 k -1) (1.103)
After noting that,

k = i k t-1,i N t-1 and V k = i k t-1,i 2 N t-1 -k 2 and N t-1 k = 2N t (1.104)
it follows,

P t = V k + k(k -1) k(2N t -1) (1.105)
Finally, we have:

N f e = 2N t -1 k -1 + V k /k (1.106)
If the population size remains constant, k = 2, and N f e depends on the census population size and on the variance of offspring numbers

V k N f e = 4N -2 V k + 2 (1.107)
The inbreeding effective size is the size of an ideal population that would have the same inbreeding coefficient as the observed one.

Variance effective size (N v e ): In our previous diploid Wright-Fisher model, we have seen that:

V(p t+1 |p t ) = p t (1 -p t ) 2N (1.108)
If we estimate V(p t+1 |p t ) in a sampled population, var(p t+1 |p t ) is typically larger than the former variance, but if we replace the former by the later in the above formula and solve for N, we can derive:

N v e = p t (1 -p t ) var(p t ) (1.109)
Using the same kind of reasoning as for the inbreeding effective population size, Crow and Kimura (1971) derived the following expression:

N v e = (2N t-1 -1)k 2(1 + V k /k) (1.110)
Here the variance effective size is related to the progenies' population size.

If the population size remains constant, k = 2, hence:

N v e = 4N -2 V k + 2 (1.111)
The variance effective size is the size of an ideal population that would have the same variance of allele frequencies from one generation to the next as the observed one.

We have seen, that if the population size remains constant, N f e and N v e are equivalent. However, they won't be if the population size changes. Consider two extreme cases: firstly if one individual gives rise to many offspring (i.e. N t-1 = 1 and k → ∞), N f e = 1 while N v e → ∞; secondly, if each parent gives rise to only one child, (i.e. k = 1 and

V k = 0), N f e → ∞ but N v e stays finite.

Coalescent effective size (N c e ):

We can use the derived parameters of the coalescent theory to estimate N c e . If we place ourselves under the infinite site model, we can define the nucleotide diversity π as the probability that two nucleotides differ in two randomly drawn individuals, which corresponds to the probability of mutation before coalescence, which is equal to

π = θ 1 + θ ≈ θ = 4N c e µ (1.112)
Therefore, knowing the mutation rate and the nucleotidic diversity, one can estimate directly the effective population size from the nucleotide site diversity.

N c e = π 4µ (1.113)
The coalescent effective size is the size of an ideal population that would have the same nucleotidic diversity as the observed one, given the mutation rate.

If we recall, that the time going back to their most recent common ancestor for an haploid Write-Fisher population, is equal to 2N (1 -1/k) in a sample of k individuals, then we can also estimate N c e from the estimation of the T M RCA .

Variation in population size through generations: Setting N constant through time, we have seen that E(H t ) = H 0 (1 -1 N ) t , but if we allow for fluctuations for N t we can write:

E(H t )/H 0 = t-1 k=0 (1 - 1 N k ) = (1 - 1 N e ) t (1.114)
This equation can be approximated if the N k are large enough and t small:

1 - t N d e = t - t-1 k=0 1 N k (1.115) or 1 N d e = 1 t t-1 k=0 1 N k (1.116)
Thus, if population size changes through time, the effective population size can be approached by the harmonic mean of all population sizes. The demographic effective size is the size of an ideal population that would have the same decrease of Nei's diversity index as the observed one.

See here that, N d e is highly impacted by the smallest values of N k , i.e. by demographical bottleneck.

Self-fertilization

Autogamy, or selfing, refers to the fusion of two gametes that come from one individual. Population geneticists defined the widely used selfing coefficient, σ, the probability of self-fertilization in a population that can vary widely between species [START_REF] Goodwillie | The evolutionary enigma of mixed mating systems in plants: Occurrence, theoretical explanations, and empirical evidence[END_REF]. Following Julien (2019) thesis introduction (publicly available in the coming weeks), autogamy, or selfing, is characterised by the decrease in heterozygosity throughout the genome because of the non independent sampling of gametes during fecondation [START_REF] Caballero | Effects of partial inbreeding on fixation rates and variation of mutant genes[END_REF]. In the extreme case in which a population reproduce exclusively through selfing (σ = 1), the proportion of heterozygous individual at one locus H Obs decreases as:

H Obs (t) = H Obs (0) × 1 2 t
(1.117) (Crow and Kimura, 1971). Or in other words, at one locus, initial heterozygozity is expected to be divided by two at each generation of selfing. This effect leads to a reduction in the effective population size (Fig. 1.13). But, one first can try to compare this deficit in heterozygozity to the expected heterozgosity in a panmictic population. This led to the definition of the F-statistic [START_REF] Wright | The genealogical structure of populations[END_REF]:

F IS = 1 - H e H Obs (1.118)
, where H e is the expected heterozygosity in panmixia (2p(1 -p), with p the allele frequency) Armed with this definition, [START_REF] Pollak | On the theory of partially inbreeding finite populations. II. Partial sib mating[END_REF] linked this inbreeding coefficient to the inbreeding population size:

N f e = N 1 + F IS (1.119)
Hence, in complete selfing (σ = 1), i.e. F IS = 1, the effective population size is essentially divided by two, compared to an allogamous population. Therefore, we expect an increase of the impact of drift compared to panmixia (Fig. 1.13). Note, that this increase in homozygosity reduces the impact of recombination, i.e a decrease in effective recombination rate r e [START_REF] Golding | Linkage disequilibrium in a finite population that is partially selfing[END_REF][START_REF] Nordborg | Linkage disequilibrium, gene trees and selfing: An ancestral recombination graph with partial self-fertilization[END_REF]. So that :

r e = (1 -F IS ) × r (1.120)
Indeed, if all loci are homozygous, recombination cannot change haplotypes. In other words, selfing creates linkage disequilibrium that cannot be removed. This effect can be seen very clearly when comparing the extent of linkage disequilibrium in Arabidopsis thaliana, a highly autogamous plant in which LD was detected over 100kb [START_REF] Nordborg | The Pattern of Polymorphism in Arabidopsis thaliana[END_REF], while [START_REF] Tenaillon | Patterns of DNA sequence polymorphism along chromosome 1 of maize (Zea mays ssp. mays L.)[END_REF] showed LD limited to few hundreds of bases in allogamous maize. This less efficient recombination leads to an increase in genetic hitchhiking [START_REF] Smith | The hitch-hiking effect of a favourable gene[END_REF] when selecting for a favorable allele (selective sweep), and to background selection when counterselecting for a deleterious mutation. These two effects of selection further deplete neutral genetic diversity [START_REF] Barton | Genetic hitchhiking[END_REF], especially in autogamous populations (Fig. 1.13).

However, unlike the case of allogamy, a new population can emerge from a single self-pollinated individual, playing a central role in colonisation events of new habitats [START_REF] Baker | Support for Baker's Law-As a Rule[END_REF]. However, such foundation events have drastic effects on adaptive capacity of autogamous populations , due to extreme genetic diversity decrease, high drift [START_REF] Whitlock | The Effective Size of a Subdivided Population[END_REF].

Figure 1.13: Schematic summary of selfing on adaptive capacity of autogamous population Extracted from [START_REF] Burgarella | Population Genetics and Genome Evolution of Selfing Species[END_REF] 

Drift and Mutation : molecular evolution

Interactions between drift and selection have been widely studied to predict the patterns of molecular evolution. As shown previously, random genetic drift leads to coalescence of pedigrees, and all individuals of a sample are expected to descend from a single ancestor, the M RCA. All mutations that occurred in the ancestral path of the M RCA are fixed within populations, but the mutations that occurred on the different lineages descending from the M RCA constitute the genetic diversity of the population.

Let us consider a diploid population constituted of N e individuals. Considering a mutation rate µ, we expect µr mutations in r generations and if we measure time in unit of 2N e generations, where t = r 2Ne , we would expect 2N e µt mutations on a lineage of length t. The number of mutation separating two lineages is then twice that, i.e. 4N e µt. We can now define the widely used parameter θ = 4N eµ that measures the nucleotidic diversity. Different methods have been proposed to estimate θ, that rely on two modeling approaches : the infinite alleles model, or the infinite sites model.

Infinite alleles model

This model was suggested by Crow and Kimura (1971), and the following ideas are extracted from their papers. This model suggests that the number of possible alleles is so great that each mutation always corresponds to a new allele. To illustrate this assumption, we can compute the number of possible sequences for a gene of length 4000bp (mean size of a maize gene): as 4 4000 = 10 4000 log 4 log 10 = 10 2408 , among which 3 × 4000 = 12000 can be reach by a one base change. Therefore, the probability that a mutation occurs at the same loci is 1 12000 , in this example. The number of possible alleles is essentially infinite.

Inbreeding coefficient

In a panmictic population of effective size N e , [START_REF] Wright | Evolution in Mendelian Populations[END_REF] and [START_REF] Malécot | Les Mathematiques de l'Heredite[END_REF] showed that F t , the inbreeding coefficient in generation t, or in other words the probability of identity by descent of two alleles without mutation can be written as:

F t = 1 2N e + 2N e -1 2N e F t-1 (1.121)
If we include mutations, i.e. with (1 -µ) 2 being the probability that neither allele is mutated at the previous generation, it becomes:

F t = [ 1 2N e + 2N e -1 2N e F t-1 ](1 -µ) 2 (1.122)
As we have seen, drift leads to the loss of allelic diversity and mutation is the only force producing new alleles. Therefore, an equilibrium, the "mutation-drift equilibrium", might be possible. If we set, F t = F t-1 = F , neglect µ 2 terms, and solve for F, we obtain:

F ≈ 1 -2µ 4N e µ -2µ + 1 ≈ 1 4N e µ + 1 ≈ 1 θ + 1 (1.123)
F can here be seen as the probability that a random individual will be homozygous, or the probability that two randomly chosen alleles will be identical by descent. If 4N e << 1 µ , F reaches 1 and all alleles are identical by descent. If 4N e >> 1 µ more alleles are expected to be maintained in the population, and as Ne increases the number of heterozygotes gets larger.

Number of alleles

One might be interested in knowing the number of different alleles that are present in a population. If we look backwards from k lineages, and consider the time between k and k -1 lineages, there are two possibilities : either a mutation occurs, that will increase the number of alleles by one, or a coalescence event occurs. A coalescence event occurs with probability k(k-1) 2 1 2N as seen before. A mutation event occurs with probability kµ. If we measure time in units of 2N generations, coalescence occurs at rate k(k-1) 2 and mutation at rate kθ 2 . Therefore the probability that a mutation occurs first is:

kθ 2 kθ 2 + k(k-1) 2 = θ θ + k -1 (1.124)
and the probability that a coalescence event occurs first is:

k(k-1) 2 kθ 2 + k(k-1) 2 = k -1 θ + k -1 (1.125)
Using this reasoning, [START_REF] Watterson | On the number of segregating sites in genetical models without recombination[END_REF] derived an approximate value for the expectation of the number of alleles K n found in a sample of size n:

E(K n ) ∼ θ log(n) (1.126)
This gives us an asymptotic estimator of θ: Kn log n , called the Watterson estimator. Unfortunately, the variance of K n is high (V(K n ) ∼ θ log(n)), and the convergence to the approximates value is very slow (in times proportional to 1 log n ). [START_REF] Ewens | The sampling theory of selectively neutral alleles[END_REF] refined this expression by giving the explicit distribution of allelic occurence in a sample of size n, also know as Ewen's sampling formula:

Pr θ,n (a 1 , ..., a n ) = n! θ(θ + 1)...(θ + n -1) n j=1 (θ/j) aj a j ! (1.127)
where Pr θ,n (a 1 , ..., a n ) is the probability of observing a 1 allele present one time, ..., a i alleles present i times, to a n allele present n times. Using this distribution, it is possible to derive an estimate of θ from the observed number of alleles in a sample:

E(K n ) = 1 + θ θ + 1 + θ θ + 2 + ... + θ θ + n (1.128)

Infinite sites model

The infinite alleles model was developed and greatly studied at a time were genetic information was gathered through indirect means and only few loci were therefore considered. With the advance of genomics, and the availability of whole genome sequences, the other model also developed by Kimura (1969), the infinite sites model, became more natural to study. In this approach, the main hypothesis is that a mutation always occurs at distinct nucleotide/site.

In this framework, we can first try to consider the number of segregating variant, S n in a sample of size n. We showed previously, that if N is large and time is measured in unit of 2N generations, the amount of time in the coalescent during which there are j lineages, t j ∼ Exp( j(j-1)

2

). If we look at the whole tree, and compute its total length, T tot = n j=2 jt j , and take its expected value:

E(T tot ) = n j=2 j E(t j ) = n j=2 j 2 j(j -1) = 2 n j=2 1 j -1 = 2 n-1 j=1 1 j (1.129)
As mutation occurs at a rate 2N e µ,

E(S n ) = 2N µ E(T tot ) = θ n-1 j=1 1 j (1.130)
Knowing that the harmonic series converge to log(n) when n goes to infinity, the infinite sites model and the infinite allele model become equivalent for large n. One can also prove that:

V(S n ) = θ n-1 j=1 1 j + θ 2 n-1 j=1 1 j 2 (1.131)
To compute the distribution of S n is a bit more difficult. But we can try to look at a sample of size 2. In the previous paragraph, we have shown that the probability that a mutation occurs before a coalescence event is (replacing by k=2): θ θ+1 and that the probability that a coalescence event occurs first is 1 θ+1 . Armed with these, we can compute the probability that S 2 = 1, i.e. the probability that a mutation occurred first and then a coalescence event:

Pr(S 2 = 1) = θ θ + 1 1 θ + 1 (1.132)
Pr(S 2 = 2) corresponds to the probability that two mutations occurred before a coalescence event, in this case:

Pr(S 2 = 2) = θ θ + 1 2 1 θ + 1 (1.133)
Iterating we obtain:

Pr(S 2 = i) = θ θ + 1 i 1 θ + 1
(1.134) Tavaré (1984) refined this expression by giving the explicit distribution of the number of segregating sites in a sample of size n, S n : 

Pr(S n = k) = n -1 θ n-1 i=1 (-1) i-1 n -2 i -1 θ θ + i k+1 (1.135)

Unfolded and Folded site frequency spectrum (SFS)

The previous distribution constitutes a great insight on how much sanding variation we would expect to see under mutation and drift alone. However, it gives little information on how it is distributed among individuals of the same population. An alternative description, widely used among population geneticists, is the site frequency spectrum. But first we need to define an ancestral allele as the allele of the most recent common ancestor of the sample, and a derived allele. For single nucleotide polymorphisms (SNPs) one can attribute 0 to the ancestral state, and 1 to the derived alleles. For example, for n=5 and 3 polymorphic sites, one can write:

Sequences Site 1 Site 2 Site 3 Ind 1 (ancestral) 0 0 0 Ind 2 0 1 1 Ind 3 0 1 1 Ind 4 1 0 1 Ind 5 1 0 1
Then we compute the allele frequencies of the derived alleles (here 2/5, 2/5 and 4/5). And after that, one can compute the proportion of derived alleles with frequencies equal to 1/n, 2/n, ... n-1/n. In the example, 0/3 derived alleles have a frequency of 1/5, 2/3 derived alleles have a frequency of 2/5, 0/3 derived alleles have a frequency of 3/5, and 1/3 derived alleles have a frequency of 4/5. Hence the definition of the unfolded site frequency spectrum, f :

f = (f 1 , f 2 , ..., f n-1 ) (1.136)
where f 1 is the proportion of sites whose derived alleles have the lowest frequency possible 1/n (in the example f 1 = 0) and are called singletons, f i is the proportion of sites whose derived alleles are in frequency i/n, etc. (f = (0, 2/3, 0, 1/3)) What is the expected distribution of the folded SFS under drift and mutation alone ? First, let's consider f 1 the proportion of singletons, (in frequency 1/n). If a mutation occurs on the external branches of Kingman coalescent tree, it will result in a singleton. However, if it happens on the internal branches of the tree, the mutation will be shared by at least two individuals. We can show that the expected length of the external branches of the tree is equal to 2, (with time in unit of 2N generation). As we would expect θ 2 × t, mutations on a branch of length t, the expected number of singleton is only θ. Therefore:

E(f 1 ) = θ θ n-1 j=1 1 j = 1 n-1 j=1 1 j
(1.137) [START_REF] Griffiths | The age of a mutation in a general coalescent tree[END_REF] used similar considerations to find the expected unfolded SFS, under a infinite site coalescent model:

E(f i ) = 1 i n-1 j=1 1 j with i ∈ [[1, n -1]]
(1.138) However, we see here that the definition of the unfolded site frequency spectrum is dependent on the knowledge of the ancestral state, but this is rarely possible. One might want to bypass this problem, by choosing an outgroup, an individual genetically distant from the sample (e.g. an individual of a closely related species), with the hypothesis that the outgroup is closer to the MRCA. However, one can also redefine the site frequency spectrum by folding it. This operation consists in defining f * , by adding together frequencies of the derived alleles and the ancestral alleles, by setting:

f * i = f i + f n-i if i < n 2 f i if i = n 2 (1.139) In our example, f * = (f * 1 = 0 + 1/3, f * 2 = 2/3 + 0)
Then the expected f * , can be computed as: The SFS is now widely used in molecular population genetics to compare observations to the expectations under different demographic (e.g. demographical expansion in humans [START_REF] Marth | The allele frequency spectrum in genomewide human variation data reveals signals of differential demographic history in three large world populations[END_REF][START_REF] Gutenkunst | Inferring the Joint Demographic History of Multiple Populations from Multidimensional SNP Frequency Data[END_REF]) or mutational scenarios (e.g. inference of the distribution of mutational effects in humans [START_REF] Boyko | Assessing the Evolutionary Impact of Amino Acid Mutations in the Human Genome[END_REF]).

E(f * i ) =      1/i+1/(n-i) n-1 j=1 1/j if i < n 2 1/i n-1 j=1 1/j if i = n

Interaction between selection and mutation

Whenever a new mutation has a selective effect, it will either increase in frequency (beneficial mutations) or decrease in frequency (detrimental mutations). The case of a single beneficial mutation has already been studied in the previous chapter. Here I detail two cases of interaction between selection and mutation. First, a detrimental mutation that recurrently appears at the same locus will lead to cryptopolymorphism. Second, because traits under selection generally have a polygenic basis, I show how Fisher's geometric model helped to think about the distribution of fitness effects.

Cryptopolymorphism

Let's consider a biallelic locus A, with two alleles, A in frequency p(t) and marginal fitness effect w A and a in frequency q(t) = 1 -p(t), w a , so that A mutates to a with probability µ and a mutates to A with probability ν. After one generation of selection and mutation, we have:

p(t + 1) = p(t)(1 -µ) w A w + (1 -p(t))ν w a w (1.141) p(t + 1) = p(t)(1 -µ -ν) w A w + ν (1.142)
Haldane (1927) studied the diploid case with dominance, so that genotypes AA have fitness 1, genotypes Aa have a fitness 1 -hs, and genotypes aa have a fitness 1 -s, were s is the selection coefficient as define above, and h is a dominance coefficient. We can then look at a mutation selection balance and solve ∆p = p(t + 1) -p(t) = 0. By making the assumption that ν µ, i.e. that the probability of reversion mutation is negligible, we can find the generic equilibrium frequency of a deleterious allele a:

q * = (1 + µ)hs -h 2 s 2 (1 + µ) 2 -4(1 -2h)µs 2(2h -1)s (1.143)
This simplifies greatly if we suppose that s µ and h µ s :

q * ≈ µ hs (1.144)
In the particular case where h = 1, i.e. a dominant:

q * = µ s (1.145)
and h = 0, i.e. A dominant:

q * = µ s (1.146)
This last case corresponds to the situation known as cryptopolymorphism, where a deleterious mutation can be maintained in a population at low frequency.

Fisher geometric model

In The Genetical Theory of Natural Selection, R. A. Fisher (1930), synthesized his vision of adaptation in a geometrical model. Fisher's Geometric Model (FGM) can be interpreted as an integration of the infinitesimal model in a multidimensional phenotypic landscape. It is mostly used to study the role of mutational effect in the adaptive response thanks to the small number of parameters it incorporates and the implicit inclusion of epistasis. For a review of this approach, see [START_REF] Tenaillon | The Utility of Fisher's Geometric Model in Evolutionary Genetics[END_REF].

An individual is represented by a point in a Euclidian multidimensional phenotypic space, where the axes correspond to combination of traits. The number of independent axes, or dimensionality n, represents the phenotypic complexity of an organism. An optimum is defined for all traits so that all individuals close to it are under stabilizing selection. Fisher used an isotropic model meaning that fitness decays similarly along all axes, but more complicated fitness functions can be included. Lande and Arnold (1983) for example used the following quadratic decay function. 2 where d is the distance to the optimum. One can extend this function to a more informative one as [START_REF] Tenaillon | Quantifying organismal complexity using a population genetic approach[END_REF]:

w(d) = e -d 2
w(d) = e -αd Q (1.147)
where:

• d is the phenotypic distance to the optimum of the reference genotype

• α and Q are robustness and epistasis parameters influencing the decay rate and the curvature of the fitness function. Mutations are included in this model through a vector that translates the parental phenotype to a new position in the phenotypic space. For the sake of simplicity, it is often assumed that a mutation has no preferred direction and affects all phenotypic axes, in what is called universal pleiotropy. Epistasis arises from the curvature of the fitness function because a mutation of vectorial effect r will not have the same effect on fitness if it arises in an individual far or close from the optimum. In other words, the effect of a mutation depends on the parental genetic background.

Fisher and later [START_REF] Hartl | Compensatory nearly neutral mutations: Selection without adaptation[END_REF] derived from the model the insightful fraction of beneficial mutations P ben . For n > 10 and the scaled distance to the optimum x = r 2d √ n:

P ben (x) ≈ 1 2π ∞ x e -u 2 2 du = 1 2 erfc( x √ 2 ) (1.148)
With erfc the complementary error function, P ben (x) < 1 2 . Therefore, we find the intuitive result that most mutation are deleterious (Figure 1.16). Furthermore, when mutation effects are small compared to the distance to the optimum r d << 1, P ben (x) tends to one half. This is in agreement with both the micro-evolutionist point of view that suggests that adaptation proceeds through infinitesimal steps towards an optimal value, and the quantitative genetics point of view (infinitesimal model). Another interesting result concerns pleiotropy, measured through the dimension of the fitness landscape. As pleiotropy increases, n increases and x = r

In Fisher Geometric Model, most mutations tend to be deleterious and the smaller their effects, the higher their probability to be advantageous.

Overall, this model integrates a rich model of mutation or epistatic interactions that emerges from few simple parameters: a fitness function, a genotype to phenotype map integrating pleiotropy, and a well defined mutation model. However, Fisher's geometric model failed to recognize the important role of genetic drift that a mutation encounters and has to overcome to go to fixation. Further refinements have been made: see [START_REF] Orr | The Population Genetics of Adaptation: The Distribution of Factors Fixed during Adaptive Evolution[END_REF][START_REF] Orr | The distribution of fitness effects among beneficial mutations in Fisher's geometric model of adaptation[END_REF][START_REF] Martin | The distribution of beneficial and fixed mutation fitness effects close to an optimum[END_REF], at the cost of extra approximations concerning mutations. An important contribution was to tackle the dynamics of fixation of beneficial mutations where evolution consists in the successive fixation of beneficial mutations. As the distance to the optimum gets smaller and smaller, the average effect of mutations that ultimately get fixed decreases at an exponential pace [START_REF] Orr | The Population Genetics of Adaptation: The Distribution of Factors Fixed during Adaptive Evolution[END_REF]). The whole distribution of mutations effects (see Figure 1.7) can also be computed from this model, but see [START_REF] Tenaillon | The Utility of Fisher's Geometric Model in Evolutionary Genetics[END_REF] and [START_REF] Martin | a General Multivariate Extension of Fisher'S Geometrical Model and the Distribution of Mutation Fitness Effects Across Species[END_REF].

We will note that Fisher's geometric model primarily focuses on the role of de novo mutations with no explicit standing variation and is widely used to model adaptation of asexual populations, while the infinitesimal model focuses more on the adaptive process of sexual populations with some standing genetic variation. "In that process, adaptation is not a single genotype moving in the phenotypic space, but rather a population of recombining and mutating genotypes, which can be characterized in most conditions by a Gaussian cloud." [START_REF] Tenaillon | The Utility of Fisher's Geometric Model in Evolutionary Genetics[END_REF] 

Interaction between drift and selection

As already discussed before, random genetic drift can counteract the effects of selection and may results in the fixation of a detrimental mutation or the loss of a beneficial mutation by chance. Again, both population and quantitative geneticists derived mathematical models to describe and predict the interaction between drift and selection. One one hand, the diffusion equations provide with the probability of fixation of a single mutation at one locus in a finite population. On the other hand, statistical models were developed in quantitative genetics to predict changes of genetic variance through time.

Fixation probabilities and the diffusion equations approximation

Let's focus on a Wright-Fisher haploid population of finite size N , and one diallelic locus, with to allele A and a such that allele a confers a fitness effect of 1 + s, with s the selection coefficient. We already know that the frequency of a beneficial allele should increase, while that of a deleterious allele should decrease. However, the stochasticity of genetic drift can cause this trend to dramatically change, even causing the frequency of a beneficial allele to decrease and the frequency of a deleterious allele to increase. We mentioned in paragraph 1.2.4.1, that selection has a smaller effect when A is either very common or very rare. We can wonder what is the probability of fixation of allele a in a finite population, with competing drift and selection. [START_REF] Kimura | Solution of a Process of Random Genetic Drift With a Continuous Model[END_REF], proposed an approximative approach called the diffusion equation approximation. This method has become a standard technique of population genetics. The diffusion equation approach uses a Markov chain model similar to what we use in paragraph 1.2.1. However, the solution to our question requires an extensive knowledge of stochastic processes that are beyond the scope of this introduction. Briefly, it requires the approximation of a discrete time Markov chain to a continuous time Markov process, for which the mathematical properties of an operator, called infinitesimal generator, are used to derive a stochastic differential equation. The diffusion approximation is accurate when selection is weak compared to genetic drift, i.e.: 2N s >> 1 for haploid population.

If we call u the probability that allele a, in initial frequency p, will get fixed, we can solve the aforesaid stochastic equation and show that:

u(p) = 1 -e -2N sp 1 -e -2N s (1.149)
If we consider a de novo mutation in frequency 1 N , we have:

u( 1 N ) = 1 -e -2s
1 -e -2N s (1.150)

A graphical representation is given figure 1.17.

From figure 1.17 and equation 1.150, we can see that the probability for a new mutation to go to fixation is almost independent of selection for small population size. With the number of individuals increasing, the efficiency of selection increases, as the greater the selection coefficient, the greater the fixation probability. However, note that for an increasing population size, the fixation probability decreases. In other words selection acts on the convexity of the probability function, and can be seen as a sieve orienting the Brownian motion. The limits of application of these equations concern spatially structured populations as sub-population sizes are typically small. [START_REF] Houchmandzadeh | Alternative to the diffusion equation in population genetics[END_REF] have proposed an alternative to the diffusion equation in population genetics, through the use of probability generating function to derive partial differential equations. They use this technique to derive analytical results for the Moran process with selection, among others.

Note that these models do not consider a lot of parameters that are highly influential on the adaptive process, as population size bottlenecks, geographical structure of populations, lineage-specific mutation rates, strong selection and environmental variation. Furthermore these equations describe only the behavior of one locus, and multilocus complications, like hitchhiking of neutral variation with selected alleles at linked loci, are not described.

The quantitative genetics framework

If we adopt the vantage point of quantitative genetics and consider a trait without much focus on the underlying loci, we can try to have a glimpse at the evolution of the phenotypic values of a finite population under selection. A traditional approach, that is widely used, notably by breeders, is the animal model, whose name comes from its first implementation in animal breeding that heavily relies on the use of pedigrees, to account for drift and selection. Our "Mixed Models Reminders" gives a quick overview on the mathematical foundation of Best Linear Unbiased Predictor (BLUP) analysis, allowing us to estimate the breeding values of individuals. Several implementation of this method have been produced and are used in breeding programs, or natural population [START_REF] Kruuk | Estimating genetic parameters in natural populations using the 'animal model[END_REF]. We will further exemplify the "animal model" and the "gametic model" presented in great details in [START_REF] Lynch | Genetics and analysis of quantitative traits[END_REF].

Mixed Models Reminders

In statistics, mixed models are derivatives from the standard Gaussian linear model, where some observations Y = Y 1 , ...Y n are described as the addition of a fixed effect that depends on explanatory variables, and a random error following a Gaussian N (0, σ 2 ) distribution. Errors i are supposed to be independent (Cov( i , j ) = 0) and to follow the same distribution (homoscedasticity). The linear model writes:

Y ∼ N n (Xθ, σ 2 I n ) (1.151)
with Y the vector of observations of dimensions n, X the fixed design matrix for factors or the fixed matrix containing the explanatory variables for quantitative ones, θ containing the fixed unknown parameters to estimates, I n the identity matrix and σ 2 the residual variance. For example, with three observations {Y 11 , Y 12 , Y 21 }, coming from two different populations with means µ 1 and µ 2 respectively, we have θ = {µ 1 , µ 2 }, and

X =   1 0 1 0 0 1   (1.152)
Contrary to the simple linear model, the mixed model makes it possible to distinguish different sources of variability and to account for correlations between observations, e.g. genetic correlations in our case. Therefore the mixed model distinguishes itself from the standard Gaussian linear model based on assumptions of independence and homoscedasticity. Hence, we move to a model that can be written as:

Y ∼ N n (Xθ, Σ) (1.153)
where Σ is of dimension n × n and accounts for covariances between observations. The expected value of the response vector Y keeps the same shape Xθ than before. Note that by construction Σ is symmetrical of dimension n × n, hence n(n+1) 2 parameters, that can't be free, because only n observations are possible. Therefore, Σ must have a certain structure governed by a number of parameters called "variance parameters", contained in a vector ψ. The parameters of the model are therefore on one side θ for expectation and ψ for variance. This limitation in the number of possible parameters variance can be both seen as a disadvantage, as the mixed model doesn't allow to directly estimate the levels of random factors (only to predict them), but has the advantage to better estimate the variance parameters.

Example: common garden experiment For example, let's consider samples from m different populations of the same species, numbered i = 1, 2, ...m, each represented by n i unrelated individuals, numbered j = 1, 2, ...n i randomly sampled in the population. We will suppose that the populations evolved independently from a common ancestor. The model writes

Y ij = µ + U i + E ij (1.154)
where U i represents the population effect. All U i and E ij are supposed normally distributed, centered and independent:

{U i } i.i.d., U i ∼ N (0, γ 2 ) and {E ij } i.i.d., E ij ∼ N (0, V(E)) (1.155) By construction, we have E(Y ij ) = µ and V(Y ij ) = γ 2 + V(E)
. This model has three parameters: the mean θ = µ and two variance components:

ψ = γ 2 V(E) (1.156)
where γ 2 represents the variance between populations. However, individuals from the same population are not independent, because they share a common genetic background or a common provenance effect. We have:

Cov(Y ij , Y i j ) = γ 2 if i = i 0 if not. (1.157)
We can rewrite this model in a matrix form as:

Y = Xθ + ZU + E (1.158)
where Z is a design matrix (n × m) constructed here as follow:

Z a,i = 1 if individual a = (i, j) comes from population i, 0 if not. (1.159) U is a random vector (of dimension m × 1) such that G = V(U ) = γ 2 I m is the population variance- covariance matrix. We find E(Y ) = E(Xθ + ZU + E) = Xθ (1.160)
and,

Σ = V(Y ) = V(Xθ + ZU + E) = Z V(U )Z + V(E) = ZGZ + V(E) = γ 2 ZZ + V(E) (1.161)
Here, Σ is a block diagonal matrix defined as:

Σ =     R 0 ... 0 0 ... ... ... ... ... ... 0 0 ... 0 R     with R =     γ 2 + V(E) γ 2 ... γ 2 γ 2 ... ... ... ... ... ... γ 2 γ 2 ... γ 2 γ 2 + V(E)     (1.162)
It follows the laws of Y conditional on U and the joint distribution of both vectors:

Y |U ∼ N n (Xθ + ZU, σ 2 I n ) (1.163) Y U ∼ N n ( Xθ 0 , Σ ZG GZ G ) (1.164)
Using the properties of Gaussian vectors, on can write the conditional laws of U knowing Y :

U |Y ∼ N n (GZ Σ -1 (Y -Xθ), G -GZ Σ -1 ZG) (1.165)

BLUP:

In practice, θ and ψ can be estimating through several methods. Maximum-Likelihood and Restricted-Maximum-Likelihood (REML) are the most used. We can then define the predictor (the term predictor is used for random effect, instead of estimator reserved for fixed effects, like θ): [START_REF] Handerson | Selection index and expected genetic advance[END_REF] showed, that knowing ψ, this estimator is the Best Linear Unbiased Predictor or BLUP. And proposed an easiest way to inverse Σ, reducing dramatically the complexity of the computations.

Û = GZ Σ -1 (Y -X θ) (1.166) C. R.
The Best Linear Unbiased Estimators (BLUEs) of θ, is simply the least-squares estimators:

θ = (X Σ -1 X) -1 X Σ -1 Y (1.167) 1.3.5.2.

The animal model

The animal model is a mixed model that incorporates the laws of inheritance and takes into account pedigree relationships between measured individuals. In it's simplest form, it consists in the direct observation y i of n individuals, indexed with i = 1..n. The observation can be decomposed as in (1.75):

y i = µ + a i + e i (1.168)
were µ is the fixed factor corresponding to the population mean, and a i = 1/2a si + 1/2a di is the additive effect, also called breeding value of individual i, that depends on the additive effects transmitted by its father (sire si) and mother (dam di). All other effects, including non-additive effects and environment fall into the residual term e i . The model can be rewritten in a matrix form as any other mixed model: or

Y = Xθ + ZU + E with X =   1 ... 1   , θ = µ, Z = I n , U =   a 1 ... a n   (1.169)
The prediction equations can be derived as previously. However, we need to take into account that two individuals may be related, i.e share a common ancestor. The great force of the animal model is therefore to relax the hypothesis of independence between animals. Indeed, if i and j belong to a same finite population, then

Cov(Y i , Y j ) = Cov(a i , a j ) = 2ϕ ij A V(A) (1.170)
where ϕ ij A is the coefficient of coancestry, i.e. the probability that an allele randomly drawn in i is identical by descent to a randomly drawn alleles from j. Then, the genetic variance covariance matrix G can also be written G = V(U ) = V(A) × A, where A is the n × n relatedness matrix that contains the coancestry coefficients, and V(A) is the additive component of the genetic variance.

The notion of identity by descent was formally introduced by [START_REF] Malécot | Les Mathematiques de l'Heredite[END_REF] and is illustrated in Then, the coancestry coefficient can be computed from any known pedigree (Figure 1.18) as

ϕ I,J A = k 1 2 (nI k +nJ k ) 1 + f Ai 2 (1.171)
where k is the number of lineages that relate I and J through the common ancestor A i , and nI k (nJ k ) the number of generations between I (J) and A i . f Ai is the inbreeding coefficient of the ancestor, i.e. the probability that the two alleles of the ancestor are identical by descent.

The animal model allows to estimate the additive genetic variance V(A) in a finite population from the measurement of the phenotypic values, provided the pedigree of the measured individuals is known. It also allows to predict the genetic value (breeding value) of any individual from the population knowing its pedigree relationships with the observed individuals.

BLUP-animal model can be applied to natural populations [START_REF] Kruuk | Estimating genetic parameters in natural populations using the 'animal model[END_REF]. The model has the advantage of explicitly accounting for both, the effects of random genetic drift and selection, that merely result in changing the pedigree. However the model does not take into account the introduction of new variation through mutations. It implicitly assumes that all genetic variation is additive and come from ancestral polymorphisms. It's wide application for long-term survey of the evolution of phenotypic variation has been recently criticized [START_REF] Hadfield | The Misuse of BLUP in Ecology and Evolution[END_REF].

Extension of the animal model Notice that the model can be extended to the case of dominance, by introducing the coefficient ϕ D (i, j) of double coancestry : the probability that the two alleles of i are identical by descent to the two alleles of j. In that case, we have:

Cov(Y i , Y j ) = 2ϕ ij A V(A) + ϕ i,j D V(D) (1.172)
The table below gives usual values for covariances between related individuals in panmictic populations:

Relatedness ϕ A ϕ D cov(Y i , Y j ) Parent-Offspring (PO) 1/4 0 1/2 V(A) Full-Sibs 1/4 1/4 1/2 V(A) + 1/4 V(D) Half-Sibs 1/8 0 1/4 V(A) Individual with himself 1/2 1 V(A) + V(D)
Notice that if dominance exists but is not explicitly introduced in the model, dominance terms will be incorporated in the residual in (1.168). In that case, any departure from random mating will result in Cov(e i , e j ) = 0 and will bias the estimations. This hypothesis might also be violated through environmental correlations of phenotypic values.

The gametic model

For some situations like animal breeding, one might be interested to know the breeding values of let's say bulls, for characters that are expressed only through their female progenies, like milk production. We can use the gametic model to model the additive genetic value of each offspring in terms of its parents breeding values. Let's call a si and a di the breeding values of the sire and the dam of individual i, so that:

a i = 1 2 (a si + a di ) + e ai (1.173)
where e ai correspond the meiosis effects W . Thus we can write the previous animal model as:

y i = µ + a i + e i = µ + 1 2 (a si + a di ) + (e ai + e i ) (1.174)
The same assumptions works in the gametic model as in the previous animal model for the residual e i . However, one need to take into account here the segregation errors. For non-inbred parents, V(e ai ) = 1 2 V(A), and for inbred parents, this generalizes to V(e ai ) = 1 2 (1 -Fsi+F di

2

) V(A), F si and F di being the inbreeding coefficients of the sire and dam of i.

Interaction between selection and recombination

As in the previous previous demonstration of the breeder's equation, let's consider a trait from the vantage of the infinitesimal model. We have seen that selection does not change the additive variance if we suppose infinitesimal allelic effects and linkage equilibrium. However, for loci with strong allelic effects, i.e. traditional population genetics models show that we can expect changes in allele frequencies impacting the additive variance. Bulmer (1971) demonstrated the existence of an other effect: the fact that selection creates a (negative) correlation between loci, or linkage disequilibrium, therefore impacting (reducing) the additive genetic variance and the subsequent selection response until an equilibrium is reached. Epistasis is another factor that contributes to changes in the additive variance under selection.

Bulmer's Effect: linkage disequilibrium generated by selection, and subsequent reduction in additive variance

Let's consider the effect of selection in a polygenic additive model, were the breeding value of individual i is the sum of the alleles brought by the two parents:

g i = a si + a di = k (a k si + a k di ) (1.175)
The additive genetic variance writes

V(A) = k V(a k si ) + V(a k di ) + Cov(a k si , a k di ) + 2 k l>k Cov(a k si , a l si ) + Cov(a k si , a l di ) + Cov(a k di , a k di ) (1.176) with k V(a k si ) = k V(a k si ) = V(a)
being the genic variance. Under random mating, the covarianceCov(a k si , a k di ) vanishes. The other covariance term accounts for linkage disequilibrium between loci. Hence, the additive variance can also be written as:

V(A) = 2 V(a) + d (1.177)
where d accounts for covariance between loci due to linkage disequilibrium. In the case of truncation selection (see Figure 1.11) that acts on the sum of individual effects at several loci, it can be easily shown that selection will create a negative linkage disequilibrium between selected parents (Figure 1.19).

Indeed, Bulmer (1971) showed that the expected change in the variance during a single generation of selection is equal to

V(Y t+1 ) -V(Y t ) = h 4 t 2 (V(Y s,t ) -V(Y t )) = d t+1 (1.178)
where V(Y t ) is the phenotypic variance of the population at generation t, and V(Y s,t ) the phenotypic variance among selected individuals. Because d t+1 is negative, truncation selection leads to the decrease of the additive genetic variance from one generation to the next:

V(A) t+1 = 2 V(a) t + d t+1 (1.179)
This effect is not negligible, even under the infinitesimal model [START_REF] Van Grevenhof | Response to genomic selection: The Bulmer effect and the potential of genomic selection when the number of phenotypic records is limiting[END_REF]. However, recall that linkage disequilibrium is broken-down by recombination. Hence, an equilibrium is expected for the additive variance, between the reduction due to Bulmer's effect and the increase due to the occurrence of new gametic combinations through recombination.

Epistasis role in the response to selection and transient response

Epistasis is defined as this ubiquitous biological phenomenon that arises when the phenotypic effect of an allele depends on its genetic context. For example, let's consider a trait determined by two biallelic loci A/a and B/b with the following genetic values :

genotype AA Aa aa BB a + b + abw b -a + b -abw Bb a 0 -a bb a -b -abw -b -a + -b + abw
with a, b and w being positive integers, and w is an epistatic coefficient that measures the strength of the interaction between the two loci. In this model, changing a A allele by a a allele has a negative effect for BB homozygotes, and a positive effect for bb homozygotes.

In a panmictic population, with p A the frequency of allele A, and q A = 1 -p A the frequency of allele a, the mean of individuals homozytous for the B locus is µ BB = b + (p A -q A )a(1 + bw), and the average effect of allele A is:

α BB A = p A (p A (a + b + abw) + q a (b) -mu BB ) = q A a(1 + bw) (1.180)
Similarly, the average effect of allele A among bb homozygotes is

α bb A = q A a(1 -bw). Altogether, if p B (q B )
is the frequency of allele B (b), we have:

α A = p 2 B α BB A + 2p B q B α Bb A + q 2 B α bb A = q A (a + (p B -q B )bw) (1.181)
Therefore, in presence of epistasis (w = 0), additive effects of individual loci do not only depend on the frequency of alleles at the target locus, but also on allele frequencies at the other loci, event though they are not polymorphic. Moreover, additive effects are not sufficient to explain the genetic value G ijkl of any of the nine different genotypes. Neglecting interactions between loci, we have:

G ijkl = µ G + (α i + α j + δ ij ) + (α k + α l + δ kl ) + ijkl (1.182)
where α are the additive effects of alleles, and δ the dominance effects. From this equation, we can see that interaction between loci can arise from different class of interactions: additive × additive (αα), additive × dominance (αδ), dominance × dominance (δδ). But this kind of decomposition expands exponentially as the number of loci increases (take for example ααα, ααδ, αδδ, δδδ for three loci). Hence we can write the decomposition of the genetic variance of a population as:

σ 2 G = σ 2 A + σ 2 D + σ 2 AA + σ 2 AD + σ 2 DD + ... (1.183)
Epistasis is an universal phenomenon that has two consequences on the genetic variance components in a population:

• The additive genetic variance depends on the effects of all the loci that determine the trait, not only the polymorphic ones [START_REF] Hill | Data and theory point to mainly additive genetic variance for complex traits[END_REF]. Any change in allele frequencies could result in modifications of the adaptive landscape.

• Additional variance components need to be taken into account to predict parent-offspring relationship and the response to selection.

As compared to additive models, three effects of epistasis are documented:

• Epistasis increases the unpredictability of the response to selection by increasing the variance of the variance of additive effects [START_REF] Dillmann | Another look at multiplicative models in quantitative genetics[END_REF]. This results in changes in the response to selection due to stochastic changes in the additive variance.

• Epistasis transiently inflates the response to selection through the increase of the effective additive variance. Indeed, tacking into account non-additive effects like additive by additive interactions, but also correlation between environments, the parent-offspring regression can be written as:

b f /o = h 2 2 + 1 σ 2 P σ 2 AA 4 + σ 2 AAA 8 + ... + Cov(E p , E o ) (1.184)
Assuming a linear bi-parental regression gives the expected response to selection after one generation of selection:

R = 2b f /o S = h 2 S + S σ 2 P σ 2 AA 2 + σ 2 AAA 4 + ... + Cov(E p , E o ) (1.185)
By considering only additive×additive epistasis, we have:

R = S h 2 + σ 2 AA 2σ 2 

P

(1.186) [START_REF] Griffing | Theoretical Consequences of Truncation Selection Based on the Individual Phenotype[END_REF] shows, that if we relax selection for t generation, the permanent response to selection will be less that the previous transient response inflated by epistasis, as recombination will break loci associations:

R = S h 2 + (1 -c) t σ 2 AA 2σ 2 P (1.187)
Hence, even with the transient role of epistasis to the selection response, few generations of panmixia will make the selection response converge to the classical breeder equation.

• Epistasis constantly inflates the response to selection because at each generation, phenotypes represent only a limited part of possible variation, given the range of possible multiloci combinations.

Even infinitesimally small changes in allele frequencies trigger the emergence new genetic combinations [START_REF] Barton | How does epistasis influence the response to selection?[END_REF]. Figure 1.20 shows the mean response to selection and corresponding changes in additive (VA) and additive by additive (VA) variance under the infinitesimal model. Simulation shows that with epistasis, the response to selection can be much more important, albeit a long-term decrease of additive genetic variance comparable to the neutral expectation.

Interaction between selection, drift, and mutation

Population genomics focuses on, first recovering signatures of selection in the genome, and subsequently ask which trait were affected by selection. Quantitative genomics instead seeks at understanding the selection response for a trait and then asks what are the implication on the genomes. In real life, mutations affect a set of phenotypic traits that are "then" submitted to selection. I will briefly present here a quantitative genetics extension of the mixed model equations that accounts for mutations. I will then present population genetic models that trace the genomic signatures of beneficial mutations that increase in frequency in a population. Finally, I will review recent extensions on polygenic adaptation. 

The BLUPM: how to take into account de novo mutation

In the previous section, the mixed model used to estimate breeding values ignored the effects of mutations, which is reasonable in many settings. However, for multiple generation pedigrees like the ones found in long-term evolution experiments, mutations cannot be ignored. [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF] proposed a model that aims at considering de novo mutation, based on the idea that a new mutation introduces additional dependencies between breeding values in the progenies of a mutated progenitor. The author showed:

V(U ) = σ 2 A0 A + σ 2 m σ 2 A0 G g=1 A g (1.188)
where:

• σ 2 m corresponds to the rate of additional additive mutational variance due to mutations, • σ 2 A0 corresponds to the initial additive genetic variance found in the base population due to standing variation,

• A is the standard relationship matrix ignoring mutation,

• A g is a relationship matrix that ignores ancestors between generations 0 and g -1.

Under this model the A matrix is updated each generation by adding an additional relationship between progenies of the previous generation. This implies, that the rate of input of new mutational variance is constant through generations, which might be relevant for large population size. However, this model fails to account for stochasticity of the mutational process which may not be negligible for small mutation rates and small mutational targets, and when mutations may occur outside the focal generation. Here, the model considers a constant mutational input through time.

Genomic signatures of the adaptive processes

In our attempt to exemplify how the interplay between evolutionary forces changes allele frequencies during adaptation, we need to present three major scenarios developed by population geneticists, that predicts distinct genomic footprints. [START_REF] Hermisson | Soft sweeps and beyond: understanding the patterns and probabilities of selection footprints under rapid adaptation[END_REF] define selective sweeps as the patterns in genomic diversity that are caused by recent adaptation due to genetic hitchicking [START_REF] Smith | The hitch-hiking effect of a favourable gene[END_REF]. These footprints arise when beneficial mutations increase due to positive selection, and the genealogical histories of the samples at the surrounding loci are distorted because of genetic draft, i.e. the increase in frequency of the surrounding alleles at neighbor loci due of linkage disequilibrium. Recall that positive selection tends to decrease the fixation time compared to the neutral case, hence in a coalescent approach, looking back at time, selection decreases the coalescence time distorting the genealogies to star-shape genealogies.

Hard sweep

This case can be defined formally as the scenario for which the TMRCA is more recent than the time at which the selective pressure started to act (T S , the onset time of selection). For example, when a change of environment precedes the appearance of a new beneficial mutation. This leads to a strong decrease in genetic diversity at the selected loci and it surrounding region. Because coalescence is quicker than recombination in this case, recombination events mainly occur on external branches (the leaves). I.e most neutral variation at the flanking region is found as singletons, with an increase in both low and high derived variant frequencies compare to the neutral SFS, Figure 1.21 A.

The example of the population genetics behind a hard sweep: (Adapted from Walsh and Lynch (2018))

In order to get a glimpse at the mechanisms acting behind a hard selective sweep, we can consider the following model. First, consider diploid population of size N with a neutral allele m, associated to a biallelic locus A, with 2 alleles A (in frequency p(t)) favored by selection and a (in frequency 1 -p(t)) as usual. We can define q(t) the frequency of m at generation t after the onset of selection leading to the sweep. Hence q(∞) represents the frequency of m after the sweep completion. If there is no recombination between locus A and allele m, it follows that the final frequency of m is q(∞) = 1. However, if there is recombination, we can expect q(t) to be a function of c/s: the ratio of the recombination rate c that tends to separate the neutral allele from the selected site, and s the selection coefficient of allele A at the favored site that drags the allele m.

To study the evolution of the allele frequency of m, we can use the conditional decomposition of q(t):

q(t) = q A (t)p(t) + q a (t)(1 -p(t)) (1.189)
so that q A (t) corresponds to the frequency of allele m on haplotype carrying allele A, and q a (t) corresponds to the frequency of allele m on haplotype carrying allele a. When allele A is fixed, we have q(∞) = q A (∞) which is the fraction of A-bearing haplotypes still carrying allele m. We can then define δ q (t) = q A (t)q a (t) the difference in the frequency of m on the two backgrounds, so that δ q (t) = 0 implies linkage disequilibrium between A and m. We are also interested in ∆ q = q(∞) -q(0) the change in allele frequency of m due to the selective sweep.

We can see that if we normalize ∆ q by the initial difference in frequency of m on the two backgrounds δ q (t), we can access the strength of the selective sweep:

f s = ∆ q δ q (0) = q(∞) -q(0) q A (0) -q a (0) (1.190)
Said otherwise, f s corresponds to the fraction of the initial excess of association between m and A, after the sweep completion.

In the case of a hard sweep, the new selected allele A is introduced in one copy in the population, hence q a (0) ≈ q(0), as all, minus one copy of m, are on haplotypes carrying allele a. Following the same argument, q A (0) = 1. Therefore, we can rewrite f s as:

f s = ∆ q δ q (0) = q(∞) -q(0) q A (0) -q a (0) = q(∞) -q(0) 1 -q(0) (1.191) ⇐⇒ q(∞) = q(0) + ∆ q = q(0) + f s δ q (0) = q(0) + f s (1 -q(0)) = f s + q(0)(1 -f s ) (1.192)
Hence the final frequency of m can be expressed as a function of its initial value and of the sweep strength. Furthermore, we can note that the frequency of the neutral allele m in both backgrounds only changes trough recombination, so that we have: [START_REF] Barton | Genetic hitchhiking[END_REF] showed that we can express ∆ q as:

δ q (t) = q A (t) -q a (t) = (1 -c) t (q A (0) -q a (0)) ≈ δ q (0) e -ct
∆ q ≈ δ q (0)p(0) c/s (1.193)
Hence, when c/s 1 i.e. selection is much stronger than the recombination rate as in the vicinity of the selected allele, most initial linkage remains but this tend to 0 as more distant site are considered (i.e. c/s increases).

Using this result, we can estimate the strength of a hard sweep as a function of c/s:

f s = ∆ q δ(q) = p(0) c/s (1.194)
And this allows accessing the frequency of m after the sweep completion, as a function of its initial value, the frequency of allele A, the recombination rate and the strength of selection:

q(∞) = p(0) c/s + q(0)(1 -p(0) c/s ) (1.195)
Again, the strength of the selective sweep increases as c/s diminishes, either because selection increases or because c decreases. 

Soft sweep

Here, with T N , the expected neutral coalescent time, we have T N > T M RCA > T S (looking backward in time). This happens for example when an environmental change occurs and selection acts upon preexisting standing variation. Hence, the MRCA predating the onset of selection, recombination had more time to create new haplotypes.

• If the same beneficial mutation have been selected from several haplotypes, this scenario is referred to as a 'single origin soft sweep'.

• If several beneficial mutations have been selected from several haplotypes, one can talk of 'multiple origin soft sweep'.

Figure 1.21 is extracted from [START_REF] Hermisson | Soft sweeps and beyond: understanding the patterns and probabilities of selection footprints under rapid adaptation[END_REF] and illustrates the link between sampled haplotypes on the right and their genealogical history on the left, in the case of hard sweep, soft sweep originating from a single origin, and soft sweep originating from multiple origins.

Effective population size primarily determines the likelihood of soft sweeps. Hence, Messer and Petrov (2013) have shown that when θ (four times the product of effective population size and the beneficial mutation rate) is equal or above 1, and selection is strong enough, adaptation proceeds from multiple de novo mutations or standing variation. Below 1, soft sweeps' contribution diminishes with theta.

Polygenic adaptation: Towards an integration of population and quantitative genetics

We have seen that the genomic signatures left by a selective sweep is a function of the selection intensity, that is significantly diminished under soft sweep scenarios. Hence, weak selection using standing variation at a number of loci is the worst-case scenario for sweep detection. In the most extreme case of the infinitesimal model, we have seen that a significant shift in the mean can occur with almost no detectable allele-frequency changes. Hence, in a case where a trait is encoded by many loci of small effects, we expect polygenic adaptation to leave almost no genomic signal. Chevin and Hospital (2008) extended the theory of hitchhiking of a locus affecting a quantitative trait to account for background genetic variation at other loci. The dynamics at the focal quantitative trait locus is related to the initial genotypic value and to the background genetic variance of the trait. Using analytical approaches, they derived the conditions for a selective sweep, and the expected patterns of genetic diversity diversity at the end of the sweep. They showed that selective sweeps were possible, even for highly polygenic traits. However, while the dynamics of the focal locus clearly depends on the mode of selection (linear, exponential or Gaussian), the selection coefficient of the beneficial mutation decreases in time because of background genetic variance (Figure 1.22). Overall, phenotypic traits exhibiting clear-cut molecular signatures of selection may represent only a small subset of all adaptive traits. Figure 1.22: Dynamics of fixation of a beneficial mutation for a polygenic trait submitted to directional selection. The dotted line represents the dynamics without background genetic variance. With background genetic variance, the selection coefficient of the beneficial mutation decreases through time therefore increasing the time to fixation (adapted from Chevin and Hospital (2008)). Stetter et al. (2018) used extensive forward-time simulations and machine-learning algorithms to understand the complex interplay of mutation, selection, and demography on the genomic signatures of polygenic adaptation. In agreement with Chevin and Hospital (2008), the authors showed that selective sweeps occur even for traits under relatively weak selection where the genetic background explains most of the variation. Most sweeps occur from variation segregating in the ancestral population, nevertheless new mutations can be important for traits under strong stabilizing selection that undergo a large optimum shift. They emphasized the role of bottlenecks and expansions on the overall genetic variation as well as the relative importance of sweeps from standing variation and the speed with which adaptation can occur. [START_REF] Höllinger | Polygenic adaptation: From sweeps to subtle frequency shifts[END_REF] used newly devised analytical framework based on Yule branching processes and computer simulations to show the major role of the population-scaled background mutation rate θ bg . For a focal locus, θ bg measures the mutation rate at all redundant loci in its genetic background that offer alternative ways for adaptation. To do so, they modeled a binary polygenic trait (such as resistance to a pathogen) with negative epistasis. Compared to the infinitesimal model, the authors emphasized that for a finite number of loci, polygenic adaptation pattern are expected to occur if alleles are able to hamper the rise of alleles at other loci via negative epistasis for fitness. Indeed, they stated that one would otherwise only observe parallel sweeps. Note that negative fitness epistasis is frequently found in empirical studies, e.g. due to Michaelis-Menten enzyme kinetics, and is implicit to the Gaussian selection scheme. Recall that we have seen previously in Fisher geometric model, that a mutation might overshoot the optimum depending on the genetic background. [START_REF] Höllinger | Polygenic adaptation: From sweeps to subtle frequency shifts[END_REF] divided their model of the adaptive process into two phases, a stochastic one and a deterministic one. They derived for several extensions of their model (like linkage disequilibrium, partial redundancy...) the joint distribution of allele frequency ratios of minor over major loci after the stochastic phase. Then, they showed that the ratio is given by an inverted Dirichlet distribution, from which we can extract the distribution of allele frequencies. Furthermore, they predicted that the distribution of these ratios is preserved during the deterministic phase. Interestingly, they showed that adaptation proceeds by sweeps for small θ bg ≤ 0.1 and that small polygenic allele frequency shifts require large θ bg ≥ 100, in compliance with the infinitesimal model. In the large intermediate regime, they observed a heterogeneous pattern of partial sweeps at several interacting loci.

Long term Selection Response and the limits to selection

A pervasive question in quantitative genetics concerns the limits to the response to selection. While living forms are in constant evolution, what should happen in a finite population submitted to a constant selection in a constant environment ? On one hand, there could be of course physiological limits for some trait values. On the other hand, mutational targets may not be infinite and drift may limit genetic variation.

Selection Limits under Drift

Drift impact on the additive genetic variance:

We have previously shown that the allele diversity decreases through time as a function of the population size, (E(H t ) = H 0 (1 -1 N ) t , for a haploid population). As the genic variance is a function of allele frequencies that change because of drift, we can also show that for a diploid population, we have:

σ 2 a (t) = σ 2 a (0) 1 - 1 2N e t (1.196)
Hence, the evolution of the additive variance of quantitative traits submitted to drift alone is expected to decay geometrically trough time as a function of the effective population size.

Robertson's Limit of cumulative selection response:

To show the evolution of the selection response through time, Robertson (1960) ignored the effect of linkage disequilibrium, assumed σ 2 A (t) = σ 2 a (t), a constant phenotypic variance, and a constant effective population size. He showed:

R(t) = i σ 2 A (t) σ P = 1 - 1 2N e t i σ 2 A (0) σ P = 1 - 1 2N e t R(1) (1.197)
Hence, we can derive the expected cumulative response to selection by first noting that:

T t=0 1 - 1 2N e t ≈ 2N e 1 -e -T 2Ne
( 1.198) Therefore the cumulative response at generation T is equal to:

R (T ) = 2N e 1 -e -T 2Ne R (0) (1.199)
As T tends to infinity, the upper limit for the expected cumulative response due to the exhaustion of genetic variance by drift is 2N e times the initial response.

According to [START_REF] Wak | Population -and Quantitative-Genetic Models of Selection Limits[END_REF], this upper limit is a reasonable one as soon as the selection intensity or the effect of drift remains small at any given locus.

Chevalet's extension for finite population size and loci number:

Based on [START_REF] Lande | The maintenance of genetic variability by mutation in a polygenic character with linked loci[END_REF] and Felsenstein (1977) work, Chevalet (1994) extended Bulmer's equation to the case of finite population size (N e ) and loci number (n) experiencing truncation selection under an infinite allele model.

∆σ 2 a (t) = - σ 2 a (t) 2N e + 1 - 1 N e kh 2 ss σ 2 A (t) 2n (1.200) ∆d(t) = - 1 2 1 + 1 N e d(t) + 1 - 1 n 1 - 1 N e kh 2 ss σ 2 A (t) (1.201) k = i(i -z [1-p] ) with z [p] defined as Pr(U ≤ z [p] ) = p and U a unit normal distribution.
Taking into account a finite number of loci and linkage disequilibrium, the limits to selection response scales as the inverse of both effective population size and number of loci.

Selection Limits under Drift and Mutations

If we consider the additive variance due to mutations at one generation, σ 2 m , we can write the following recursion equation:

σ 2 A (t) = 1 - 1 2N e σ 2 A (t -1) + σ 2 m (1.202)
This recursion equation can be solved to give approximately:

σ 2 A (t) ≈ 2N e σ 2 m + σ 2 A (0) -2N e σ 2 m e -t 2Ne (1.203)
Therefore, one can compute the expected genetic additive variance at drift mutation equilibrium, when t tends to infinity.

σ 2 A (∞) = 2N e σ 2 m (1.204)
Following Hill (1982a); Wei et al. (1996); Weber and Diggins (1990) the expected cumulative response after T generations can be computed as:

R (T ) ≈ 2N e i σ P tσ 2 m + 1 -e -t 2Ne σ 2 A (0) -2N e σ 2 m (1.205)
When t → ∞, the term tσ 2 m corresponds to the asymptotic response and dominates as the initial standing genetic variance σ 2 A (0) vanishes.

The balance between the exhaustion of initial genetic variance by drift and the constant input of new mutations leads to a constant response that scales with the mutational variance σ 2 m .

The role of new mutations in the response to selection : Saclay's Divergent Selection Experiments (SDSE)

Experimental evolution is a method of choice for testing predictions in evolutionary biology. It consists in monitoring populations that evolve under controlled conditions. The selection pressure can be known (e.g selection to increase or decrease the value of a trait) or determined by the controlled environmental conditions (e.g Lenski's experiment on the adaptation of a E. Coli strain to lab conditions). In all cases, the dynamics of adaptation can be monitored at the genomic scale and at the traits level.

Divergent selection experiments (DSEs) consist in splitting-up an initial population into at least two sub-populations submitted to divergent selection regimes. Saclay's DSEs were set-up in 1993 from maize inbred lines seed-lots characterized by a very small amount of standing genetic variation (Durand et al., 2010). Populations were selected for early or late flowering date, which is an important agronomical trait for maize cultivation with a polygenic basis. Although maize is an allogamous species, the mating system employed was selfing. The other conditions of the experiment were constrained by practical reasons and led to a high selection pressure (1% of the population each year), high drift (5 individuals selected in each population) but relatively high census number in each population (500 individuals).

The initial questions of the experiments were the following :

• How far can we change flowering time in maize from new mutations ?

• What are the genes targeted by mutations ?

• What is the dynamics of fixation of beneficial mutations ?

Altogether, a constant response to selection was observed in both directions. At the beginning of my PhD, genomic resources had been produced (RNA-Seq) from evolved lines from the 13th generation of selection, and an evaluation trial (generations G0 to G18) was planned.

Saclay's divergent selection experiments for flowering time in Maize

Maize flowering time

The term floral transition designates in plants the developmental process through which a plant switch from vegetative growth to reproductive growth. This key developmental stage governs the whole life of the plant and primarily determines flowering time, but also linked characteristics such as the plant height, total number of leaves, or grain fill.

Flowering time has been shown to be a complex trait displaying in maize large ranges of variablity, with flowering dates occurring between 35 to 120 days after sowing [START_REF] Colasanti | The Maize Floral Transition[END_REF]. In maize, Buckler et al. (2009) showed that that the trait is associated to roughly hundred small effects QTLs, characteristic of highly additive polygenic traits.

However, very few genetic determinants have been characterized at the molecular level. The gene network associated to floral transition, represented Fig. 1.24, is characterised by the interaction of several different metabolic pathways integrating environmental and developmental information, such as the gibberellins pathway (e.g. with the Dwarf 8 gene region [START_REF] Thornsberry | Dwarf8 polymorphisms associate with variation in flowering time[END_REF][START_REF] Bibliography Andersen | Validation of Dwarf8 polymorphisms associated with flowering time in elite European inbred lines of maize (Zea mays L.)[END_REF][START_REF] Camus-Kulandaivelu | Maize adaptation to temperate climate: Relationship between population structure and polymorphism in the Dwarf8 gene[END_REF]), the aging pathway, the circadian clock, the photoperiod pathway (e.g. with the gene ZmCCT [START_REF] Ducrocq | Fine Mapping and Haplotype Structure Analysis of a Major Flowering Time Quantitative Trait Locus on Maize Chromosome 10[END_REF][START_REF] Coles | Genetic Control of Photoperiod Sensitivity in Maize Revealed by Joint Multiple Population Analysis[END_REF] and CONSTANS-like gene (conz1) [START_REF] Miller | A maize CONSTANS-like gene, conz1, exhibits distinct diurnal expression patterns in varied photoperiods[END_REF]), or the autonomous pathway (e.g. Indeterminate gene (Id1) [START_REF] Colasanti | The indeterminate Gene Encodes a Zinc Finger Protein and Regulates a Leaf-Generated Signal Required for the Transition to Flowering in Maize[END_REF]). These different pathways are integrated through the interaction of different genes, such as the activator ZMM4, the vegetative to generative transition 1 gene (vgt1) [START_REF] Salvi | Conserved noncoding genomic sequences associated with a flowering-time quantitative trait locus in maize[END_REF], or ZCN8 [START_REF] Meng | The FT -Like ZCN8 Gene Functions as a Floral Activator and Is Involved in Photoperiod Sensitivity in Maize[END_REF] produced in the leaf navigating to the meristem to interact with the delayed flowering1 gene (dlf1) [START_REF] Muszynski | Delayed Flowering1 Encodes a Basic Leucine Zipper Protein That Mediates Floral Inductive Signals At the Shoot Apex in Maize[END_REF]. 

Initial inbred lines

Two certified maize inbred lines were used as initial populations: an american flint, F252, registered in 1979 by the company Agri-Obtention, and a late iodent dent, MBS847 (MBS for later on), registered by the company Mike Brayton Seeds in 1982 (Durand et al., 2010).

We do not exactly know the selection scheme used to produce these two inbred lines. However, we can make the assumption that they have been produced through a classical maize breeding scheme developed by Hopkins in 1908. This method is called the ear to row method adapted to produce inbred lines by Single Seed Descent, where inbreds are obtained from F1 hybrids after 6 to 8 generation of selfing and selection. During this step, a number of plants are selected on the basis of their phenotype. They are selfed and seeds are harvested on single plant basis. A single row of 10 to 50 full-sibling progeny coming from a same ear is raised. The progeny rows are evaluated and the best progenies for the chosen traits are identified. It corresponds to a Single Seed Descent scheme where the whole ear is planted to allow a better evaluation of the genotype of the parent. Selfing is done manually to control for outcrossing. The last generation consists in producing a pre-base seed lot by harvesting the selfing progenies of the selected individual. The pre-base seed lot is then submitted to control for homogeneity before registration. Then the base seed lots are produced by two generations of bulk in isolation. In France, registration of a variety requires three main criteria that are homogeneity, stability and distinction. This process is controlled and certified by SOC http://www.gnis.fr/. It ensures a level of homozygosity for the base seed lots.

Our experiment started in 1993, long after the first registration of these varieties. This suggests that these base seed lots had undergone several generations of multiplication from the initial pre-base population, with the same protocol as the production of base seed lots from pre-base. Therefore, we expect the mean residual heterozygosity to range between ( 1 2 ) 8 = 0.39% and ( 1 2 ) 12 = 0.0244% validated in Durand et al. (2015). We also expect polymorphisms between pre-base individuals. This would also lead to fixed differences in the base population. Each inbred line was treated separately as an independent biological replicate of the selection experiment. However, they do not constitute true replicates as different genetic features might differentiate them and lead to different response to selection.

Experimental protocol

These long-lasting field experiments have been taking place since 1993 in Gif-sur-Yvette on Saclay's Plateau. All selected seeds are stored at 6°C in a cool chamber, and the pedigree information have been carefully recorded, producing a unique genetic material with corresponding phenotypic information. Furthermore, few changes in the selection scheme have been made throughout the years and are included in the presentation hereafter and schematized Fig. 1.25.

1993 -G 0 : For each genetic background, F252 and MBS, 60 plants were grown in fields condition, female flowering time was recorded and the 3 earliest (and 3 latest respectively) plants were selfed and their kernels harvested, constituting the G0 parents of three families of the Early, respectively Late population.

1997 -G 1 : 100 progenies of the 3 selected plants per population were grown in a randomized block design, with 25 plants per row sown together at a density of 25000 plants/ha and a spacing between rows of 80 cm. Selfing was made when both male and female flowering occurred, and the selfing date date was recorded in days after July 1st. This step imposes a selection pressure against long Anthesis-Silking Intervals (ASI). The basal kernels were harvested and weighted. We selected in the Early (respectively Late) populations the 10 earliest (resp. latest) flowering plants with the highest kernel weight. This additional selective pressure assured us a lesser inbreeding depression that could further impede our selection process.

1998 and later -G 2 to G n : To better control for environmental effect, each of the 4 rows representing the 100 progenies of a selfed plant were sown in a randomized block design, independently for the populations of MBS and F252. The sowing density was 25000 plants/ha and 80 cm between rows. More accurately, from each selected parents, 100 seeds were distributed into 4 different blocks (25 seeds in each). Each block was constituted of two plots of 11 rows each (one plot for the Early population, one for the the Late). One random row was dedicated to 25 plants of the initial seed lot as control and the 10 remaining rows were randomly sown with 25 seeds of the 10 parents selected previously. Early and Late plots were alternatively distributed along the blocks. The 3 earliest (resp. latest) flowering plants were selfed within each row (except the border plants). Their basal kernel were harvested, weighted and stored in a cool chamber at +6°C. Later on, a second step of selection was made based on additional constraints:

• 10 earliest (resp. latest) plants are selected in each population,

• between two plants of equivalent earliness, the plant with the highest kernel weight was chosen,

• we did not select more than three plants from the same parent,

• we did not select more than two plants from the same row,

• we maintained at least two lineages per population of the initial parents selected in 1993, called families in the rest of the thesis.

Overall MBS genealogy (Appendix A.) can be decomposed into two independent early flowering families subsequently called MP049 and MP052 forming the early population, and two independent late flowering families MT040 and MT053 forming the late flowering population. In F252, two early independent families also constituted the early population. The late flowering population started as two independent families, the late FT031, and the late FT027. Despite a very strong selection response (Durand et al., 2010(Durand et al., , 2015)), FT027 did not produce seeds at generation 14 (flowered to late in the season), and could not be maintained further. FT031 was then divided into two subfamilies FT317 and FT318 sharing a common ancestor at G3 (Appendix A.) Figure 1.25: Experimental scheme of Saclay DSEs. For clarity a single scheme is shown but was replicated for the two DSEs. Starting from an inbred G 0 population with little standing variation (< 1% residual heterozygosity (Durand et al., 2015)), the three earliest (resp. latest) flowering individuals represented in blue (resp. red) were chosen based on their offspring phenotypic values as the founders of two families forming the early (resp. late) population. For the subsequent generations, 10 (≈ 5 per family) extreme progenitors were selected in a two-step selection scheme among 1000 plants. More specifically, 100 seeds per progenitor were evaluated in a four randomized-block design, i.e. 25 seeds per block in a single row. In a first selection step, the 3 × 4 = 12 earliest (resp. latest) flowering plants among the 100 plants per progenitor were selected. Then in a second selection step, 10 (≈ 5 per family) individuals were selected within each population based on both flowering time and kernel weight and the additional condition of preserving two progenitors per family from the previous generation. et al. (2010) showed that the response to selection was fast (they focused on the first seven generations) and significant in both the Early-flowering (Early) and the Late-flowering (Late) populations. The observed selection response could not be explained without accounting for mutational input, and estimated values of mutational heritability ranged from 0.013 to 0.025, which corresponds to an upper bound of what is reported in other species. Part of the response was nevertheless attributed to standing genetic variation in the initial seed lot. They remarkably identified one polymorphism initially segregating in the F252 seed lot at a candidate locus for flowering time, which explained 35% of the trait variation within the Late F252 population, more precisely in FT027 (FL1 in Fig. 1.26). Durand et al. (2012), characterized more thoroughly this candidate region and identifying the Eukaryotic Initiation Factor (eIF-4A), and further revealed a high level of sequence and structural variation beyond the 3'-UTR of eIF-4A, including several insertions of truncated transposable elements. They confirmed through association genetics the association of the underlying polymorphism of this gene with flowering time variation and revealed in the association panel the pervasive interactions between allelic variation and the genetic background, pointing to underlying epistasis. They highlighted the importance of pleiotropic effects of the candidate polymorphism on various traits including flowering time, plant height, and leaf number. Finally Durand et al. (2015) refined the results of Durand et al. (2010) by including the first 16 generations to their analysis (Fig. 1.26), and observed striking similarities between the two inbred lines: a plateau is reached after 7 generations in Late families which they interpreted as resulting from physiological limits. They used 42 markers derived from both Methyl-Sensitive Amplification and Amplified Fragment Length Polymorphisms (AFLP) and showed that 13 of them were strongly associated with flowering time variation. Their fast fixation throughout DSEs' pedigrees resulted in strong genetic differentiation between populations and families.

Previously published results

Durand

Figure 1.26: Observed response to selection in all families, extracted from (Durand et al., 2015).

Objectives of the PhD

Previous results revealed a paradox between the sustainability of the response to selection and the associated dearth of initial polymorphisms in small selfing population submitted to strong selection (1% of selected individuals) and high drift (N e ≈ 2.5). This paradox implies the necessity of incoming de novo mutations to sustain the observed selection response. To disentangle the relative contribution of standing genetic variation and de novo mutations in the selection response, I adopted 3 mains approaches.

In Chapter 2, I relied on forward individual-based simulations, calibrated from the observed selection response to make predictions on the expected dynamics and the distribution of selected fitness effects of de novo mutations.

In Chapter 3, I used a previously published RNAseq data set to detect polymorphic SNPs between one (resp. one) early flowering and one late (resp. one late and one very late) flowering progenitor at G 13 in MBS (resp. F252). I notably developed a simulation approach with C. Dillmann to characterised a simplistic expected null distribution of initial polymorphisms along the genome in our initial seed lots (SSDs), accounting for selfing, drift and linkage disequilibrium. I then genotyped using a Kaspar T M approach (KBioscience's competitive allele-specific PCR amplification of target sequences and endpoint fluorescence genotyping) a subset of 190 progenitors per inbred line for the detected SNPs. I adapted for our SNP markers a unique parsimony and maximum likelihood inference algorithm based on pedigree information originally developed by Durand et al. (2015) for AFLP markers. I inferred the genotypes of all our selected progenitors, which allowed me to confidently characterise de novo mutations and standing genetic variation. I further compared the observed allele frequency dynamics considering both standing and de novo polymorphisms, to the simulated de novo mutations dynamics of Chapter 2.

Finally, in Chapter 4, I contributed to the phenotypic evaluation of a subset of 190 progenitors per inbred line in a two years common garden experiment (in 2018 an 2019, on Saclay Plateau), subsequently called SdpEval. While several traits were recorded, I decided to focus mainly on the continuous traits: flowering time, plant height and length of the leaf just below the upper ear. I analysed the observed selection response, and the correlative changes of the traits, with the aim of deciphering (i) the role of de novo mutational variation in the selection response using [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF] BLUPM model, (ii) the impact of genotype-by-environment interactions. I also associated polymorphisms detected in Chapter 3 to the observed phenotypic variation of the three traits.

U nderstanding the evolutionary processes sustaining pheno- typic shifts is at the core of quantitative genetic models.

Empirical description of such shifts takes its roots in the breeding literature where truncation selection generates significant and sustainable responses [START_REF] Hill | Artificial selection experiments[END_REF]Walsh and Lynch 2018). Truncation selection is known to be the most effective form of directional selection (Crow and Kimura 1979). Under truncation selection, limits to the evolution of phenotypes are rarely reached as heritable variation persists through time (Odhiambo and Compton 1987;Moose et al. 2004;Weber and Diggins 1990;Caballero et al. 1991;Mackay 2010;Lillie et al. 2019). Such observations fit well with the Fisher's infinitesimal model (Fisher Ronald Aylmer 1930) and the derivatives of the breeder equation [START_REF] Lush | Animal breeding plans[END_REF]Lande 1979;Lande and Arnold 1983) predicted to reach an asymptotic finite limit (Robertson 1960) as 19 exemplified in mice (Roberts 1967;Falconer 1971). Results from 20 other species are more equivocal (e.g. drosophila (Weber 1990; 21 Weber and Diggins 1990;Weber 1996), or maize (Odhiambo and 22 Compton 1987; Moose et al. 2004;Dudley and Lambert 2010;De 23 Leon and Coors 2002;Lamkey 1992). Incorporation of de novo 24 mutations indeed predicts a slower rate of response instead of a 25 hard limit (Hill 1982b,a;Weber and Diggins 1990;Wei et al. 1996; 26 Walsh and Lynch 2018). These models point to a sub-optimal av-27 erage selection response in two situations: when population size,

28

N is below 10 4 and the genetic variance correspondingly small 29 at mutation-drift equilibrium V G (Hill 1982b;Houle 1989); and 30 when V G is reduced due to strong selection (Houle 1989). More generally, quantitative genetic models that include selection, 1 drift and mutation (Houle 1989) of a mutation to its frequency (p), the population size (N) and

26 selective coefficient (s) -P f ix (s, p, N) = 1-e -4spN
1-e -4sN -applies to a vast range of parameters including s values as high as 0.1 and N 28 as small as 10 individuals [START_REF] Carr | Effects of Selection and Drift on the Dynamics of Finite Populations. I. Ultimate Probability of Fixation of a Favorable Allele[END_REF] [START_REF] Höllinger | Polygenic adaptation: From sweeps to subtle frequency shifts[END_REF]Messer and Petrov 2013). Extension of the hitchhiking model to a locus affecting a quantitative trait with an infinitesimal genetic background predicts that, under the hypothesis of a Gaussian fitness function, the fixation of a favorable mutation critically depends on the initial mutation frequency and the distance to the optimum (Chevin and Hospital 2008). Interestingly, while demographic parameters play a relatively small role in the speed of adaptation compared to standing and mutational variance, they change its qualitative outcome. Population bottlenecks diminish the number of segregating beneficial alleles, favoring hard sweeps from de novo mutations over soft sweeps from standing variation (Stetter et al. 2018).

Experimental evolution tracing short-term temporal dynamics of adaptation have complemented and validated models of adaptation, providing further hints into allele frequency changes, and into the extent of polymorphism and competition among beneficial mutations under various drift/selection/recombination regimes. Temporal dynamics may be obtained either through pedigree information or time series samples. This last approach has been employed successfully in microorganisms where complex patterns of mutation spreading have been observed during the course of adaptation. These include clonal interference, reduction of the benefit of a mutation in fit versus less fit genotypes (diminishing-return epistasis), and evidence for the same favorable mutation being selected in multiple independent evolved clones (genetic parallelism) [START_REF] Good | The dynamics of molecular evolution over 60,000 generations[END_REF]Spor et al. 2014;[START_REF] Neher | Genetic Draft, Selective Interference, and Population Genetics of Rapid Adaptation[END_REF]Good et al. 2012;Desai and Fisher 2007;Gerrish and Lenski 1998). However, in asexually reproducing microbes, adaptation proceeds through de novo mutations, which may reveal specific patterns not found in sexually-reproducing eukaryotes. In yeast, for instance, most adaptive changes correspond to the fixation of initial standing variation [START_REF] Burke | Standing genetic variation drives repeatable experimental evolution in outcrossing populations of saccharomyces cerevisiae[END_REF][START_REF] Burke | How does adaptation sweep through the 53 genome? Insights from long-term selection experiments[END_REF]. Patterns of allele frequency changes depend crucially on both N e and the frequency of sex, that are themselves intimately linked (see Hartfield et al. (2017)). Considering a single locus, fixation time decreases correlatively with the level of self-fertilization [START_REF] Haldane | A Mathematical Theory of Natural and Artificial Selection, Part V: Selection and Mutation[END_REF]. At the same time, multilocus simulations have shown that selfing reduces effective population size through background selection, and in turn beneficial mutations are less likely to fix (Kamran-Disfani and Agrawal 2014; Roze 2016). In addition, as selection interference reduces the efficiency of selection in low-recombining regions, high selfing rates also increase the fixation of deleterious mutations through genetic hitchhiking (Hartfield and Glémin 2014). These insights are together in line with the low selection approximation that posits that reduction in effective recombination decreases selection efficiency.

In the current paper, we aimed at investigating the dynamics of the response to selection of selfing populations evolving under High Drift-High Selection regime. Situated at the parameters boundaries of current models, this regime is of particular interest to understand the limits of adaptation and long-term survival of small selfing populations undergoing strong selection. We relied here on two Divergent Selection Experiment (DSEs) conducted for 18 generations on Saclay plateau (Saclay DSEs). These Saclay (Durand et al. 2010(Durand et al. , 2012(Durand et al. , 2015)).

8

We asked two main questions: How do mutations arise, spread, for the MBS Late (ML) population (Fig. S2). F252 Early (FE) 49 population was composed of FE1 and FE2 families (Fig. S2). F252 50 Late populations genealogies were more complex: FVL families 51 (F252 Very Late in Durand et al. (2015)) ended at generation 52 14 with the fixation of a strong effect allele at the eIF-4A gene 53 (Durand et al. 2015). To maintain two families in F252 Late 54 population, two families FL2.1 and FL2.2 were further derived 55 from the initial FL2. These two families pedigrees are rooted in

56

FL2 from a single G 3 progenitor (Fig. S2).

57

Phenotypic evaluation and observed selection response analysis

The same approach as Durand et al. (2015) was applied. Briefly, progenitor flowering dates, measured here as the number of days to flowering after sowing equivalent to 20°C days of development (Parent et al. 2010), were recorded as the 12 earliest or latest plants in their progeny at each generation of the Saclay DSEs. We used these records to investigate the response to selection treating each family independently. After correction for block effects, and year effects according to equation (1) of Durand et al. (2015), the linear component b jk of the within-family response to selection was estimated using the following linear model:

Y ijklm = µ 0 + b jk × gener i + ε ijklm (1)
where µ 0 is the intercept corresponding to the average flowering time at generation G 0 , i stands for the year and corresponding generation of selection, j for the population, k for the family within population, l for progenitor within family, and m for the plant measurements within progenitor.

Family means and standard errors were computed at each generation to represent families selection responses presented Fig. 1 (a). All the values were centered around 100 for comparison purposes with the simulated responses.

Model framework

We used forward individual-based simulations that explicitly modeled the same selection -proportion of selected individu-als=1% -and demographic scheme -variations in population size -as Saclay DSEs. This regime is referred to High-Drift High Selection (HDHS). Initial G 0 simulation: We obtained our initial population by mimicking a classical selection scheme used to produce fixed maize inbred lines in industry. To do so, we started from an heterozygous individual that was selfed for eight generations in a single-seed descent design. An additional generation of selfing produced 60 offspring that were reproduced in panmixia for two generations to constitute the 60 individuals of the G 0 initial population. Therefore, we started our simulations with a small initial residual heterozygosity (≤ 0.5%). G 1 simulation: Considering one Saclay DSE, we selected from the initial population (60 individuals), the two earliest and the two latest flowering parents on the basis of their average phenotypic value measured over 12 offspring. Each of these individuals constituted the ancestor of each of the four families. They were selfed to produce 100 offspring. Subsequent generations n:

From there, we simulated the exact same selection scheme that included a two-steps procedure (Fig. S1). First, we selected the 12 earliest (within each early family) and the 12 latest individuals (within each late family) from the 100 offspring of each parent. We next selected the five earliest (within each early family) and five latest (within each late family). In other words, at each step we retained 5 out of 500 individuals within each of the four families. Note that we imposed that the five selected individuals did not share the same parent.

Simulated genetic and phenotypic values

Because maize flowering time is a highly polygenic trait (Buckler et al. 2009;Tenaillon et al. 2018), we imposed the haploid number of loci L = 1000. The genome of one individual was composed of 10 chromosomes. In each simulation: (i) we randomly assigned each locus to a chromosome so that genome composition varied from one simulation to another; (ii) the position of each Interplay between drift and selection 3 locus within each chromosome was uniformly drawn between 0 1 and 1.5, 1.5 Morgan being the total genetic length of each chro- 12

G i g = [(a f (i,g) 1 , a f (i,g) 2 , ..., a f (i,g) l , ..., a f (i,g) L ),
(a

m(i,g) 1 , a m(i,g) 2 , ..., a m(i,g) l , ..., a m(i,g) L )] (2) 
The initial allelic effects were drawn in an reflected exponen-13 tial distribution, that is to say :

14 ∀l ∧ ∀( f (i, g) ∨ m(i, g)), a l ∼ Reflected exp(λ) (3) 
Hence the probability density:

f (a l , λ) = 1 2 λe -|λa l | (4)
which implied that:

16

E[a l ] = 0 and V[a l ] = 2 λ 2 (5) 
Starting from a hybrid heterozygote at all loci, we showed that after g generations of selfing and two generations of bulk,

18
for L loci without linkage disequilibrium or mutation, we ex-

19 pected: 20 E(σ 2 A 0 = σ 2 g+2 ) = E(σ 2 g ) = 1 2 g × L × 2 λ 2 (6)
Therefore, to match the field estimation σ 2 A 0 , one could let

21 λ = 2L 1 2 g 1 σ 2 A 0 . (7) 
However, drift, linkage disequilibrium and mutation can lead 22 to deviations from the expected value of the initial genetic vari-23 ance. We therefore recalibrated all the allelic effects at generation 24 0 to match the initial σ 2 A 0 additive variance. To do so, we multi-25 plied by a corrective factor k =

σ 2 A 0 V(A 0 )
, where V(A 0 ) was the 26 additive variance of our population G 0 , calculated in multiallelic as 2 × ∑ L i=1 p i α 2 i with p i the frequency of the allele i and α i its effect. So at G 0 , V(A 0 ) = σ In addition, we considered an alternative drift regime, where we increased the census population size by a factor 10, ceteris paribus, thereafter referred as the Low Drift regime (LD). Under this regime, we selected in each Saclay DSE the fifty earliest/latest individuals within early/late families out of five thousand individuals (instead of five hundred).

We performed 2000 independent simulations for each of the four families in each of the four regimes. If not specified, all subsequent analyses were carried out over all simulations.

Parameter calibration Clark et al. (2005) estimated the nucleotidic substitution rate to be in the range of 30 × 10 -9 . We estimated roughly the mean mRNA length from maize reference genome V4 [START_REF] Jiao | Improved maize reference genome with single-molecule technologies[END_REF] to be equal to 6000 (median=5197, mean=7314). Hence we used a mutation rate per loci of: µ = 6000 × 30 × 10 -9 = 1.8 × 10 -4 . Other variance parameters were chosen such that the HDHS simulated cumulative response falls in the same range of values as the MBS observed one. To account for some flexibility in these variance parameters, we drew for each simulation the variance in an inverse-gamma distribution prior. More precisely,

σ 2 E ∼ Γ -1 (17.6700, 37.5075) =⇒ E(σ 2 E ) = 2.25, V(σ 2 E ) = 0.32 σ 2 A 0 ∼ Γ -1 (3.540, 5.715)) =⇒ E(σ 2 A 0 ) = 2.25, V(σ 2 A 0 ) = 3.28 σ 2 M ∼ Γ -1 (17.67, 0.5626125) =⇒ E(σ 2 M ) = 3.38 × 10 -2 V(σ 2 M ) = 7.27 × 10 -5

Expected response, effective population size and time to the most recent common ancestor

We computed the expected cumulative response after t generations for haploid population as (Hill 1982b;Wei et al. 1996;Weber and Diggins 1990;Walsh and Lynch 2018):

R(t) ≈ N e i σ P tσ 2 m + 1 -e -t Ne σ 2 A (0) -N e σ 2 m (8)
The effective population was the only parameter not explicitly defined in our simulations and is of crucial importance in the response to selection. We estimated N e following two approaches. First using the Time to the Most Recent Common Ancestor (TMRCA) from the standard coalescence theory for a haploid sample of size k at generation g (Walsh and Lynch 2018):

E(TMRCA g ) = 2N Coal e(g) × (1 - 1 k ) (9)
Second, from the variance in offspring number (Crow and Kimura 1971;Durand et al. 2010), where N e can be computed as

N Var(o) e(g) = N -1 Var (g) (OffspringNumber) (10) 
In the simulations, N Coal e(g) and N

Var(o) e(g)

were computed at gen-1 eration G 20 . We also computed the harmonic means between 

5 f TMRCA (t) = n ∑ i=2 (2i -1)(-1) i (n(n -1)...(n -i + 1)) n(n + 1)...(n + i -1) i 2 e -( i 2 )t (11) 
Fitness function and Kimura's expected fixed mutational DFE 6

Using diffusion equations, Kimura (Kimura 1962) predicts the 7 fixation probability of a mutation of selective value s(a) -with 8 a its additive effects-and initial frequency p:

9 P f ix (s(a), p, N e ) = 1 -e -4s(a)pN e 1 -e -4s(a)N e . ( 12 
)
We considered a mutation occurring during meiosis in one 10 plant among the 500 of a family observed at a given generation.

11

When occurring, its effect on the phenotypic variance is negli-12 gible. Therefore, initially this plant was selected independently 13 of the mutation. The 5 selected individuals comprised one het-14 erozygote (Aa) bearing the mutation, and 4 homozygotes (aa).

15

Each selected individual produced 100 progenies, so that the fit-16 ness effect of the mutation was evaluated at the next generation 17 in a population of 500 plants where the frequency of the mutant 18 allele was p = 1/10 (Table 1).

19 Additive mutational effect a AA = 2a a Aa = a a aa = 0

In this population, the distribution of flowering time resulted 20 from a mixture of gaussian distributions.

21 f (x) = ∑ k Π k f k (x) (13) 
where f k (x) is the flowering time distribution for plants with 22 genotype k ∈ AA, Aa, aa. As we selected 1% of the latest (resp.

23 earliest) flowering plants, all selected plants did flower after the 24 date z, computed as the 1% quantile of the mixture distribution.

25

The selection effect s(a) depended on the effect a of the muta-26 tion on flowering time (Table 1). Indeed, the relative weight 27 of homozygous mutants AA among selected individuals was 28 computed as:

29 w AA = 1 -F AA (z) ∑ k 1 -F k (z) (14) 
Which leads to:

s(a) = F aa (z) -F AA (z) 1 -F aa (z) (15) 
The fixation probability P f ix (s(a), p, N e ) was computed as 30 in (Eq. 12) using s(a) (Eq. 15), p = 1/10, and N Coal e(g) for N e .

31

The mutational effect a was drawn in a reflected exponential 32 distribution of parameter λ mut and density function g λ mut (a).

Hence, the density of fixed mutations h(a) was computed as:

h(a) = g λ mut (a)P f ix (s(a), p, N e ) g λ mut (x)P f ix (s(x), p, N e )dx . (16) 
Moreover, we recorded the simulated a sim of each fixed mutation and computed the realized distribution, using kernel estimation methods, h obs (a).

Simulation code and field data will be available in Figshare upon acceptance of the manuscript.

Results

In order to examine the evolution and fate of small selfing populations submitted to strong selection, we investigated the dynamics of the response to selection under a High Drift-High Selection after 13 generations, corresponding to a linear regression coefficient of 0.86 DTF/generation (Tab. 2a). This family fixed a deleterious allele at G 13 and could not be maintained further (Durand et al. 2012). We examined two derived families from G 3 (Fig. S2), the FL2.1 and FL2. 

Simulation model validation

We used simulations both to validate our model and to explore two drift intensities, High and Low. We used corresponding negative controls with No Selection (NS) which lead to four regimes: High Drift-High Selection In sum, we validated the accuracy of our model by showing that the simulated response closely matched the observed response. We further demonstrated that selection triggered the response in all populations under both low and High Drift. Finally, we confirmed our expectation that the selection response was higher in a Low Drift than in a High Drift regime.

Effective population size:

We estimated coalescent effective population sizes N e from the standard coalescence theory (Eq: ( 9)) using a Wright-Fisher We addressed the qualitative nature of selection response focusing on its linearity. To do so, we measured in each family the average genetic gain per generation over 2000 simulations by fitting a linear regression model. The average genetic gain was 0.49 DTF/generation under HDHS, and 1.1 DTF/generation under LDHS (Tab. 2c). Associated R 2 > 0.95 indicated an accurate fit of the data to the linear model. Yet, large standard deviations around these estimates (0.2 and 0.27 for HDHS and LDHS, respectively) pointed either to high stochasticity or a non-linear response. Single simulations indicated non-linear response (Fig. S3). Noteworthy, a strong response was observed between G 0 and G 1 (G 0 G 1 Fig. S3) with similar values in HDHS and LDHS, around 1.6 DTF/generation (Tab. 2c). Subsequently, simulations displayed discontinuities with abrupt changes of slopes at some generations, a signal compatible with the fixation of new mutations (Fig. S3). In order to characterize such discontinuities, we fitted a linear segmentation regression on individual simulations from G 1 and onwards. We estimated the number of breakpoints (i.e. slope changes), the corresponding slopes, and the first and greatest slope based on AIC minimization (Durand et al. 2010). The first slope described an average gain of 0.59 DTF/generation in the HDHS regime, and almost twice (0.96 DTF/generation) in the LDHS regime (Tab. 2c). These values were lower than those observed in G 0 G 1 .

Those results are consistent with a G 0 G 1 response resulting from the recruitment of initial genetic variance, independently of the population size, and a later response based on mutational variance being less effective in small than in large populations.

To confirm those results, we performed a principal component analysis (PCA) and explored correlations between input parameters: initial additive genetic variance σ 2 A 0 , mutational variance σ 2 M and residual variance σ 2 E , and descriptors of the response to selection : G 0 G 1 response, number of breakpoints, first slope and greatest slope. In line with our interpretation, irrespective of the selection regime, σ 2 A 0 positively correlated with G 0 G 1 , and σ 2

M

positively correlated with the first (after G 1 ) and greatest slope (Fig. S4). Note that this stochastic process of mutation occurrence and fixation resulted in large differences among replicates, as illustrated by the breadth of the response (shaded areas in Fig. 1).

Evolution of genetic diversity:

Because of the well established role of standing variation in selection response, we focused on its temporal dynamics. Standing variation in our experiment consisted in residual heterozygosity found in the initial inbred lines. Starting with a mean residual heterozygosity of 3.0 × 10 -3 at G 0 (Tab. 2c), we observed a consistent decrease throughout selfing generations until the mutation-drift-equilibrium was reached (Fig. S5). Without selection the mean values reached Beyond fixation time, a key aspect of our work was to investigate the impact of drift and selection on the type of fixed mutations, best summarized by their genotypic effects. In order to do so, we compared the distribution of incoming mutations to that of fixed mutations. We evidenced a strong depletion of deleterious mutations together with a striking enrichment in beneficial mutations under the two Selection regimes, HDHS (quantile 5%=-0.02, median value=0.43, 95% quantile=1.3) and LDHS (quantile 5%=0.011, median value=0.66, 95% quantile=1.7) (Fig: 4). We also derived a theoretical expectation from Kimura's allele fixation probability using the selection coefficient computed in the case of truncation selection (Eq: 16). Accounting for the specificities of our selection procedure we found under both selection regimes, a slight excess of detrimental mutations, and a large excess of beneficial mutations as compared to Kimura's predictions. Note however that, comparatively, the excess of detrimental mutations was reduced under HDHS than under LDHS (Fig: 4).

As expected, selection generated a relation between the average size of a mutation and its time to fixation : the higher the effect of the mutation, the lower the time to fixation (Fig. 5 In sum, our two selection regimes lead to an enrichment of beneficial mutations. Compared with LDHS, HDHS regime fixed fewer detrimental mutations but the average effect of fixed beneficial mutations was smaller.

Covariation between mutational and environmental effects

A puzzling observation was that normalizing raw mutational effects by the environmental standard deviation of selected individuals translated into a distortion of the distribution so that the median value of fixed effects increased by 0.29 (from 0.43 to 0.72) under HDHS and by 0.2 under LDHS (Tab. 2 and Fig. S8).

Similarly, 95% quantile increased by 1.2 (from 1.3 to 2.5) under HDHS and 0.66 (from 1.7 to 2.4) under LDHS. Hence, normalization distortion resulted in much more similar fixed mutations effects distribution under HDHS and HDNS. This Interplay between drift and selection 9 

σ 2 M σ 2 E ) ≈ E(σ 2 M ) E(σ 2 E ) = 1.5 × 10 -2 (
in units of residual variance per 43 generation). These values stand as higher bounds to what was 44 previously described in other species/complex traits (Keightley input in our setting. First, the architecture of maize flowering time is dominated by a myriad of QTLs of small additive effects (Buckler et al. 2009). Over 100 QTLs have been detected across maize lines (Buckler et al. 2009), and over 1000 genes have been shown to be involved in its control in a diverse set of landraces (Romero Navarro et al. 2017). Second, in Saclay DSEs alone, transcriptomic analysis of apical meristem tissues has detected 2,451 genes involved in the response to selection between early and late genotypes, some of which being interconnected within the complex gene network that determines the timing of floral transition (Tenaillon et al. 2018). This suggests that not only the number of loci is considerable, but also that their connection within a network further enhances the number of genetic combinations, and in turn, the associated phenotypic landscape. The breadth of the mutational target is a key parameter for adaptation [START_REF] Höllinger | Polygenic adaptation: From sweeps to subtle frequency shifts[END_REF]). Together, our results suggest that our large mutational target compensates for the small population sizes, and triggers the long-term maintenance of heterozygosity, and genetic diversity at the population level after the selection-drift-mutation equilibrium is reached, i.e. after three to five generations. Noteworthy the expected level of heterozygosity in our controls (No Selection models, NS) corresponded to neutral predictions [START_REF] Crow | The number of neutral alleles maintained in a finite, geographically structured population[END_REF]Kimura 1969).

Quick fixation of de novo mutations drive Saclay DSEs selection response

The observed fixation time of mutations without selection is expected under standard neutral theory. The Kingman coalescent indeed predicts a TMRCA around 8 generations for a population size of 5 which matched closely our observed value of 7.6 obtained under HDNS. With selection, instead, we observed a quick fixation of mutations in three to four generations under HDHS. Likewise, the number of fixed mutation increased from 2.3 in HDNS to 7.7 in HDHS (Tab. 2). Note that while one would expect emerging patterns of hard sweeps following such rapid mutation fixation, our selfing regime which translated into small effective recombination likely limits considerably genetic hitchhiking footprints, so that such patterns may be hardly detectable.

Short fixation times made the estimate of effective population sizes challenging. We used two estimates of N e to shed light on different processes entailed in HDHS stochastic regime. These estimates were based on expected TMRCA and on the variance in the number of offspring (Crow and Kimura 1971), respectively. We found the latter to be greater than the former. This can be explained by the fact that selection is known to substantially decrease effective population on quantitative trait submitted to continuous selection, because part of the selective advantage of an individuals accumulates in offsprings over generations (Santiago and Caballero 1995), and because selection on the phenotypic value acts in parts on non-heritable variance (i.e., on the environmental variance component of V P (Chantepie and Chevin 2020)). Note that estimate of N e based on the known genealogical structure allow to compute a "realized" estimate that accounts for these effects. However, this is not without drawback, as TMRCA were much shorter than expected, a result consistent with the occurrence of multiple merging along pedigrees, i.e. multiple individuals coalescing into a single progenitor. Multiple merger coalescence may actually be better suited to describe rapid adaptation than the Kingman coalescent [START_REF] Neher | Genetic Draft, Selective Interference, and Population Genetics of Rapid Adaptation[END_REF] 3); and (iii) through the distribution of Cov(GE) (Fig. 6). Stochas-17 ticity tightly depends on census population size (Hill 1982a,b).

18

Unexpectedly, however, we found a benefice to stochasticity 19 as illustrated by a bias towards the fixation of advantageous 20 mutations compared with the expectation (Fig. 4). under Low Drift. In the former, the interplay between the initial frequency and selection intensity allows a better retention of beneficial mutations of small effect (Fig. 4) than in the latter.

Interestingly at equilibrium, we also observed a higher level of residual heterozygosity with selection than without, irrespective of population size, suggesting a small impact of selection in the long-term heterozygosity maintenance. Overall, our High Drift-High Selection regime maintains a small, but sufficient number of polymorphisms for the selection response to be significant.

Our selection response evidenced a deficit of fixation of deleterious mutations and hence a modest genetic load (Fig. 4 and S8). We identified three reasons behind this observation. Firstly, in our design, the selection intensity of 1% was applied on the trait. Hence, in contrast to the infinitesimal model for which a high number of polymorphic loci are expected to individually experience a small selection intensity, selection intensity was "concentrated" here on a restricted number of loci, i.e. those for which polymorphisms were segregating. Secondly, we applied truncation selection whose efficiency has been demonstrated (Crow and Kimura 1979). The authors noted: "It is shown, for mutations affecting viability in Drosophila, that truncation selection or reasonable departures therefrom can reduce the mutation load greatly. This may be one way to reconcile the very high mutation rate of such genes with a small mutation load." Thirdly, the lack of interference between selected loci in our selection regime may further diminish the selection cost (Hill and Robertson 1966). Reduced interference in our system is indeed expected from reduced initial diversity and quick fixation of de novo mutations. Whether natural selection proceeds through truncation selection or Gaussian selection is still a matter of debate (Crow and Kimura 1979). Measuring the impact of these two types of selection on the genealogical structure of small populations including on the prevalence of multiples mergers will be of great interest to better predict their fate. This under-representation of deleterious variant echoes with empirical evidence that in crops, elite lines are impoverished in deleterious variants compared to landraces owing to a recent strong selection for yield increase [START_REF] Gaut | Genomics and the Contrasting Dynamics of Annual and Perennial Domestication[END_REF]. Likewise, no difference in terms of deleterious variant composition were found between sunflower landraces and elite lines (Renaut and 
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Chapter 3

Saclay DSEs Polymorphisms Dynamics

Standfirst
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Introduction

Describing the dynamics of adaptation of small populations submitted to intense selection (thereafter High Drift-High Selection regime), and predicting their evolutionary fate are of considerable interest to foresee the consequences of climate change on species survival; but observing and quantifying a selection response in the wild remains a difficult task [START_REF] Kingsolver | The strength of phenotypic selection in natural populations[END_REF][START_REF] Pujol | The Missing Response to Selection in the Wild[END_REF][START_REF] Matsumura | Standardizing selection strengths to study selection in the wild: A critical comparison and suggestions for the future[END_REF][START_REF] Hansen | Monitoring adaptive genetic responses to environmental change[END_REF].

Researchers have therefore explored a diversity of experimental evolution designs that allow to vary crucial parameters (effective population size, reproduction regime...) and provides the opportunity to replicate an experiment under identical conditions, thereby disentangling stochastic from deterministic effects. The dynamics of adaptation is generally studied through two main approaches. On the first hand, Evolve and Resequence (E&R) approach considers evolving populations exposed to novel conditions which shift the fitness optimum and mimic natural selection. After a number of generations, the newly adapted population is sequenced, and comparison with its ancestral state allows to decipher the genomic responses to adaptation, with consistent signals across replicates used to identify true signals of selection signatures [START_REF] Schlötterer | Combining experimental evolution with next-generation sequencing: A powerful tool to study adaptation from standing genetic variation[END_REF]. On the second hand, instead of acting on the environment of the population, one can directly select the population for specific trait(s) values through artificial selection experiments (e.g. drosophila (Weber, 1990;Weber and Diggins, 1990;Weber, 1996), or maize (Odhiambo and Compton, 1987;Moose et al., 2004;Dudley and Lambert, 2010;De Leon and Coors, 2002;Lamkey, 1992)). Just like for E&R approach, the subsequently named Select and Resequence (S&R) approach can rely on genome sequencing to characterize convergent patterns in the response to selection and genomic regions underlying it. The use of artificial selection experiments has been a long tradition in biology [START_REF] Garland | Experimental evolution: Concepts, methods, and applications of selection experiments[END_REF]. Its main advantages are to control selection intensity applied on a single trait and to investigate the correlated response to selection and its limits.

Just like natural selection, artificial selection proceeds by retaining the most-fitted individuals among a diversity of phenotypes created by de novo mutations or already sanding genetic variations. However, one important difference is that natural selection targets many traits with potential conflicting outcomes hampering their evolution; while artificial selection experiments often rely on selecting a single trait of interest limiting potential trade-offs. While selection intensity during domestication might not have been as strong as previously expected and less intense than natural selection (Moyers et al., 2018;[START_REF] Purugganan | Evolutionary Insights into the Nature of Plant Domestication[END_REF], divergent selection experiments as well as modern breeding programs often rely on truncation selection, known to be the most effective form of directional selection (Crow and Kimura, 1979). Under truncation selection, limits to the evolution of phenotypes are rarely reached as heritable variation persists through time (Odhiambo and Compton, 1987;Moose et al., 2004;Weber and Diggins, 1990;Caballero et al., 1991;Mackay, 2010;Lillie et al., 2019) andChapter 2. E&R have been successfully employed in micro-organisms facilitated by their short generation time and the small genome size of the organisms. S&R on the other hand has been preferred in crop species such as maize, where the breeding context calls for investigations on the limits to selection. In higher organisms, however, whole genome sequencing remains costly. In addition to sequencing errors, calling of polymorphisms in large genomes is error-prone due to their redundant nature. For instance, maize genome has undergone several historical rounds of duplication and contains a large fraction (85%) of transposable elements (Schnable et al., 2009). In particular, misalignment of paralogous regions often causes heterozygotes miscalling [START_REF] Brandenburg | Independent introductions and admixtures have contributed to adaptation of European maize and its American counterparts[END_REF]. Stringent filters are therefore applied, and together with a mild sequencing depth, they hamper the detection of rare variants, considered to play a substantial role in adaptation (Desai and Fisher, 2007)). In the recent years, the "barcoding approach" has a became popular alternative to whole genome resequencing in microbial populations [START_REF] Cvijović | Experimental Studies of Evolutionary Dynamics in Microbes[END_REF]. Rare variants can indeed be tracked effectively at a limited cost. The approach relies on the use of high number (in order of the population size) unique barcodes per locus to track the number of offspring of all initial individuals in the population over time. Extremely high resolution can be achieved in designing barcodes that differ at several sites, allowing to circumvent sequencing errors. However, this approach does not directly identify individual mutations, but only infers the occurrence of adaptive mutations, their effects on fitness, and their frequency trajectories.

We showed Chapter 2 through individual-based forward simulations, that the initial response to selection in Saclay DSEs was due to the fixation of standing genetic variants present as residual heterozygosity; fixation of such mutations explains the initial response. We found that the long-term response however is due to the fixation of de novo mutations. In this third chapter, we aimed at validating experimentally these results, keeping in mind that our model made a number of assumptions, especially pure additivity and no pleiotropy. In order to do so we employed an original approach, not based on whole genome sequencing which was too costly, but that describes the fate of individual mutations. We took advantage of our original setting to detect and follow, throughout the DSE pedigrees, the fate of both standing and de novo mutations that differentiate early and late flowering populations in the F252 and the MBS genetic background. In addition, we developed a preliminary neutral model of the distribution of residual heterozygosity after n generations of selfing. Previous work in maize has indeed revealed the presence of clusters of heterozygosity, some of which are shared among different inbred lines [START_REF] Brandenburg | Independent introductions and admixtures have contributed to adaptation of European maize and its American counterparts[END_REF]. This, together with evidence of elevated rate of heterozygosity in low-recombining pericentromeric regions [START_REF] Mcmullen | Genetic properties of the maize nested association mapping population[END_REF][START_REF] Gore | A first-generation haplotype map of maize[END_REF], has been interpreted as a consequence of inefficient purging of deleterious alleles and pseudo-overdominance -deleterious mutations in repulsion maintained by selection against inbreeding depression. Using this model, we showed through simulations that linkage disequilibrium generates substantial variation around the expected reduction of heterozygosity (1/2 n ) that is sufficient to maintain long heterozygous chromosomal segments. These simulation results raise the question of which null model should be used to detect clusters of heterozygosity.

Polymorphism detection

To detect genetic polymorphisms between early and late populations, we used RNA-Seq data from five Early and Late progenitors of generation G13 of Saclay's DSEs. The dataset has been originally produced to study the genes deferentially expressed in the apical meristem during floral transition (Tenaillon et al. (2018)). The use of an RNAseq dataset conditioned the detection of polymorphisms in genes expressed in the apical meristem. As shown in Tenaillon et al. (2018), these genes represented about 55% of all annotated maize genes.

Progenitors used for polymorphism detection

Briefly, we represented each population, by choosing five progenitors (G13) of the G14 generation (2010), corresponding to the last generation for which we had collected seeds from the FT027 family (Very Late F252). The five progenitors represented five out of the ten families of the DSEs. Their names and pedigree are given in Tab. 3.1. 40-2-4 M-40-2-4-7 M-40-21-3-17-3-8 MT040 MLL F-36-2-6 F-36-2-6-14 F-36-9-5-2-18-11 FP026 FEE F-31-2-2 F-31-2-2-8 F-31-7-1-1-3-14 FT317 FLL F-27-3-2 F-27-3-2-3 F-27-12-10-1-1-9 FT027 FVL Table 3.1: Simplified pedigrees of progenitors used in the RNASeq experiment. Each progenitor derived from a single plant at G2 and G1. * Abbreviation used in (Tenaillon et al. (2018)).

G1 G2 G13 Familly Abbreviation * M-52-2-8 M-52-2-8-13 M-52-11-5-9-7-6 MP052 MEE M-
To represent each G13 progenitor, we used bulks of S2 seeds collected at G14 from the progenies that have been evaluated but not retained by selection. Seeds from the five chosen progenitors were sown in the field in 2012 and 2013. Each year, plant meristems were dissected on a daily basis for a period of roughly one month. We recorded meristem status and pooled meristems sampled at the same developmental stage, as defined by the number of visible leaves. We extracted RNAs from 25 pools of meristems (from 16 to 31 meristems from the same progenitor and developmental stage) collected during the two years from which we built and sequenced 25 RNAseq libraries, corresponding to two or three developmental stage per year and per progenitor.

Variant discovery from RNAseq

In total 25 RNAseq libraries were sequenced using 51 bp Illumina single reads. Because, we aimed at detecting polymorphisms between Early and Late genotypes within each DSE (F252 and MBS), we pooled RNAseq data from all libraries corresponding to the same progenitor, albeit different developmental stages, in a unique fastq file. We pooled 6, 7, 4, 5, 3 libraries for FEE, FLL, FVL, MEE, MLL, respectively. Tab. 3.2 summarizes the number of reads per genotype after trimming and filtering for low quality reads and rRNAs removal, following the procedure described in Tenaillon et al. (2018).

Genotype

Number We further performed variant discovery between the Early and Late genotypes chosen at G13 from the RNAseq reads, within each inbred line independently. To do so, we followed the best practices of the Genome Analysis ToolKit (GATK, (Van der Auwera et al., 2013)) considering each of the five genotypes independently. We first mapped all reads on the B73 maize reference genome V4 [START_REF] Jiao | Improved maize reference genome with single-molecule technologies[END_REF] using STAR (2.6.1) aligner [START_REF] Dobin | STAR: Ultrafast universal RNA-seq aligner[END_REF]. We used the two-pass mode, in which a first mapping step detects spliced junctions that are subsequently employed as additional information to map the reads. We used the default parameters, except for the maximum number of duplicated match a read is allowed, that we set equal to one, hence keeping reads that strictly map to one locus. As for the postmapping step, we used the Picard set of tools (3.8) that (1) index the reference genome, add read group information and sort the reads; (2) retrieve duplicates using MarkDuplicates; process reads incorrectlymapped to intronic regions with SplitNCigarReads before using ReassignOneMappingQuality; recalibrate the quality scores thanks to baseRecalibrator, using the known variants [START_REF] Chia | Maize HapMap2 identifies extant variation from a genome in flux[END_REF] (downloaded from Ensembl database (ensembl;version=90;url=http://e90.ensembl.org/Zea_mays.)). We further called SNPs using the GATK's tool HaplotypeCaller with a minimum PHRED score of 30.0. Next, we ran variant filtering steps with the VariantFiltration tool. Following GATK guidelines for RNA-seq data: we discarded clusters of at least 3 SNPs that were within a window of 35 bases by adding -window 35 -cluster 3 to the command; we filtered on Fisher Strand values (F S > 30.0) and Quality By Depth values (QD > 2.0). SNPs falling into non-assembled remaining scaffolds, chloroplastic or mitochondrial DNAs were eliminated. Because we expected very few heterozygous SNPs after 13 generation of selfing, we discarded them. Finally, we applied stringent filters for raw QUAL scores (QU AL > 40) and genotype quality (GQ > 20) and required that at least 5 reads covered a given SNP (DP > 5).

Altogether, we retained 46 SNPs in the MBS line and 7,030 SNPs in the F252 line, that corresponded to six different genotype profiles : In F252, because SNPs were detected between FEE, FLL and FVL, there was four possible segregation type that defined two different scenarios (represented Tab: 3.3). Either a SNP was segregating between early, and Late-Very Late populations, belonging to the hereafter called A category or a SNP was segregating between Early and Late, or Early and VeryLate, belonging to the B category .

Type FEE FLL FVL MEE MLL A 0/0 1/1 1/1 na na A 1/1 0/0 0/0 na na B 0/0 1/1 0/0 na na B 1/1 0/0 1/1 na na C na na na 0/0 1/1 C na na na 1/1 0/0

Genomic positions of SNPs

The position of the SNPs on B73 maize reference genome V4 is depicted in Fig. 3.1. The 46 SNPs detected in MBS were mostly found in chromosome 10. The 7,030 SNPs found in F252 were distributed on all ten maize chromosomes. As shown Fig. 3.1, SNPs appeared very often as physically clustered into large genomic regions. The matrix of euclidian distances between SNP positions was used to identify clusters using the k-means algorithm. Tab. 3.4 summarizes the distribution of the SNPs and the clusters over the chromosomes. For F252, the mean cluster length was equal to 1.93 × 10 6 bp, the median to 1.80 × 10 5 , while the 0.25 (resp. 0.75) quantile was equal to 1.21 × 10 3 bp (resp 1.66 × 10 6 bp). For MBS, the small number of SNPs detected generated correspondingly small cluster size (mean= 355 bp, 25% quantile =1, median = 279, 75% quantile =502). This pattern was quite unexpected. Because polymorphisms were detected only in coding regions, it can be due to the unequal distribution of genic regions along the chromosomes. It can also reflect that residual heterozygosity of the ancestral seed lot is not randomly distributed because of a reduced number of recombination events in the ancestral path. This second hypothesis is evaluated by simulations in the following section.

A. 2 7 2 4 1 0 0 7 2 7 2 4 1 0 0 7 2 7 2 4 1 0 0 7 2 7 2 4 1 0 0 7 1 3 8 1 0 0 0 0 0 1 3 8 1 5 0 0 0 0 1 3 8 2 0 0 0 0 0 1 3 8 2 5 0 0 0 0 1 3 8 3 0 For MBS, all 46 SNPs were used for KASPar™ genotyping. B. For F252, 480 SNPs (in blue) were sampled among the 7,030 detected.

SNPs choice for KASPar™ genotyping and overall SNPs description

The objective of the SNP detection was to genotype the progenitors of Saclay's DSEs. However, we were limited to the genotyping of 480 SNPs with the KASPar™ genotyping protocol described here after, for financial reasons. Hence, several criteria were defined to maximize the genome coverage of potentially selected site, while trying to identify de novo mutations.

MBS

All 46 SNPs detected between MEE and MLL were retained and used to genotype MBS progenitors. The 46 SNPs distribution among chromosomes is presented tab. 3.4, and their distribution among annotated genes is presented tab. 3.5. Overall, most SNPs were located on chromosome 10 in 5 annotated genes.

Chrom Gene_id Annotation M_Candidat GWA_Candidat ALONE Sel # SNPs 2 Zm00001d002125 nuclear RNA polymerase D2/E2 0 0 1 0 1 2 Zm00001d006409 RanBP2-type zinc finger protein 0 0 1 0 1 6 NA NA 0 0 1 0 1 6 Zm00001d038104 Mannosyl-glycoprotein endo-beta-mannosidase 0 0 1 1 1 8 NA NA 0 0 1 0 1 10 Zm00001d026084 IQ-domain 23 0 0 0 1 2 10 Zm00001d026088
Outer cell layer2 0 0 0 1 14 10 Zm00001d026089

Replication factor C subunit 2 0 0 0 0 11 10 Zm00001d026091 E3 ubiquitin-protein ligase 0 0 0 0 9 10 Zm00001d026094

Heat stress transcription factor B-2b 0 0 0 0 5 Table 3.5: MBS SNPs distribution among genes

F252

After retaining the 46 SNPs found in the MBS line, we needed to select 454 SNPs among the 7,030 detected in the F252 line. First, we decided to preferentially retain SNPs that fell within genes possibly involved in the genetic determinism of flowering time. To do this, we used different kind of prior information :

• Sel genes were the genes detected as differently expressed between Early and Late G13 progenitors in the RNA-Seq experiment (Tenaillon et al. (2018)).

• F_Candidate is the list of known flowering time genes in maize (Tenaillon et al. (2018)).

• GWA_Candidate is a list of genes associated to flowering time variation in a panel of 4,471 inbred lines/landraces ((Romero Navarro et al., 2017)).

Second, we equally represented polymorphisms found between Early (FEE) and Late (FLL + FVL) belonging to A-type, and polymorphisms that were specific to FLL, belonging to B-type according to Tab. 3.3. Third, we accounted for the clustering into genomic regions. Because we were interested in finding de novo mutations, we retained all the SNPs found isolated in 20kb regions, thereafter called ALONE. Concerning the SNPs found into clusters, two different rules were applied, depending on whether the cluster contained candidate genes or not.

• We took one SNP every 200bp within candidate genes.

• Clusters that did not contain any candidate gene were represented by one SNP every 5 SNPs, among SNPs separated by at least 200bp.

Indeed, because mating type in the DSEs was selfing, recombination was not expected to be efficient in breaking down initial linkage disequilibrium and SNPs belonging to the same cluster are expected to bare the same information. Tab. 3.6 shows that the distribution of SNPs along the chromosomes was heterogeneous with only 4 SNPs in chromosomes 4 and 7, up to 131 in chromosome 6. Selected SNPs were located in 364 different genes, with 318 genes represented by a single SNP, and 46 genes represented by two to four SNPs. 48 SNPs were located in genes not annotated in the last version of B73 annotation [START_REF] Jiao | Improved maize reference genome with single-molecule technologies[END_REF] 

Towards a better understanding of neutral pattern of heterozygosity along chromosomes under selfing

The seed lots at the origin of Saclay DSEs (F252 or MBS) were produced in a conventional maize selection scheme. The basic seed lots of an inbred line, which is registered for commercial purpose (e.g. in the French official catalog), are classically obtained after selfing F1 hybrids for eight to nine generations in Single Seed Descent (SSD), followed by one or two generations of multiplication in isolation (bulk). We can make the hypothesis that a unique plant was used to produce the seeds needed for the bulk multiplication generation.

The goal of this section is to describe the neutral genomic distribution of the heterozygosity of this plant (i.e. neglecting selection), in order to understand the genetic structure of a seed lot used at the start of breeding experiments. To do so, we conducted individual-based forward simulations. We considered two interfering mechanisms: one responsible for the loss of heterozygosity throughout generations, namely the segregation of alleles at meiosis that under selfing is expected to decrease heterozygosity by 50% at every generation; the other modulating the distribution of heterozygosity along the chromosomes, namely the recombination landscape.

Model

We considered a plant described by a chromosome of length L = 2, expressed in Morgans (M ) (the average size of maize chromosomes), and assumed a density D of markers distributed homogeneously along one chromosome. A plant was represented by two vectors of length L • D indicating the genotype of the plant on each of its two homologous chromosomes. Note that we chose here to work in terms of genetic distances, even if the relationship between physical and genetic distance is not linear. Indeed, in the absence of interference, the distribution of crossovers is homogeneous along the genome in terms of genetic distance, which is not the case for physical distance.

We considered a starting F1 hybrid with alleles noted 0 on the chromosome of maternal origin, and alleles noted 1 on the chromosome of paternal origin, as the founder of the SSD scheme. Under an SSD scheme, each generation F k is founded by the descendants of a single plant from the previous generation. Thus, there is only one path to go back in the genealogy from the plant F n used for the multiplication to the initial F 1 hybrid. We mimicked this scheme by randomly drawing a plant at each generation to produce the next one through selfing, i.e. each individual being generated by randomly drawing two gametes from the progenitor meiosis products. We simulated recombination, neglecting crossover interference, by randomly drawing the position of successive recombination events in an exponential distribution of parameter λ (M), from the beginning to the end of each chromosome. Each recombination event gave rise to an exchange between sister chromatids. By default, we used λ = 1, which corresponds to an average 1 CO event per Morgan.

A replicate of the experiment consists in 2(G -1) vectors of genotypes, with two vectors for each of the G -1 generations representing the successive plants used. For each replicate, and for each generation, a plant is represented by an ordered set of genomic segments (from left to right) having three possible status: stretches of markers homozygous for the allele of parent 1, stretches of markers homozygous for the allele of parent 2, and stretches of markers heterozygous (Fig. 3.3).

We compared our 2000 simulations to the expectation of 50% decrease in the rate of heterozygosity at each generation of self-fertilization. In our simulation procedure, we kept track of the following outputs:

• The rate of heterozygosity as the fraction of heterozygous loci along the chromosome.

• The number of breakpoints.

• The length of each segment.

• The nature of each segment.

Model validation

The number of crossing-overs and the average length of the segments can be deduced from the analysis of the simulated F2. We saw that the mean number of recombination events approaches 4 for segments with an average length around 1/4 of the genome (0.5 M, Fig. 3.4), and we validated that the greater the number of recombination events (# 2 to # 7, Fig. 3.4 B.), the smaller the length of chromosomal segments.

A.

B.

Generation F2

Nb CO 

Residual heterozygosity and demographic stochasticity

Choosing a single plant at each generation as progenitor introduces a strong demographic stochasticity (e.g. see the substantial stochastic variations in F2 Fig. 3.5 A.). This results in significant fluctuations in heterozygosity (Fig. 3.5 A.). Overall, the rate of average heterozygosity decreases, matching closely the expectation of 50% decrease at each generation of self-fertilization (Fig 3.5 A.). At a given generation, we can classify the replicates into two categories: fully homozygous replicates and replicates for which a fraction of the chromosome remains heterozygous (thereafter heterozygous chromosomes). Figure 3.5 B. shows the evolution through selfing generations of the fraction of chromosomes exhibiting at least one heterozygous segment. At generation 9, this fraction is around 15 %. We therefore expect on average one chromosome in 10 still bearing an heterozygous fragment after nine generations of selfing (Fig. 3.5 B). Generation Heterozygosity q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q 2 4 6 Therefore, conditioning on the observation of a chromosome still displaying residual heterozygosity, the average rate of heterozygosity was higher than the expectation of 50% decrease in the rate of heterozygosity at each generation of self-fertilization (Fig. 3.7 B. dark grey curve vs light grey vertical bar). The expected distribution of the rate of heterozygosity within heterozygous chromosomes adjusts to an exponential distribution of mean 1 λ = 0.045 (Fig. 3.7 B) red line), which corresponds to the empirical mean represented Fig. 3.7 B. by the dark grey vertical bar. The average heterozygosity rate of heterozygous chromosomes in F9 is approximately 4.5 %, compared to 0.3 % at the genomic level. The red curve is the cumulative distribution of an exponential probability law with a mean equal to the observed mean.
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Heterozygote chromosomes

Residual heterozygosity

Focusing on the length of the homozygous or the heterozygous segments, Figure 3.8 shows the distribution of the largest segments for each chromosome and Fig. 3.9 represents the average segments length by status (heterozigous vs homozygous). As expected, we observed over generations, an increase in the maximum length of the homozygous segments and a correlative decrease in the maximum length of heterozygous segments. Hence, at F9 the homozygous segments were on average larger than the heterozygous segments, the latter remaining however substantial, with an average around around 10cM (Fig. 3.9).

A.

B. Generation Length of longest fragment (M) q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q Homozygous Heterozygous Figure 3.9: Evolution of the average length of segments between F1 and F9. The grey line corresponds to homozygous segments, while the green line corresponds to the heterozygous segments.

Conclusion

We developed a simple model which makes simple assumptions of homogeneous distribution of markers along chromosomes and no heterogeneity of recombination rate to study neutral patterns of heterozygosity under single seed descent and selfing. We observed a strong stochasticity in the neutral pattern of genomic heterozygosity under selfing and SSD. Conditionally on the observation of an heterozygous chromosome, the level of residual heterozygosity is much higher than expected under the hypothesis of 50% loss at each generation. We therefore expect clusters of residual heterozygosity in our data, a pattern which was likely reinforced by the non-random distribution of genes along maize genomes [START_REF] Jiao | Improved maize reference genome with single-molecule technologies[END_REF] and uneven recombination rate.

Genotyping Saclay's DSEs

The SDPEVAL experiment

Saclay's Divergent Selection Experiments for flowering time (DSE's) have been conducted on Saclay's plateau since 1993, corresponding to 22 (+G0) generations in 2018, on two independent genetic backgrounds F252 and MBS. In order to study the impact of the selection for flowering time in these DSEs on several phenotypic traits, we decided to conduct a common garden experiment for two years in 2018 and 2019 to evaluate a subsample of selected genotypes at different generations (the so-called SDPEVAL experiment). More specifically, SDPEVAL consisted in the evaluation of a subsample of 308 (+F252 controls and MBS controls) progenitors in 2018 and 277 (+controls) in 2019. The subsample of genotypes was chosen to best represent the DSE pedigrees, i.e. to best estimate the genetic variance, following David et al, 2021, "Optimization of sampling designs in quantitative genetics" (under review). Table 3.7 recapitulates the number of progenitors per family evaluated each year of the trial. In this chapter, we used SNP genotyping data of SDPEVAL to follow the fate of standing and de novo polymorphisms throughout pedigrees. The phenotypic data of SDPEVAL will be presented Chapter 4. In order to better estimate changes in allelic frequency, we also extracted DNAs from all progenitors selected along the ancestral path of generation 13 (generation at which SNPs were detected). Overall, 187 F252 (+3 duplicated genotypes from different seed lots, i.e. genotyping replicates) and 190 MBS independent progenitors were effectively genotyped using Kaspar.

Diverse seed lots origins

Because we aimed at inferring the genotypes of all selected individuals (S0) along the pedigrees from allele frequencies of their pooled offspring, seed multiplication protocols from S0 individuals were essential to account for. Over the course of the DSEs, several protocols were employed. They are summarized below.

• S1 plants: Direct offspring of the S0 selected individuals (one generation of selfing).

• S2 plants: The S1 offspring underwent one multiplication through the sowing and harvesting of 25 plants in bulk.

• S3 plants: For example, plant F-27-3-2, (S0) bred in 1997, was self-pollinated and produced a batch of S1 seeds. As the quantity of S1 seeds was not sufficient, we harvested S2 offspring (≈ 25 seeds per offspring) of each progenitor to constitute an S2 seed lot. This seed lot was further multiplied by selfing i.e. ≈ 12 seeds per S2 offspring. We harvested S3 in bulk.

To estimate genotypes of the selected individuals throughout DSEs, we extracted DNAs from ≈ 15 plants per seed lot (one standardized fresh leaf disk per plant, to ensure equimolar bulk). We computed through simulations, the probabilities of not detecting one of the two alleles in an heterozygous genotype starting from an initial heterozygous progenitor. We found that, with a bulk of about 15 plants, this probability was below 5%. Overall,380 (190 MBS and 190 F252) samples were genotyped. Their distribution among families and generations are presented in tables 3.8. Fig. 3.10 graphically recapitulates the information on the samples directly genotyped for one family (FP036) along the pedigrees, while other families are presented in Appendix A. Table 3.8: Samples distribution among families, without the three F252 biological replicates q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q F-36-1-1 36-2-6-11 F-36-1-1-8-7 F-36-2-6-14-4 F-36-1-1-8-7-10 F-36-1-1-8-7-6 F-36-2-6-14-6-1-11

Final samples repartition among family and generation

F-36-1-3 F-36-1-1-8 F-
F-36-2-6-14-6-1-4 F-36-1-11-6 F-36-1-4-10 F-36-10-4-1 F-36-1-11-6-5 F-36-1-11-6-7 F-36-1-11-6-5-5 F-36-1-11-6-7-1 F-36-1-11-6-5-5-1 F-36-1-11-6-5-5-7 F-36-1-11-6-7-1-8 F-36-1-11-6-7-1-8-8 F-36-1-11-6-7-1-9-4 F-36-8-8-2 F-36-8-8-7 F-36-9-4-1 F-36-8-8-7-9 F-36-9-4-1-15 F-36-9-4-1-7 F-36-8-8-7-9-10 F-36-9-4-1-7-5 F-36-9-5-2-11-14 F-36-9-5-2-11-14-5 F-36-9-5-2-11-22-5
F-36-9-5-2-11-14-5-13 F-36-9-5-2-11-22-9-7 F-36-9-5-2-18-11-10-14 F-36-9-14-13-3

F-36-9-14-13-4

F-36-9-14-13-3-4 F-36-9-14-13-3-5 F-36-9-14-13-3-5-1 F-36-9-14-13-4-2-10 F-36-9-14-13-3-5-1-13 F-36-9-14-13-3-5-1-3 36-2-6-14 F-36-2-6-6 F-36-3-6-15 F-36-2-6-14-6 F-36-2-6-6-3 F-36-2-6-6-7 F-36-2-6-14-6-1 F-36-2-6-14-6-10 F-36-2-6-6-7-4 F-36-2-6-14-6-10-4 F-36-9-14-13-6

FP036_MLN17_11 FP036_MLN17_15 FP036_MLN18_01 FP036_MLN18_02 FP036_MLN19_01 F-36-2-6 F-36-3-6 F-36-3-7 F-
F-36-2-6-6-7-4-13 F-36-2-6-6-7-4-4 F-36-10-4-2 F-36-4-13-4 F-36-4-4-1 F-36-4-4-7 F-36-10-4-1-7 F-36-10-4-2-11 F-36-4-4-7-8 F-36-1-11-6-7-9 F-36-10-4-2-11-7 F-36-1-11-6-7-1-9 F-36-1-11-6-7-9-4 F-36-10-4-2-11-7-7 F-36-1-11-6-7-1-9-5 F-36-1-11-6-7-9-4-9 F-36-9-4-4 F-36-9-4-8 F-36-9-5-2 F-36-9-5-3 F-36-9-4-8-16 F-36-9-5-2-11 F-36-9-5-2-18 F-36-9-5-2-11-15 F-36-9-5-2-11-22 F-36-9-5-2-
F-36-9-22-7-4 F-36-9-11-9-6 F-36-9-11-9-6-2

F-36-9-14-13-4-2 F-36-9-14-13-4-3 

F-36-9-11-9-6-2-1 F-36-9-11-9-6-2-2 F-36-9-11-9-6-2-7 F-36-9-11-9-6-2-2-5 F-36-9-11-9-6-2-7-1 F-36-9-11-9-6-2-7-6 FP036_MLN17_12 FP036_MLN17_13 FP036_MLN17_14 FP036_MLN18_03 FP036_MLN18_04 FP036_MLN19_03 FP036_MLN19_04 G0 G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 G14 G15 G16 G17 G18 G19 G20 G21 G22 Phenotype (SdpEval) q FALSE TRUE Kaspar q q FALSE TRUE

KASPar™ genotyping

The genotyping of 190 MBS progenitors for 46 SNPs and 190 F252 progenitors for 480 SNPs was conducting using KASPar™ technology (KBioscience's competitive allele-specific PCR amplification of target sequences and endpoint fluorescence genotyping) on the Gentyane technical center from INRAE (http://gentyane.clermont.inra.fr/contenu/presentation) The genotyping process was conducted using IFC Dynamic Arrays 96*96 / IFC Controller HX / Juno / Biomark™ HD Reader. The IFCs Dynamic Arrays chips allow the automatic assembly of PCR mixes with all DNA samples thanks to their microchannels and 6.7nl reaction chambers. Marketed by the company Fluidigm®, the Biomark™ HD Reader is used to perform competitive PCR as well as chip reading. A chip makes it possible to genotype 95 individuals with 96 markers, ie 9120 genotyping points in a single run. The genotype attribution was conducted semi-manually, following a blind protocol, using Biomark software from the Fluidigm® company.

Quality control

Marker by marker Mendelian transmission control

Each data point was validated manually by two independent operators using pedigree information to check for non-Mendelian segregation.

Resulting marker modification

Overall, we were unable to assign genotypes for three markers in MBS ("No Call"): 10_138078604, 10_138138083, 2_206936676_Alone, and 22 markers for F252 ("No Call"): 1_271808106_Alone, 1_271943342, 1_275842920, 1_2825308, 10_118895990, 10_121170604, 10_124263752_Alone, 3_177664189_Alone, 3_181003524_Alone, 3_192499439, 6_160633601_Alone, 6_161971080, 6_37506399, 6_40853444, 6_88151662_GWA-Cand, 6_90174141, 6_91342088_Alone, 6_91510827, 7_139894032_Alone, 8_132113775, 8_134841079_GWA-Cand and 8_145538807.

The manual corrections of the genotype assignment considering pedigree information, consisted in 36 manual modifications over 91,200 data points for F252 and 15 manual modifications over 8,740 data points for MBS.

Comparison between replicated genotypes

The following tables in Tab:3.9 indicate all differences between biological/technical replicates (2 seed lots/two DNA extractions). Table 3.9: F252 differences among replicates Hence:

• For F-27-12-10-1-1-7, among the 480 SNPs, a single locus differed in genotype assignment: it is assigned as heterozygous in one sample and homozygous in the other.

• For F-31-4-16-13, among the 480 SNPs, 9 loci were detected at homozygous in one of the samples while heterozygous in the other.

• For F-36-9-5-2-11-14, among the 480 SNPs, 2 loci were detected at homozygous in one of the samples while heterozygous in the other.

Overall, we therefore found a rate of genotypic difference between replicates of 2.5% validating our protocol.

Multilocus and genealogy quality control

Considering the genealogical information, I detected individuals for which the genotypic information was inconsistent for several markers which pointed to potential errors in sample assignment/labelling in the experimental process (Fig. 3.11 and Appendix B). I discarded these samples from further analyzes, which represented 7% of the genotyped MBS progenitors ( 14) and 8% ( 16) of the genotyped F252 progenitors. Note that offspring of these individuals displayed patterns congruent with the genealogy, ruling out possible field contamination (e.g. gene flow from other genotypes). 21 genotypes were discarded (14 in MBS and 16 in F252): "M-49-1-4-2-10-4-4", "M-49-4-2-15-5", "M-52-4-5-19", "M-52-4-5-8-6", "M-53-16-13-9-3-1", "M-53-16-1-12-6", "M-53-16-1-12-20", "M-53-12-20-1-2-3-16-1", "M-53-3-11-2", "M-53-1-2-7", "M-40-21-17-11-15-2", "M-40-6-2-14-5", "M-40-2-4-7", " M-40-21-3-17-3-8" "F-36-9-14-13-6", "F-36-9-5-2-18-11-10-14", "F-36-10-4-1-7", "F-36-10-4-2", "F-36-4-4-1", "F-39-2-11-5-3-5-4-8", "F-39-3-8-12-7-5-8", "F-39-3-8-12", "F-39-7-1-12", "F-27-7-19-16-5-4-12-15", "F-27-3-2", "F-31-7-16-1-7-9", "F-31-3-5-2-7-5-4", "F-31-2-2-8", "F-31-2-2-8-8", "F-31-8-1-11". 3.8 Inferring genotypes from KASPar™ genotyping data and pedigree relationships.

We produced a matrix of SNP genotypes from KASPar™ data. Genotypes were available from a subset of all progenitors. From this subset we aimed at inferring all genotypes of the genealogy until the 18 th generation. In order to do so, we developed a likelihood model based on Durand et al. (2015), and used a parsimony algorithm to infer missing data in the matrix of genotypes with the highest likelihood at every given SNP. Below we describe the likelihood function that calculates for a given locus, the probability of each genotype given the SNP genotypes of other individuals. This function considers (i) the genealogical information, (ii) the generations of selfing, (iii) the experimental error associated with KASPar genotyping.

Heredity

Let X g,i ∈ {0, 1, 2} be the random variable associated to the true genotype of individual i at generation g at a SNP biallelic locus. X g,i can be associated to a probability law :

π(X g,i ) = {P (X g,i = 0), P (X g,i = 1), P (X g,i = 2)}
Conditionally to the parent A g,i , we have, for any realization x o ∈ {0, 1, 2}:

P (X g,i = x o ) = xa∈{0,1,2} P X g,i = x o /X g-1,Ag,i = x a • P X g-1,Ag,i = x a (3.1)
Individuals are reproducing by selfing at each generation. We supposed that mutations occured during meiosis at a rate µ per locus, per individual, per generation with equal probability of: A → a or a → A. Selection occurred among the adult progenies, and we considered an additive fitness effect for allele a, such that: w 0 = 1, w 1 = 1 + s and w 2 = 1 + 2s.

Hence, the frequency of selected genotypes x o among the progenies of parent x a is:

p xo/xa = f (x o /x a )w xo x k ∈{0,1,2} f (x k /x a )w x k
where f (x k /x a ) is given by Mendelian inheritance taking into account selfing and mutations. We established the (3 × 3) matrix T of probabilities of X g,i given X g-1,Ag,i as indicated in the table below:

Parent Offspring 0 (AA) 1 (Aa) 2 (aa) 0 (AA) (1-µ) 2 1+2sµ 1 4+4s µ 2 1+2s(1-µ) 1 (Aa) 2µ(1-µ)(1+s) 1+2sµ 1 2 2µ(1-µ)(1+s) 1+2s(1-µ) 2 (aa) µ 2 (1+2s) 1+2sµ 1+2s 4+4s (1-µ) 2 (1+2s) 1+2s(1-µ) so that, P X g,i = x o /X g-1,Ag,i = x a = T [x o , x a ] (3.2)
Using (3.1) and the T matrix,we have:

π(X g,i ) = T • π(X g-1,Ag,i ) (3.3)

Modeling SNP genotype

Let Y Obs g,i ∈ {0, 1, 2} be the random variable associated to the observed SNP genotype of individual i at generation g. Because of both bulk genotyping and experimental errors, the SNP phenotype does not translate directly into the genotype. Let Y Bulk g,i ∈ {0, 1, 2} be the random variable associated to the true SNP genotype after bulk sampling, but before KASPar errors.

Bulk genotyping

For genotyping, each individual S 0 of the genealogy has been selfed once to produce 25 S 1 individuals, also selfed with seeds (S 2 ) collected in bulk. We used DNAs from 15 S 2 plants to infer the genotype of the S 0 individual. This procedure may lead to ascertainment bias that occurs with a probability p b . For instance, 15 S 2 plants generated from a S 0 heterozygote may by chance be homozygotes for the a allele. This may occur with a probability 0.5 at each generation of selfing (0.25 in S 2 ). Let

1 -p b = P Y Bulk g,i = 1/X g,i = 1 (3.4)
In the bulk of 15 S 2 plants, we have p b < 0.02. Because we performed many independent bulks, we modeled p b as a random variable following an exponential distribution of parameter λ b = 1/0.02 = 50.

We established

(3 × 3) matrix T Bulk of probabilities of Y Bulk g,i
given X g,i as indicated in the table below:

X g,i = Y Bulk g,i = 0 (AA) 1 (Aa) 2 (aa) 0 (AA) 1 p b 2 0 1 (Aa) 0 1 -p b 0 2 (aa) 0 pb 2 1 3.8.2.

Accounting for experimental errors in KASPar genotyping

Experimental biases and misinterpretation of the fluorescence data may occur if:

• homozygous genotypes are widespread on the two-dimensional fluorescence plan. This may occur either because of the differential/variance around the fluorescence signal between the two allelespecific fluorophores,

• or because of the bulk DNAs and variation of allele counts which may translate into a continuum between homozygotes and heterozygotes.

Let e be the probability of misinterpretation of one allele of a biallelic SNP genotype. We can establish

(3 × 3) matrix T Kasp of probabilities of Y Obs g,i given Y Bulk g,i
as indicated in the table below:

Y Bulk g,i = Y Obs g,i = 0 (AA) 1 (Aa) 2 (aa) 0 (AA) (1 -e) 2 e(1 -e) e 2 1 (Aa) 2e(1 -e) e 2 + (1 -e) 2 2e(1 -e) 2 (aa) e 2 e(1 -e) (1 -e) 2
Hence, we have

P Y Obs g,i = Y Bulk g,i = 6e(1-e)+e 2 3 = 6e-4e 2

3

.

From SNP phenotypes to SNP genotypes

Considering all possible sources of error (bulk genotyping and experimental biases), we have :

P Y Obs g,i /X g,i = P Y Obs g,i /Y Bulk g,i × P Y Bulk g,i
/X g,i , whose corresponding transition matrix is given by the product T Kasp • T Bulk , which can be written:

X g,i = Y Obs g,i = 0 (AA) 1 (Aa) 2 (aa) 0 (AA) (1 -e) 2 2e 2 p b -e 2 -2ep b + e + 1/2p b e 2 1 (Aa) 2e(1 -e) -4e 2 p b + 2e 2 + 4ep b -2e -p b + 1 2e(1 -e) 2 (aa) e 2 2e 2 p -e 2 -2ep b + e + p b /2 (1 -e) 2
122 Hence, we have :

P Y Obs g,i = X g,i = 1/3[2e(1 -e) + e 2 + 2e 2 p b -e 2 -2ep b + e + 1/2p b + 2e 2 p -e 2 -2ep b + e + p b /2+ e 2 + 2e(1 -e)] = 1/3[4e 2 p b -4e 2 -4ep b + 6e + p b ]

Likelihood function of genotypes

We have described above how to estimate the probability of a phenotype knowing the genotype of the individual and also how to calculate a vector of probability of the 3 genotypes knowing the genotype of its parent. From there we were able to estimate the likelihood of a genotype of the genealogy knowing its SNP phenotype and its parent.

The parameters of the model are:

• θ hered = (µ, s) that relates to heredity.

• θ exp = (p b , e) that relates to the experiment.

The known information is A g,i the parent of each individual of the genealogy. The random variables are Y Obs g,i and X g,i . Using conditional probabilities, we have

P X g,i /Y Obs g,i , θ exp , θ hered , X g-1,Ag,i = P X g,i , Y Obs g,i , θ exp , θ hered , X g-1,Ag,i P Y Obs g,i , θ exp , θ hered , X g-1,Ag,i (3.5)
Because the SNP phenotype knowing the genotype does not depend on the parental genotype, and because θ hered and X g-1,Ag,i are independent, we have

P X g,i , Y Obs g,i , θ exp , θ hered , X g-1,Ag,i = P Y Obs g,i , θ exp /X g,i • P X g,i /θ hered , X g-1,Ag,i • P (θ hered ) P X g-1,Ag,i = P Y Obs g,i /θ exp , X g,i • P X g,i /θ hered , X g-1,Ag,i • P (θ exp ) • P (θ hered ) • P X g-1,Ag,i
Similarly, the denominator of (3.5) can be written:

P Y Obs g,i , θ exp , θ hered , X g-1,Ag,i = P Y Obs g,i /θ exp , θ hered , X g-1,Ag,i • P (θ exp ) • P (θ hered ) • P X g-1,Ag,i = P (θ exp ) • P (θ hered ) • P X g-1,Ag,i • xo∈{0,1,2} P Y Obs g,i /X g,i = x o , θ exp • P X g,i = x o /θ hered , X g-1,Ag,i
Therefore, we have,

P X g,i /Y Obs g,i , θ exp , θ hered , A g,i = P Y Obs g,i /X g,i , θ exp • P X g,i /θ hered , X g-1,Ag,i xo P Y Obs g,i /X g,i = x o , θ exp • P X g,i = x o /θ hered , X g-1,Ag,i (3.6)
Equation (3.6) can be computed using the models described above. Furthermore, knowing the parent of each individual of the genealogy, conditional probabilities in (3.6) do not use any extra information and they are independent. Therefore, we extended this equation to all individuals of a given family in order to capture the genealogical information contained in related individuals. The family is characterized by a combination of genotypes whose likelihood is the product of the likelihood of each individual genotype

L = g,i P X g,i /Y Obs g,i , θ, A g,i (3.7) 123

Algorithm description

Principle and parameters

A family (genealogy) contains on average about 60 individuals with 3 possible genotypes 0, 1, 2 and therefore 3 60 (≈ 4 × 10 28 ) genotypic combinations to explore. We developed a parsimony algorithm in order to obtain a limited set of matrix of genotypes and determine the one with the highest likelihood from (3.6). In order to do so, we set up a backward-algorithm from generation 6 to generation 0 (most recent common ancestor of the whole family) that incorporates combinations of genotypes having the highest likelihood knowing the parameters θ hered and θ exp .

Going backwards in time, we considered each node of the genealogy as a (k + 1)-tuple encompassing a parent p i and its k offsprings o, (p i , o i1 , ..., o ik ). Without prior information, the corresponding number of combinations at each node is 3 (k+1) . At each generation and node, our algorithm consists in (1) calculating the likelihood (LK) of each possible combination of genotypes given (3.6) and the LK of offspring combinations; (2) ranking the LK values and performing pairwise comparisons with the highest LK using the Akaike Information Criterion (AIC); (3) selecting a restricted set of the best combinations with AIC<threshold. At the last generation (most recent common ancestor of the whole family) we determined the best LK value and the resulting most likely matrix of genotypes. An example is given Figure 1. Our motivation to proceed in two steps, retaining first several best combinations at each generation but only a single one at the last generation, was guided by the observation that the most likely combination at a given generation may often not provide the best (i.e. most likely) combination at the level of the entire genealogy.

Figure 3.12: Principle of the algorithm. The algorithm functions backward in time. It first considers all possible (k + 1)-tuple at generation g -1 (left panel). Here there are three 2-tuple encompassing a parent at generation g-1 and a single offspring at generation g with 3 possible genotypes (0, 1, 2) that is 9 possible combinations for each 2-tuple. After computing LK values for each combination and keeping only the best ones, we ended-up with respectively 2, 3 and 2 best combinations (AIC<threshold) as indicated in the circles at generation g-1. At generation g-2 (middle panel), there are two (k + 1)-tuple, a 5-tuple and a 3-tuple. We considered all 3 possible genotypes for the parents at generation g-2 in combination with respectively 6 (2*3) and 2 genotypes for the offspring at generation g-1 and g, for a total of 18 and 6 combinations of genotypes. Here, we retained respectively 4 and 2 best values (AIC<threshold). Following the same rationale we evaluated 24 combinations of genotypes (3*4*2) at g-3 and retained the best combination on the basis of the LK value (right panel).

Genealogy likelihood

The entire family is characterized by a combination of genotypes whose likelihood can be computed knowing the observations and parameters of the model following 3.7. We seek the combination of genotypes for which the likelihood of the genealogy was the highest, while involving the minimum possible mutation events or errors due to phenotyping. It was not possible here to choose for each individual the genotype with the highest likelihood, since the equation (3.7) is only conditioned by the genotype of the closest parent. However, the maximum likelihood of the complete genealogy corresponded, in most cases, to genealogies involving a excessively high number of mutations and errors, so that we applied a parsimony principle to select the best genotypic combinations.

Enumeration of possible genotypic combinations using the parsimony algorithm

For each family of the divergent selection experiment, a sample of the individuals selected during the first n generations of selection were genotyped. We have chosen a parsimony algorithm which consists of starting from the possible genotypes at the G max generation and then going backward along the genealogy, by choosing, at each stage, the most parsimonious genotypic combinations in terms of errors due to the technique or number of mutations. This algorithm allows to incorporate genealogical information.

Starting from the G max generation and going backwards in time, we successively considered each node of the genealogical tree, up to the common ancestor of all the individuals of the G max generation:

• A genealogy node is a (k + 1) -tuple comprising a parent p i and its k offsprings (p i , e i1 , ..., e ik ). We can associate with each node the matrix n × (k + 1) of possible genotypic combinations. Without information, n = 3 (k+1) is the total number of combinations.

• The algorithm consisted in assigning a score to each genotypic combination so as to penalize the least probable genotypic combinations. We also added a KASPar genotyping score taking into account the number of errors necessary to obtain the observed SNP phenotype of the individuals.

Only the n i < n genotypic combinations with the lowest scores were retained.

• Going back one generation in time, the parent p i becomes a progeny e ji , and the total number of genotypic combinations to consider is n j = i n i << i n

• A new sorting on the scores of the possible genotypic combinations allows to discard some of the new combinations.

• The first generation of selection is thus reached with a reasonable number of possible genotypic combinations, including a minimum of mutation events or phenotyping errors. Among those, we chose the one with provided the maximum likelihood of the genealogy.

Genotypic score

The computation of genotypic scores is carried out as follows: The genotypic score is the total number of mutation events in the progeny of a parent p i :

scoreG(p i ) = k (mut(p i , e ik ) + scoreG(e ik ))
where mut(p i , e ik ) is the number of mutation events necessary reach the genotype of the offspring e ik from the genotype of the parent p i . It takes one mutation event to obtain an heterozygous offspring from a homozygous parent (0 or 2), but two mutations to obtain an homozygous offspring (0 or 2) from an homozygous parent for the other allele (2 or 0). If we consider a parent with K offspring, and a mutation rate µ, the genotypic score is a random variable which follows a Binomial distribution B(K, µ). To sort among all possible genotypic combinations, we chose those whose genotypic score was lower than the maximum expected score with a probability of 0.95.

KASPar score

The KASPar score is the total number of phenotyping errors necessary to obtain the KASPar Y Obs phenotype of a given parent and its offspring.

scoreA(p i ) = KASP ar(Y Obs i , p i ) + k scoreA(Y Obs ik , e ik )
If we consider a parent with K offspring, and a total error rate:

P Y Obs g,i = X g,i = 1/3[4e 2 p b -4e 2 -4ep b + 6e + p b ]
the KASPar score is a random variable which follows a Binomial distribution:

B(K + 1, 1/3[4e 2 p b -4e 2 -4ep b + 6e + p b ])
To select among all possible genotypic combinations, we chose those whose KASPar score was lower than the maximum expected score with a probability of 0.95.

Further reducing the number of possible combinations:

When the possible genotype at a p i node was a heterozygote, all genotypic combinations for its progeny were possible without errors or mutations. This considerably increases the total number of genotypic combinations to be considered. In this case, we chose to retain a single combination which consisted in attributing to each offspring the genotype having the highest likelihood according to (3.7).

Choice of the best genotypic combination

We set parameter values to µ = 0.01 and e = 0.01. The algorithm proposes, for each parent of the G1 generation, the four best genotypic combinations according to three selection criteria: the total likelihood of the genealogy calculated according to (3.7), the total number of mutation events, the total number of phenotyping errors. Note that we did not consider selection (s = 0). It is nevertheless possible to run our algorithm for several values of s and to choose the one which provides the highest likelihood.

Polymorphism analysis from inferred SNP genotypes

After SNP genotype inference, we obtained the following results: among the 43 (resp. 458) SNPs remaining in MBS (resp. F252) two (resp. two) SNPs, "6_12815924" and "8_27241007" ( resp. 2., "1_2959656" and "5_172209856") were not polymorphic after inference and were discarded.

In sum, for MBS (res. F252), we produced an inferred genotyping matrix composed of 342 individuals; 41 loci; 82 alleles (resp. 351 individuals, 456 loci, 912 alleles). Among all polymorphisms, we detected only two de novo mutations in MBS and two in F252 (presented later). All other variants were present as residual heterozygosity in the initial seed lots.

Inference quality control

Marker by marker quality control

All 164 = 4f amilies × 41loci MBS genealogies and 1824 = 4 × 456 F252 genealogies were visually inspected for imputation quality control (Fig.3.13). Overall it appears that our inference algorithm produces robust results. Overall our inference algorithm produced genotypes consistent with pedigree relationships (Fig. 3.13) and a minimum number of mutations. However in a few cases we observed a lack of consistency and suboptimal inferences that were likely caused by a restricted exploration of all possible combinations, e.g. an absence of an heterozygous individual in between an aa progenitor and its AA progeny. Hence, our exploration of a restricted number of possible genealogies and the use of local likelihood maximization sometimes led to suboptimal inferred pedigrees. 
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Multilocus quality control

Just like we did for the raw SNP data, we carried out a visual inspection of the multilocus inference for each family (Fig. 3.14 and Appendix B) to further validate the robustness of our inference process. 

De novo mutations identification

We detected two mutations in MBS and two in F252 (Fig. 3.15). Both mutations detected in MBS appeared in the late flowering MT040 family:

• at generation 3, on chromosome 2 at position 6,294,005. This mutation was the unique one within a 20kb-window. It appeared in the gene Zm00001d002125, also known as RPD2 which encodes the nuclear RNA polymerase D2/E2, the RNA polymerase IV second largest subunit. RNA polymerase IV plays a role in siRNA-directed DNA methylation (RdDM) and silencing of genes and endogenous repetitive elements; and it has also been shown to regulate flowering-time genes [START_REF] Pikaard | Roles of RNA polymerase IV in gene silencing[END_REF]. It fixed in 3 generations. We did not detect it as a gene displaying differential expression between early and late MBS genotypes at generation 13 (Tenaillon et al., 2018).

• at generation 10, on chromosome 6 at position 148,046,062. This mutation also appeared to be isolated (i.e. the single one within 20 kb-window). It fell within the Zm00001d038104 gene encoding for a mannosylglycoprotein endo-beta-mannosidase. Interestingly, this gene has been shown to be differentially expressed between the early and the late F252 genotypes at generation 13 (Tenaillon et al., 2018). It fixed in 4 generations.

These two genes were neither "F_Candidate" nor "GWA_Candidate" (Tenaillon et al., 2018).

The two mutations detected in F252 appeared respectively in early flowering FP036 family and late family FT317 (note that FT031, FT317 and FT318 are represented together Fig. 3.15):

• at generation 4, on chromosome 3 at position 141,724,144 and was the unique detected polymorphism within a 20kb window. It appeared in a gene not annotated in B73 V4 genome. It fixed in 6 generations.

• around generation 5. Note here the approximate imputation returned by the inference algorithm, as the chosen sub-optimal pedigree had no heterozygote at the mutation occurrence. The mutated locus lies on chromosome 6 at position 130,321,359 and was the single one detected polymorphism within a 20kb window. It appeared in gene Zm00001d037579, coding for a serine/threonine-protein phosphatase 4 regulatory subunit 3. It fixed in 1 generation in FT317 (in the only FT317 progenitor of generation).
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Per-family allele frequency evolution through generations

In order to orientate SNPs, we computed within each inbred line, their allele frequency at G 1 over all families. We referred to A (as opposed to a) to designate the minor frequency allele at G 1 . When allele frequency was 0.5, we arbitrarily chose A to be the reference allele found in the B73 V4 genome [START_REF] Jiao | Improved maize reference genome with single-molecule technologies[END_REF].

Allelic frequencies (f A ) were then computed within each family and generation (Fig. 3.16). In MBS, the fixation dynamics of the two de novo mutations on chromosome 2 and 6, characterized by a fixation time of 4 and 5 generations, fit well with the predicted mutational trajectories presented in Chapter 2. The 39 other polymorphic sites present as standing variants appeared to be polymorphic at G0 mainly in late flowering population, and fixed within the late family MT040. Their quick fixation in 3.95 (standard error:0.08) generations is also in line with previous results of Chapter 2 and (Durand et al., 2015). However, their fixation trajectories were similar and consistent with strong linkage disequilibrium (LD) among them: 37 SNPs all located on chromosome 10 present the same allele frequency within MT053 and within MT040.

Patterns described for MBS differed from those observed in F252, for which we had many more clusters of SNPs dispersed along all chromosomes. Indeed, we observed a longer mean fixation time of 5.88 (standard error:0.09) generations for standing variants (Fig. 3.16). For observed de novo mutations, fixations times were 1 and 6 generations. These fixation times corresponded to an upper bound compared with our simulations which predicted a mean fixation time of 3.8 (SD:1.7) under HDHS, Chapter 2).
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Comparison between observed and neutral expected allele frequency changes

We established a null model to ask whether observed fixation times were expected considering both, drift and the genealogical structure of the samples (H0). We accounted for the genealogy by performing gene dropping simulations. Simulations presented here were ran independently at least 5000 times (Fig. 3.17). For standing variation, genotypes were simulated by dropping the two possible alleles throughout the pedigrees considering heterozygous ancestors at generation G0. At each generation, the genotype of each progenitor was randomly drawn from the alleles produced by its ancestor assuming Mendelian inheritance (Durand et al., 2015). For de novo mutations, we proceeded similarly except that simulations started at the genealogical position of the mutated individual. Note that for both standing and de novo variants, the initial detection of polymorphisms from RNASeq data generated at generation 13 introduced an ascertainment bias, e.g. their detection was conditioned on their differential fixation between early and late populations at G13. Therefore, we only used the subset of simulations for which the simulated genotypes at G13 were the same as the ones retrieved from RNAseq data. We furthermore conditioned on their fixation at G18 in the families where we observed their fixation (but could be lost in others). Hence we asked more precisely whether each polymorphism fixed quicker (i.e. T Obs f ix ≤ T Sim f ix ) than by drift in the corresponding family.

Fig. 3.17 presents the evolution of the allele frequencies of the 4 de novo mutations together with all simulated allele trajectories. The observed fixation times (in 4,5,7 and 1 generation) were shorter than the mean fixation times under H0 (5.25,5.07, 7.2 and 3.3 generations, respectively) with correspondingly significant p-values (<0.05) for 3 out of 4 mutations (P-value=0.11 and <0.001 in all other cases, respectively). Deviations from H0 suggested that selection was driving the observed patterns. Fig. 3.18 compared the distribution of fixations times of observed polymorphisms to the one expected under the null hypothesis. In MBS, the mean observed fixation time of 3.95 was greater (standard error:0.08) than the mean simulated fixation times simulated under H0 with 3.87 (standard error:0.1) generations, but was not significantly different. However, in F252 we observed a mean fixation time of 5.88 (standard error:0.09) greater than the mean simulated fixation time of 3.48 (standard error:0.01). Interestingly, in F252, 5.8% only of the standing variants fixed quicker than 95% of the corresponding gene-dropping simulations, but 3.9% had a fixation time greater than 95% of the simulations, suggesting a lack of power to test for effect of selection SNP by SNP, despite significantly different distributions (Fig. 3.18). In MBS, the respective percentage were 0.25% and 0% (Fig. 3.18).

Furthermore, the average number of generations for standing variation to be lost was smaller for observed SNPs with 6.55 (standard error:0.19) generations compared with 8 (standard error:0.02) for simulations under H0 in MBS. In F252, we measured an average number of generations for mutation loss of 5.06 (standard error:0.07), also smaller than the 6.00 (standard error:0.01) generations simulated under H0. Interestingly, in F252, 16% of the standing variants were lost quicker than 95% of the corresponding gene-dropping simulations, but 0.6% had a time-to-loss greater than 95% of the simulations. In MBS, the respective percentage were equal to 11% and 0% (Fig. 3.18) This tends to suggest that selection might better eliminate unfavorable standing variation, while being less efficient (longer than random fixation time) at fixing beneficial standing variants due to clonal interference in our selfing regime. 3.9.5 Genetic differentiation among families

MBS

PCA on genotypic data

We investigated family differentiation using a PCA analysis on the genotypic matrices within each inbred line (Fig. 3.19). In MBS, where polymorphisms detected between two G13 individuals (early flowering family MP052, and late flowering family MT040) mainly segregated within the two late families, the first axis explained 97.2% of the genetic variance. This axis separated the late MT040 family from all other families. The second axis explained only 1.8% of the variance. Interestingly, these 2 PCA axes in MBS differed by the nature of polymorphisms, with axis 1 being supported by the 39 standing variants and axis 2 being supported by the 2 de novo mutations.

In F252, the first axis explained 57.7% of the genetic variance and separated the early population (FP036 and FP039 families) from the late population (FT027, FT031, FT317 and FT318 families). The second axis, explaining 14.0% of the variance and separated the very late FT027 family (and the early family FP039), from FP036 and FT317, with FT031 and FT317 in between. The third axis (not shown) explaining still 11.3% of the variance, marked the difference between the very late family FT027 and FT318, while the fourth axis (7%) separated in particular FT027 from FP039. Furthermore, this PCA highlighted the progressive differentiation of the families through generations. In both backgrounds, we validated that the first two axes separated well the individuals used for polymorphism detection. 

Linear discriminant analysis on the genotypic information

To further test whether family membership was a good predictor of genotypes, we ran on the same genetic matrices a linear discriminant analysis. Overall, the same conclusions can be drawn for MBS as the PCA, i.e. discriminating MT040 from other families. For F252, it appears, Fig. 3.20, that all late families were well discriminated and distinct from the early populations on axes 1 and two, explaining respectively 67.8% and 16.9% of the trace (i.e. the proportion of between-family variance that is explained by the axis). However, it seems that both early families (FP036 and FP039) clustered together and were not well discriminated by the first two axes. Nevertheless they appeared well differentiated on axes 3 and 4, explaining 8.7% and 5.3% of the trace. The overall error rate of membership mis-attribution was equal to 0. These results point, at least in F252, to genetic differentiation of the families.
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Discussion

By using a unique experimental design, and a unique Maximum Likelihood and parsimony algorithm, we managed to infer the genotypes at 41 loci in 342 MBS individuals (resp. 456 loci in 351 F252 individuals) from a sparse KASPar genotyping matrix describing 190 MBS individuals (resp. 187 F252 individuals). We followed the changes in allele frequencies of SNPs marking the difference between Early and Late populations throughout the pedigrees.

The overall level of genetic differentiation between families (Fig. 3.20 and 3.19) suggests the absence of evolutionary convergence at the genotypic scale. This result contrasts with Tenaillon et al. (2018) who showed to some extent the convergence in transcription levels during flowering transition within early and late families. Parallel de novo mutations have been indeed observed both at the gene and even nucleotide level during adaptation to antibiotic dosage [START_REF] Laehnemann | Genomics of rapid adaptation to antibiotics: Convergent evolution and scalable sequence amplification[END_REF], to nutrient availability and growth conditions [START_REF] Turner | Parallel genetic adaptation across environments differing in mode of growth or resource availability[END_REF]Spor et al., 2014), and during acclimation to high temperature [START_REF] Tenaillon | The molecular diversity of adaptive convergence[END_REF]. However Tenaillon et al. (2018) this convergent pattern detectable in transcriptomic data might arise from response genes impacted by few candidate loci, in accordance with Rodŕiguez-Verdugo et al. ( 2016) who showed first-step mutations in multiple replicates in a transacting factor modulating the expression of hundreds of downstream genes. Furthermore, [START_REF] Tenaillon | The molecular diversity of adaptive convergence[END_REF] suggested that evolutionary convergence might be more common at more integrated phenotypic levels (like the transcriptomic one, or gene level), than the nucleotidic one. Interestingly, the genetic differentiation between early families in both genetic backgrounds was not as strong as the differentiation between late families. However, both genetic backgrounds and especially F252, were initially selected for earliness (before commercialization) which would tend to reduce the pool of early alleles among Saclay's DSEs initial standing genetic variation.

Looking at the fixation times of standing variation, the small mean observed values (3.95 in MBS and 5.88 in F252) validate the need for mutations to sustain the observed selection response over the course of the experiment, in compliance with Durand et al. (2010Durand et al. ( , 2015)). We managed to detect 2 de novo mutations per background (the 2 detected mutations fixed in late family MT040 for MBS, and in early FP036 and late FT317 for F252, respectively in 4,5, 6 and 1 generations), that fixed in the predicted times (Chapter 2). Because the detection of polymorphisms contrasted late and early individuals at generation 13, it imposed the detection of quickly fixed polymorphisms. However, by using gene dropping simulations and conditioning on the observation in the two individuals used for detection and their fixation in observed fixed G 18 families, we were able to control for this potential bias and for genetic structure, which allowed us to better interpret these fixation times. Nevertheless, it is important to note that our null hypothesis is not neutral, as the structure of the genealogies (e.g. with their multiple merging events) reflects the selection applied at the phenotypic scale. Thanks to this null hypothesis, we asked more precisely, whether the detected polymorphisms fixed quicker than its genetic background submitted to drift and the genealogical structuring emerging from selection. Interestingly, we found a significant difference between distributions of fixation time with selection than under our null hypothesis. At the SNP level, however, we had low power to disentangle the impact of drift from that of selection on allele adaptive trajectories. This echoes the cost of multiple testing in Genome Wide Studies [START_REF] Tam | Benefits and limitations of genome-wide association studies[END_REF]. Hence relying on the whole distribution of mutational effects rather than on single mutational effects might offer better insights into local adaptation, at the cost of loosing information at the single polymorphism scale.

Overall, we evidenced two adaptive regimes that are at play successively, with (i) the fixation of standing variation in a first phase and (ii) a sustained response to selection through fixation of successive new mutations after the first 3-5 generations, in accordance to Chapter 2 and models of long-term selection responses, e.g. Hill (1982a); Walsh and Lynch (2018). (i) Interestingly, in the first phase, times to fixation of standing variation was longer than under H0, while the time for initial polymorphisms loss was shorter (this point is not covered in Chapter 2). Hence, we saw that selection is efficient to remove potentially deleterious variants, but impaired in the fixation of beneficial variants. This extension of fixation times is most likely caused by clonal interference in our selfing regime. Indeed, clonal interference is known to slow down the fixation of beneficial mutations in bacteria (Gerrish and Lenski, 1998;Desai and Fisher, 2007;[START_REF] Park | Clonal interference in large populations[END_REF]. [START_REF] Glémin | Adaptation and maladaptation in selfing and outcrossing species: New mutations versus standing variation[END_REF] previously demonstrated that selfing populations are less efficient in adapting from standing variation but they did not account for interference. [START_REF] Hartfield | Limits to adaptation in partially selfing species[END_REF] further showed by deriving the probability of two interacting beneficial mutations to sweep, that loss of weaker adaptive alleles during a first selective sweep prevents fixation of multiple other mutations. However, we are here in a unique setting, where all variants are initially present at non negligible initial frequency, contrary to true selfing species reproducing through self-fertilisation over numerous generations. To my knowledge current clonal interference models do not consider large number of intermediate frequency standing polymorphisms, which calls for a more thorough mathematical description of this initial phase. Such models may be useful to understand in a broader context, the evolutionary mechanisms accomanying the transition from outcrossing to selfing species. (ii) Focusing on the second adaptive phase, we validated the quick fixation of de novo mutations as predicted in Chapter 2. Here, contrary to the first phase, there was no clonal interference because fixation times were smaller than waiting times for new beneficial mutations to arise in the population (Gerrish and Lenski, 1998).

Finally, the first adaptive phase depends on the initial standing variation, and is characterized by a non-uniform distribution of residual heterozygosity at G0. We have shown that the interaction between drift and linkage disequilibrium generates substantial stochasticity around the expected heterozygosity (the classic prediction of 50% decrease at every generation), and, more importantly, long genomic segments of residual heterozygosity on which selection subsequently acts. The clustering of initial polymorphisms translates into a diverse set of haplotypes (see Appendix B), that contribute to the observed differentiation between families. Clustering of SNPs detected from our RNAseq dataset is expected giving the non uniform distribution of genes along the genome (Schnable et al., 2009). While, these data do not allow us to infer the overall distribution of polymorphisms along the genomes of G0 ancestors, our simulations nevertheless question the apparent conservation of heterozygous clusters in the same genomic locations among maize inbred lines . Such conservation was interpreted as a result of the selection acting against inbreeding depression [START_REF] Brandenburg | Independent introductions and admixtures have contributed to adaptation of European maize and its American counterparts[END_REF], where deleterious variants are maintained in repulsion phase [START_REF] Lewontin | The Interaction of Selection and Linkage. I. General Considerations[END_REF]. However, our results call for a better mathematical description of neutral multilocus genomic patterns of diversity to formally test these hypotheses [START_REF] Jebreen | Probabilities of Multilocus Genotypes in SIB Recombinant Inbred Lines[END_REF]. we speculate that they could be obtained by chance through the random sampling in a pool of chromosomes with 1/4 of their length, on average, being heterozygous (Fig. 3.3) after a single generation of selfing. As a perspective, we propose to refine a null hypothesis of genomic heterozygosity distribution while accounting for the specificities of multiple plant systems, which could then be tested by exploiting the large quantity of available data.
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Introduction

Understanding the evolutionary processes sustaining phenotypic shifts is at the core of quantitative genetics models. Empirical description of such shifts takes its roots in the breeding literature, where truncation selection generates significant and sustainable responses [START_REF] Hill | Artificial selection experiments[END_REF]Walsh and Lynch, 2018). Truncation selection is known to be the most effective form of directional selection (Crow and Kimura, 1979). Under truncation selection, limits to the evolution of phenotypes are rarely reached as heritable variation persists through time (Odhiambo and Compton, 1987;Moose et al., 2004;Weber and Diggins, 1990;Caballero et al., 1991;Mackay, 2010;Lillie et al., 2019). Such observations fit well with the Fisher's infinitesimal model (Fisher Ronald Aylmer, 1930) and the derivatives of the breeder equation [START_REF] Lush | Animal breeding plans[END_REF]Lande, 1979;Lande and Arnold, 1983), which predict a continuous and linear response with no finite limits. If one expects selection response per generation to decrease due selection-induced linkage disequilibrium (Bulmer, 1971;[START_REF] Hospital | Interactions of selection, linkage and drift in the dynamics of polygenic characters[END_REF], it appears that the maximum observable shift depends on the effective population size and initial standing variance (Robertson, 1960) as exemplified in mice (Roberts, 1967;Falconer, 1971), but de novo mutations plays a crucial role in the long-term response to selection (Hill, 1982b,a;Weber and Diggins, 1990;Wei et al., 1996;Walsh and Lynch, 2018). The extent to which we can shift a phenotypic trait in a reasonable amount of time remains unclear in the literature (e.g. drosophila (Weber, 1990;Weber and Diggins, 1990;Weber, 1996), or maize (Odhiambo and Compton, 1987;Moose et al., 2004;Dudley and Lambert, 2010;De Leon and Coors, 2002;Lamkey, 1992)).

Hence quantifying the proportion of genetic variance due to the input of new mutations (V m ) is central to understand the seeming absence of selection limits (Turelli, 1984). This mutational variance is dependent on the mutation rate per locus, the architecture of the trait -i.e. the size of the mutational target-and the distribution of incoming mutational effects on fitness (DFE), [START_REF] Burger | Predictions of the dynamics of a polygenic character under directional selection[END_REF][START_REF] Burger | On the distribution of the mean and variance of a quantitative trait under mutationselection-drift balance[END_REF]. To quantify incoming mutational variance, two main approaches can be applied. The introduction in Durand et al. (2010) provides a short review which is summarized here. The first approach uses comparative studies based on the analysis of sequences of pair of species with known divergence. Comparison of variation within and between species at both synonymous and non synonymous sites is carried out using McDonald-Kreitman test and their derivatives [START_REF] Mcdonald | Adaptive protein evolution at the Adh locus in Drosophila[END_REF]. The second approach uses evolutionary experiments that start from a single homozygous individual and measure fitness-related traits on derived progenies. Three sub-cases are possible within this approach. First, in the case of mutation experiments (ME), variation comes either from random or directed mutagenesis. It allows for direct estimation of the distribution of mutational effects from the measure of fitness of single step mutants evaluated under various environments. Second, in mutation accumulation (MA) experiments, de novo mutations are accumulated during a large number of generations without directed selection, in addition to minimizing the effects of natural selection. It allows for the direct measure of incoming mutational variance by comparing variance between lines. Finally, selection experiments (S) starting from inbred lines (hence homozygous at all loci) selected for a large number of generations on a particular trait allows for the estimation of beneficial mutation effect variance. One can indeed estimate the mutation heritability, Vm V E , the ratio of mutational variance over residual variance through the slope of the the response to selection (Hill, 1982a). Typical values fell within the range 4.10 -4 to 3.10 -2 [START_REF] Houle | Comparing mutational variabilities[END_REF][START_REF] Keightley | Mutational Variation and Long-Term Selection Response[END_REF]. Based on the fact that de novo mutations increase the resemblance between relatives sharing the new variants, [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF] proposed a model based on the animal model to estimate the mutational variance from long-term selection experiments with known pedigrees. In that regard, Saclay Divergent Selection Experiments on maize flowering time (Durand et al., 2010(Durand et al., , 2012(Durand et al., , 2015)), which were started from inbred lines in 1993 on Saclay's plateau, constitute an interesting material. They display reduced initial variation (residual heterozygosity < 0.5%, (Durand et al., 2015)), and were cultivated under agriculturally relevant conditions. They exhibit significant responses to selection in both early and late flowering direction (Durand et al., 2010(Durand et al., , 2015)).

However, complex traits such as maize flowering time, do not evolve independently but show correlative responses to selection at other traits not explicitly targeted. These correlative responses could be induced either by drift or pleiotropy, i.e. the property of a genetic region to control for several different traits. Apparent pleiotropy can arise either through linkage disequilibrium between two quantitative trait loci (QTL) or because of true pleiotropy at a QTL. In the latter case, this can be explained because one gene with a single function is involved in multiple biological processes, or because a gene with multiple functions contributes to different traits. Finally, genetic correlations between traits can also be due to correlated physiological functions, where the first trait leads to the second trait, such as flowering time being partly determined by floral transition time. For a review on the molecular basis of correlated traits see [START_REF] Chen | Molecular basis of trait correlations[END_REF]. For example the gene ZmDwarf8 has been shown to impact both plant height and maize flowering time [START_REF] Peng | Green revolution' genes encode mutant gibberellin response modulators[END_REF][START_REF] Koester | Identification of Quantitative Trait Loci Controlling Days to Flowering and Plant Height in Two Near Isogenic Lines of Maize[END_REF][START_REF] Schön | RFLP Mapping in Maize: Quantitative Trait Loci Affecting Testcross Performance of Elite European Flint Lines[END_REF]. However the apparent pleiotropic effect of the gene has been decomposed through mutant studies into (i) polymorphisms in the DELLA domain affecting plant height (and not flowering time), and (ii) 8 other polymorphisms among which one fell in the promoter region, affecting flowering time (but not plant height) [START_REF] Thornsberry | Dwarf8 polymorphisms associate with variation in flowering time[END_REF].

Pleiotropy appears to be a ubiquitous property that significantly impacts selection response and the distribution of mutational effects. In the context of an adaptive walk towards a fitness optimum, Fisher's geometric model [START_REF] Tenaillon | The Utility of Fisher's Geometric Model in Evolutionary Genetics[END_REF] notably predicts that the size of adaptive mutations tends to decrease with the number of influenced traits. Consequently the expected distribution of mutational effects is exponential in the case of an infinite number of correlated traits influencing fitness, and follows a beta distribution when the number of correlated traits is small to moderate [START_REF] Martin | The distribution of beneficial and fixed mutation fitness effects close to an optimum[END_REF]. Interestingly, Chantepie and Chevin (2020) recently demonstrated that correlative response to stabilizing selection arises because of an interplay of correlated pleiotropic effects of mutations and correlational selection, favoring combinations of trait values. This interplay is highly modulated by the intensity of genetic drift. In infinite populations, genetic correlations are unaffected by the strength of selection. However, in small populations the strength of selection does affect genetic correlations, by changing the relative importance of drift and selection in the corresponding evolutionary dynamics.

Furthermore, the study of the mechanisms underlying selection response, notably the relative contribution of de novo mutations versus standing variation remains challenging, especially for complex traits with polygenic basis and under strong environmental influence. Indeed, in natural populations, genetic drift, complex demographic history, genetic architecture or phenotypic plasticity (the ability of a genotype to produce different phenotypes according to its surrounding environment [START_REF] Pigliucci | Evolution of phenotypic plasticity: where are we going now?[END_REF]), interfere with our ability to find evidence of genetic adaptation. Evolutionary experiments allow to control for drift by controlling the census population size, the mating system, or the initial variability of the evolving population. In the case of recurrent selection experiments, the typical longitudinal data produced (such as in Saclay DSEs) have the advantage to be cost and effort efficient: indeed we don't have to observe all individual produced at once, but the quantitative genetics framework, such as the animal model [START_REF] Kruuk | Estimating genetic parameters in natural populations using the 'animal model[END_REF] allows for good estimates of the breeding values when genetic covariance between individuals are known. However, because each generation is measured in successive temporal environment, they do confound for example year effect and genotype-by-environment (GxE) interactions, i.e. the genetic variability in plastic variance. However, because of the ubiquity of GxE interactions, it still remains difficult and costly to conceive experiments that measure efficiently the relative part of constant and plastic genetic effect. In that respect, common garden experiments are a powerful tools that allow to control for the effects of phenotypic plasticity and GxE interactions, if replicated in different locations. It has been successfully employed to test for local adaptation signal in traits of interest such as life history traits, phenology or allometric relationships (See de [START_REF] De Villemereuil | Common garden experiments in the genomic era: new perspectives and opportunities[END_REF] for a review).

In the previous chapter, we managed to detect contrasting SNPs between Late and Early flowering families and to follow the evolution of their allele trajectories throughout the genealogies. We observed overall genetic differentiation between families within early or late populations, suggesting the absence of evolutionary convergence at the genotypic scale. We managed to highlight two successive population regimes along generations. The first stage of response to selection (G 1 to G 5 ) appeared characterized by the fixation of standing genetic variations, in accordance with previous results of Durand et al. (2010Durand et al. ( , 2015)). But we showed that fixation times were higher (≈ 5) than predicted (≈ 3) for de novo mutations in Chapter 2 simulations. In contrast observed times of mutation loss were within the same range of values than simulated times. This suggests that clonal interference (Gerrish and Lenski, 1998) retards the fixation of beneficial standing variants. The second stage of response to selection (G 5 to G 18 ) corresponded to fixation of de novo beneficial mutations. We managed to identify two of them within each inbred line. They fixed in the number of generations consistent with that obtained by simulations.

In the current chapter, we were first interested in estimating properly the relative contribution of standing variation and de novo mutational variance to the selection response observed from Saclay DSEs yearly measurement (DSEYM) using [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF] BLUPM model. This allowed us in particular to approximate the distribution of fixed de novo mutations. Second, to decipher the impact of GxE in the observed selection response (that is confounded in Saclay DSEYM with year effect), we conducted a common garden experiment in 2018 and 2019 (subsequently called SDPEVAL) on a subset of 308 progenitors, best representing the genetic variability of the pedigrees. These progenitors were phenotyped for three traits, namely flowering time, length of the leaf just below the upper ear, and plant height measured as the distance between ground and the panicle basis. Third, this allowed us to estimate the relative impact of both types of variation on the different traits, and how GxE impacted their relative contribution. We then analyzed the correlative response to selection of these 3 continuous traits. Finally, we investigated the pleiotropic effects of the detected polymorphisms (Chapter 4) on the different traits.

Material and methods

Phenotypic trait measurement

Saclay DSEs

Saclay's Divergent Selection Experiments for flowering time (DSE's) have been conducted on Saclay's plateau since 1993, corresponding to 22 (+G0) generations in 2018, on two independent genetic backgrounds F252 and MBS. For the complete description of the experimental protocol, please refer to section "Saclay's divergent selection experiments for flowering time in Maize" in the thesis introduction.

Saclay DSEs phenotypic evaluation in 2018 and 2019: SDPEVAL

In order to study the impact of the selection for flowering time in these DSEs on several phenotypic traits, we decided to conduct a common garden experiment for two years in 2018 and 2019 to evaluate a subsample of selected genotypes at different generations (the so-called SDPEVAL experiment).

Phenotypic trait measured in SDPEVAL:

3 continuous phenotypic traits were measured in SDPEVAL:

• Flowering time: from binned and right censored data (see 4.6), in DTF Eq. 20 o C

• Plant height, measured in cm as the distance between ground level and panicle basis.

• Length of the leaf below the upper ear (in cm).

SDPEVAL experimental design:

More specifically, SDPEVAL consisted in the evaluation of a subsample of 308 (+F252 controls and MBS controls) progenitors in 2018 and 277 (+controls) in 2019 on Saclay's Plateau. The subsample of genotypes was chosen to best represent the DSE pedigrees, i.e. to best estimate the genetic variance, following David et al, 2021, "Optimization of sampling designs in quantitative genetics" (under review). Table 4.1 summarizes the number of progenitors per family evaluated each year of the trial. See Appendix A for the representation of the evaluated progenitors in SDPEVAL 2018 and 2019 along the pedigrees. All seeds were produced in nursery in 2016 (in Chile and Saint-Martin-de-Hinx) from 25 S1 progenies for each selected individual of the genealogy. S2 seeds, obtained by selfing each S1 individual, were harvested in bulk for each genotype and constituted the seed lots used in the evaluation trials. All genotypes were sown in a 4 randomized-block design. There were 2 blocks for the genotypes derived from F252, and 2 blocks for the genotypes derived from MBS. Early and late flowering progenitors were randomly distributed in 13 (resp. 12) plots of 14 rows of 25 plants, so that each of the plots contained either all Early or all Late individuals. Overall, each progenitor was replicated at least twice in 2 rows of 25 plants randomly distributed among plots. Note, that some progenitors were replicated more often (up to four times). Because maize is monoecious, we defined flowering time of a given plant as the the date at which silks were visible and pollen covered two third of the panicle (hence indirectly selecting for short anthesis-silking interval, ASI).

Note that in Saclay DSEs, flowering times were recorded for the 12 most extreme plants only, while in SDPEVAL flowering time of a progenitor was defined as the mean flowering time per row. Hence we did not measure exactly the same trait in the two experiments. However, Durand et al. (2015), Additional file 1: Figures S1 andS2, showed that there was an extremely high correlation between the two measures (r = 0.83 for F252 and r = 0.88 for MBS, p-values lower than 2.2 × 10 -16 , in both cases). We therefore used yearly measurements of the 12 most extreme plants in Saclay DSE's to analyze the response to selection over the 22 generations, and compared the resulting selection response to that observed in SDPEVAL in the two evaluation years.

Thermal time definition

Because plant development is highly dependent on temperature, measuring time in calendar days makes little sense. Indeed, below a certain temperature, chemical reactions within plant cells are greatly slowed down, as are growth, cell divisions and development. Likewise, above a certain temperature, plants close their stomata to limit evapotranspiration, which slows down metabolism. Hence, days spent under reduced metabolic activity do not count equally in the life of a plant. A great body of literature exists in ecophysiology, that accounts for the different "perceived" development times. We will present here only two of them. On the first hand, we measure time by summing the daily temperatures since sowing day after subtracting from each value the base temperature T base below which the metabolic activity stops; time above the maximum temperature T max are discarded. For any given, the number of degree-day is thus computed as:

DD = min(T mean , T max ) -T base (4.1)
From which we computed the sum of temperatures of J days:

sumT = J j=1 DD j (4.2)
For maize,the base temperature is +6 • C, and the maximum temperature 30 • C. The sum of temperatures between sowing and maturity is about 1500 degree-days for an early flowering variety, and 2000 degreedays for a late flowering variety. However, there is a nonlinear continuous relationship between metabolic activity and temperature, so that each species is characterized by an optimal developmental temperature value T opt . We used in the subsequent analysis the method detailed in Parent et al. (2010). The main idea is to measure metabolic times in number of equivalent-days for plant development at +20 • C. For example, in maize, 5 days at 17 • C correspond to 3.6 days of development at 20 • C. The authors calibrated the following equation in different cultivated species:

F (T ) = AT e ∆H A RT 1 + e ∆S D R 1- ∆H D ∆S D T (4.3)
Overall this equation expresses the development rate of the plant F (T ) as a function of the temperature (T ), and:

• a numerator called Eyring's formula derived from Arrhenius's formula expressing the rate of chemical reaction according to :

-A, a constant,

-∆H A (in kJmol -1
), the enthalpy of activation, i.e. the enthalpy difference between the transition state complex and the reactants -T the temperature in K -R, the universal gas constant in kJK -1 mol -1

• a denominator considering the reversible denaturation of enzymes, expressed as a function of:

-A, a constant, -enthalpy ∆H D between the catalytically active and inactive states of the enzyme or enzymatic system (in kJmol -1 ) -entropy ∆S D between the catalytically active and inactive states of the enzyme or enzymatic system (in kJK -1 mol -1 ) -T the temperature in K

The authors interpreted the ratio ∆H D ∆S D as the temperature at which half of the enzymes are in the inactive state, which affects the temperature at which the rate F (T ) begins to decrease. In our case, note that we use T mean , the mean temperature of the day to approximate the continuous T . Following Parent et al. (2010); [START_REF] Parent | Temperature responses of developmental processes have not been affected by breeding in different ecological areas for 17 crop species[END_REF], we used ∆H A = 73.1kJmol -1 , ∆H D = 285kJmol -1 , ∆S D = 0.933kJK -1 mol -1 . This allowed us to compute the rate of growth at +20 • C and to find the number of days equivalent to +20 • C for the corresponding mean temperature of each day (Fig. 4.1). Hence, we expressed the flowering time in Days To Flowering Equivalent To a Growth at 20°C: DTF Eq. 20°C. We used temperatures recorded by the meteorological station next to the experimental field. Following (Durand et al., 2010(Durand et al., , 2015)), we corrected raw data by removing year effects and experimental design effects (blocks). We used the estimated genetic values to analyze separately the response to selection for each independent family and to decompose these selection responses into the response due to initial standing variation and the response due to mutational variance.

BLUPM model applied to Saclay DSEs flowering times yearly measurement

For this purpose, [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF] proposed a mixed model, presented in our General Introduction, that allows both estimation of initial additive genetic variance σ 2 0 and additive mutational variance σ 2 m from long term evolution experiments with known genealogies. This section aims at describing the model based on the one of [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF], and presents the construction of the initial (A 0 ) and mutational (A m ) kinship matrices under complete selfing.

We considered a trait (flowering time) governed by a very large number of independent genes which each having a small effect (Buckler et al., 2009;Tenaillon et al., 2018), placing us under the classic infinitesimal model. We supposed that the initial G0 population was characterized by its additive genetic variance σ 2 0 for this trait. We supposed that new mutations appeared randomly from the first generation and assumed independent and identically distributed mutational effects following N (0, σ m ), transmitted to their offspring (hence neglecting the segregational variance, that will be included in the model residual). Let's consider a vector y (n × 1) of observations of N progenitors. It can be written as a function of the general mean µ, of the genetic values vector u 0 (N × 1) due the additive genetic variation of G0 population, of the genetic values vector u m (N × 1) due the additive mutational variation, and of the vector of residual values (n × 1). This model can thus be written:

y = 1 n µ + Z(u 0 + u m ) + (4.4) 1 n is the vector 1 of size n, u 0 ∼ N N (0, σ 2 0 A 0 ), u m ∼ N N (0, σ 2 m A m )
, the residuals are i.i.d and ∼ N n (0, σ 2 I n ) and Z is an incidence matrix.

Chapter 1, we defined the kinship matrix A 0 , or additive genetic relationship matrix (neglecting dominance terms), so that each individual element a ij = 2Φ ij A . Φ ij A is the kinship coefficient, the probability that an allele randomly drawn in individual i is identical by descent to a randomly drawn allele from individual j. If i = j, we can draw twice the same allele (probability 1/2) or the two alleles of i (probability 1/2) that are identical by descent in probability f i , the inbreeding coefficient of i. Hence, we have:

Φ ii A = 1/2 + 1/2f i or a ii = 1 + f i .
Recalling that the inbreeding coefficient of an individual is equal to the kinship of its parents, and that under complete selfing, the inbreeding coefficient f (g) is identical between all individual at generation g, we have for all progenitors:

f (g) = 1 2 (1 + f (g -1)) (4.5)
with f (0) = 0 or a ii (0) = 1, which can be rewritten:

f (g) = 1 2 (1 + f (g -1)) = g l=1 1 2 l = 1 - 1 2 g (4.6)
Hence,

a ii = 2 - 1 2 g (4.7)
In the same way, for all pair (i, j), we can easily compute the kinship coefficient from the genealogy:

• If i and j don't have any common ancestor, a ij = 0.

• We make the assumption that if i and j are from different family (e.g. FP036 and FP039), a ij = 0.

• If i and j have at least on common ancestor and k is the most recent, a ij = a kk .

Overall, A 0 have computed using makeA function from pedigree R package.

In order to take into account mutational effects, we made the assumption, that mutations occurring at generation g are transmitted to their offspring and induce an additional dependency between breeding values at the subsequent generation, albeit independent from the breeding values at the previous generation. This additional dependencies due to mutational effects are calculated in the same way as for A 0 , but considering that all individuals between generations 0 to g are unrelated (because mutations are independent of each other). Let A g be the kinship matrix between the N progenitors due to mutational effects. We can write:

A m = G g=1 A g (4.8) Then, we can define θ = σ 2 m σ 2 0
that corresponds to the mutational variance in units of the additive genetic variance in the initial population. Note that θ differs from h 2 m or "mutational heritability" defined as: θ = σ 2 m σ 2 , i.e. the mutational variance in units of residual variance. This allows us to write the total genetic variance-covariance matrix as:

var(u) = A 0 σ 2 0 + σ 2 m G g=1 A g = A 0 + θ G g=1 A g σ 2 0
(4.9)

Note that [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF] suggested to estimate θ and σ 2 m through restricted maximum likelihood (REML) analysis, by iterating on different values of θ. We also estimated the model parameters σ 2 m , σ 2 0 and σ using R package sommer [START_REF] Covarrubias-Pazaran | Genome-Assisted prediction of quantitative traits using the r package sommer[END_REF][START_REF] Covarrubias-Pazaran | Software update: Moving the R package sommer to multivariate mixed models for genome-assisted prediction[END_REF]. And validated that both algorithms produced equal estimates of θ, with the advantage of shorter computation times of sommer.

Saclay DSEs common garden experiment, SDPEVAL, analysis

GxE interactions

Reaction norms: Reaction norms plotted Fig. 4.9, were computed as the mean per progenitor of raw phenotypic data.

BLUPM with GxE:

The evaluation experiment, SDPEVAL, corresponds to a multi-environment (2 years) experiment in which GxE interactions were non-negligible. Thankfully, linear mixed models offer the unique ability to specify variance-covariance structure at all levels. Indeed, we can consider variance structures of mixed models as the kronecker (tensor, noted ⊗) products of multiple variance-covariance structures. Several variance-covariance structures can be defined with different assumptions in terms of the nature of G×E interactions. For example, a model where "N" progenitors are tested in "E" treatments (e.g. 2 environment/Evaluation years), the variance-covariance for the random effect "progenitor" G 0 can be seen as the following multiplicative model:

G 0 = Σ ⊗ A 0 (4.10)
where Σ is the covariance structure for progenitors among environments, and A 0 is the kinship matrix representing the covariance among the levels of the progenitor effects.

The simpler covariance structure would be a diagonal (DIAG) covariance structure, and is written:

Σ DIAG = σ 2 0 e1 0 0 σ 2 0 e2
As explained, in "Sommer" package manual, this diagonal model assumes that G × E interactions exist and that the genotype variation is expressed differently in each environment, therefore fitting a variance component for the genotype effect in each environment. The main drawback is that it assumes no covariance among environments, as if genotypes were independent (despite the fact that the same genotype are tested in the two environments). Another possible structure is called Compound symmetry (CS) covariance structure, and is written:

Σ CS = σ 2 0 + σ 2 0e σ 2 0 σ 2 0 σ 2 0 + σ 2 0e
The compound symmetry model assumes that G×E interactions exist and that a main genotype variancecovariance component is expressed across all environments. In addition, it assumes that a main genotype by environment variance is expressed across all environments. However it assumes the same variance and covariance among environments.

A more flexible structure called Compound symmetry + Diagonal (CS+DIAG) covariance structure can be used and is written:

Σ CS+DIAG = σ 2 0 + σ 2 0 e1 σ 2 0 σ 2 0 σ 2 0 + σ 2 0 e2
The CS+DIAG model is very similar to the CS model assuming that G × E exist and that a main genotype variance-covariance component is expressed across all environments. In addition, it assumes that an environment-specific genotype by environment variance is expressed in each environment. The main drawback is that it assumes the same covariance across environments. The sum of the fixed effect for environment, plus the main effect BLUP, plus environment-specific genotype by environment effect, is used to predict the genotype effect in each environment of interest. Finally, the Unstructured (US) covariance structure is most the most flexible possibility and is written:

Σ US = σ 2 0 e1 σ 0 e1,e2 σ 0 e2,e1 σ 2 0 e2
The unstructured model assumes that G × E exist and that an environment-specific variance exists in addition to as many covariances for each environment to environment combination. The main drawback is that it is difficult to make this model converged given the number of variance components to estimate. The sum of the fixed effect for environment, plus the environment specific BLUP (adjusted by covariances), is used to predict the genotype effect in each environment of interest.

Note that several other variance-covariance structures exist (like autoregressive of order 1 (AR1), random regression model etc.) but were not tested. Furthermore, we conducted the following analyses using the different structures of Σ and compared the different results through analyses of variance (not shown) that concluded to the significance (p < 0.05) of the Unstructured variance in our design. The following paragraph describes this unstructured BLUPM model. We adopted the following model with an Unstructured Variance-Covariance matrix for progenitor effect (decomposed in an initial genetic effect G 0 and a mutation effect G m ) among environments, and a Diagonal Variance-Covariance matrix for plot effect. At the cost of missing covariance components in the equation, we can write the model without matrix form as:

y ijkl = µ + E i + P ij + G 0 ik + G m ik + ijkl (4.11)
with :

• µ the general mean

• a fixed environmental effect, corresponding to the evaluation year, E i , i ∈ {2018, 2019}

• a random plot effect per evaluation year, P ij ∼ N (0, σ 2 Pi ), with j ∈ [[1; N bP lot]] and σ 2 Pi the variance of plot effect in evaluation year i, or in other words P ∼ N p (0, Π DIAG ) with:

Π DIAG = σ 2 P 2018 0 0 σ 2 P 2019
• a random initial genetic effect G 0 ik per progenitor and evaluation year

k ∈ [[1; N ]], so that G 0 ik ∼ N (0, σ 2 0i
), where σ 2 0i is the expressed initial genetic variance in evaluation year i, so that G 0 = Σ US ⊗ A 0

• a random mutational effect G m ik per progenitor and evaluation year k ∈ [[1; N ]], so that G m ik ∼ N (0, σ 2 mi ), where σ 2 mi is the expressed mutational variance in evaluation year i, so that G m = Σ US ⊗ A m • the residuals ijkl are i.i.d and ijkl ∼ N (0, σ 2 )

The validity of this model was tested by checking the distribution of residual values (homoscedasticity, centering around zero, dispersion...), and by comparing it by likelihood ratio test to the model, without G × E:

y ijkl = µ + E i + P ij + G 0 k + G m k + ijkl (4.12)
where G 0 ∼ N (0, σ 2 0 A 0 ) and G 0 ∼ N (0, σ 2 m A m ). These models were used to analyze each trait independently.

Year by Year analysis

Using the predicted values per trait specific to each evaluation year (i.e. after correcting for covariances between genetic values between evaluation years), we analyzed the selection response by fitting a simple linear regression, to estimate the mean annual genetic gain (i.e. the slope of the regression b ik ) using the following model for each family independently:

G 0 ik + G m ik = µ i + b ik .gener i + ik (4.13)
with:

• i the evaluation year

• k the progenitor within the considered family

Correlation between trait

In order to estimate correlation between traits, we implemented a multivariate version of our BLUPM model. The next paragraph aims at presenting the principle of Multivariate mixed models (MMM), and how it easily derives from univariate mixed models presented in General Introduction.

Multivariate mixed models (MMM) principles

Multivariate mixed models (MMM) are mixed models with multiple response variables. Most interestingly for us, MMM allow partitioning total phenotypic variance and covariance for multiple traits into (co)variances on hierarchically lower levels. For illustration purposes, we will present the case of bivariate mixed models, that can be easily extended to any arbitrary number of traits.

Let's first consider the observation of trait 1 phenotypic values y 1 and trait 2 phenotypic values y 2 . A simple mixed model decomposing independently the two traits into fixed effects (included into θ) and random effects (included into u), could be written:

y 1 = X 1 θ 1 + Z 1 u 1 + 1 for trait 1 y 2 = X 2 θ 2 + Z 2 u 2 + 2 for trait 2 (4.14)
with X t and Z t being incidence matrices and t the residual vector for trait t ∈ {1, 2}. The values of u t and t are assumed to stem from a multivariate Gaussian distribution with 0 means. However, this system of equation does not present the covariance between traits. We can rewrite more strictly the model, by considering the joint vector of response: y = (y 1 , y 2 ) T , allowing to define the multivariate mixed model:

y 1 y 2 = X 1 0 0 X 2 θ 1 θ 2 + Z 1 0 0 Z 2 u 1 u 2 + 1 2 (4.15)
This retrieved the classical mixed model expression:

y = Xθ + Zu + (4.16)
in which we can identify:

y = y 1 y 2 , X = X 1 0 0 y 2 , θ = θ 1 θ 2 , Z = Z 1 0 0 Z 2 , u = u 1 u 2 , = 1 2
(4.17) so that :

u 1 u 2 ∼ M V N 0, Σ 1 C 1,2 C 2,1 Σ 2 and 1 2 ∼ M V N 0, σ 2 1 I n σ 1,2 I n σ 1,2 I n σ 2 2 I n (4.18)
with Σ t the variance-covariance matrix within trait , C 1,2 , the covariance matrix between traits.

Multi-trait BLUPM

We can then use the same BLUPM model presented Paragraph 4.3.4.1.2. However, y will now represent the joint vector of the three measured traits (flowering time (in DTF eq. 20°C), the length of the leaf immediately bellow the ear (in cm), and the plant height (measured as the distance between soil and the panicle basis, in cm)). Because of statistically significant G × E interactions, and difficulties in running the full model with the two evaluation years with unstructured covariance matrix (matrix inversion was difficult even with a tolerance parameter of 10 -1 , default 10 -6 ), we ran the following model independently for the two evaluation years (t ∈ {2018, 2019}):

y t = 1 n µ + Z(u 0 + u m ) + (4.19)
(same definition as previously, considering the three traits).

Association genetics

Model

Following (Durand et al., 2015), we computed the additive (a) and dominance (d) effects associated with each SNP, and for each trait independently, through linear regression:

G gp = µ g + a.x gp + d.y gp + gp (4.20)
where G gp is the breeding value (for the considered trait) of progenitor p at generation g. Considered G gp values were:

• for flowering time:

breeding value predicted from Saclay DSEs yearly measurement breeding value predicted from SDPEVAL in 2018 -breeding value predicted from SDPEVAL in 2019

• for plant height:

breeding value predicted from SDPEVAL in 2018 -breeding value predicted from SDPEVAL in 2019

• for leaf length:

breeding value predicted from SDPEVAL in 2018 -breeding value predicted from SDPEVAL in 2019 µ g is the average trait value calculated over all progenitors at generation g, and x gp and y gp are indicator variables of the allelic status of progenitor g at the candidate locus. The pair (x gp , y gp ) was equal to (-1, 0) for homozygous aa, (0, 1) for heterozygous Aa, and (1, 0) for homozygous AA. Allelic status A corresponded to the less frequent allele in the starting population at G 1 , following Chapter 3, section Allele orientation.

Association significance

Gene dropping

We tested the significance of the association between trait variation and the segregation of alleles at the SNP markers by simulating a null distribution for the additive a and dominance d parameters considering simulated genotypes and observed phenotypic values. Genotypes were simulated as in Chapter 3. I.e. For standing variation, genotypes were simulated by dropping the two possible alleles throughout the pedigrees considering heterozygous ancestors at generation G0. At each generation, the genotype of each progenitor was drawn at random knowing the genotype of its parent and assuming Mendelian inheritance (Durand et al., 2015). For de novo mutations, we dropped the two alleles starting at the position of the mutated individual in the genealogy. Note that the detection of polymorphisms at generation 13, conditioned the observation of these polymorphisms and their dynamics. This leads to some extent to ascertainment bias, e.g. their detection conditions that observed polymorphisms at G13 were not lost between G0 and G13. Therefore, we only used the subset of simulations that presented the same genotypes in the 2 (resp. 3) individuals used for polymorphism detection in MBS (resp. F252).

Accounting for genetic structure

Interestingly, because of the small population sizes in our design (Chapters 2 and 3), we expected standing alleles to be fixed at G 18 within each family through drift (even without selection). This leads for each inbred line to different possible genealogical structures (E.g. Fig. 4.2), and hence distinct distributions of additive (and dominance) effects (Fig. 4.4).

For example in MBS, we expected 4 main different cases (illustrated Fig. 4.2) after conditioning on the SNP detection at generation 13. If we count the number of genotype AA in family MP049, N AA M P 049 , for example, respectively N AA M P 052 , N AA M T 040 and N AA M T 053 , the 4 main cases (neglecting unfixed alleles within family) are:

Example of simulated genealogies corresponding to these 4 cases, plus two simulated genealogies corresponding to de novo mutations are presented Fig. 4.2. Note that in MBS these 4 cases encompassed over 99.9% of the simulations for standing variation and the early occurring mutation 2_6294005 (at G 3 ).

For F252, the typology of possible cases is more complex, with 6 main cases -each over 8% of the simulations -representing 97% of the possibilities for standing variation. Overall, the frequencies of all simulated cases at G 18 for MBS and F252 are represented Fig. 4.3.

Overall, gene dropping allows to build the null distribution for the estimation of a and d given genotype progenitor's values. Because of the intensity of drift, a wide multi-modal distribution of possible additive values was obtained through our simulations (Fig. 4.4). However, conditioning on the observation of the genotype at generation G 18 , we were able to deconvolve this mixture of distributions Fig. 4.4. We asked: Knowing the observed allelic states of each individual at G 18 , what is the probability of observing the additive (resp. dominance) value obtained through Eq. 4.20 ? In other words, we asked whether selection acted on the considered polymorphism in addition to drift, as we showed Chapter 2, that the two could not be disentangled.

Overall, probabilities of observed a and d among 5,000 simulations were determined (p-values) through a symmetrical test. In addition, we controlled for multiple tests by setting a 5% False Discovery Rate (FDR).
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Selection Year

Flowering time (in DTF eq. 20°C)

q q q q MP049 MP052 MT040 MT053
Raw Evolution of Flowering Time in Saclay DSE For F252, the mean initial flowering time at G 0 was equal to 88 DTF eq. 20 o C, emphasizing an earlier flowering genetic background than MBS which initially flowered around 102 DTF eq. 20 o C. As presented Chapter 2 (Tab. 2, Fig. 1 

Decomposition of the selection response in initial variance and de novo mutational variance component

We asked how much of the phenotypic response of Saclay DSEs observed from yearly flowering time measurements could be explained by initial standing variation versus by incoming mutational variance. For this reason, we used [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF] BLUPM model of the decomposition of genetic variance from genealogical records. We estimated an initial standing variance of 0.901 (resp. 6.469) in MBS (resp. in F252), and mutational variance estimate of 0.247 (resp. 0.186) Tab. 4.3. These translated into mutational heritabilities of 0.08 in both inbred lines, which is coherent with previous estimates from Durand et al. (2010Durand et al. ( , 2015)), and constitutes an upper bound [START_REF] Houle | Comparing mutational variabilities[END_REF][START_REF] Keightley | Mutational Variation and Long-Term Selection Response[END_REF]. Interestingly, the relative importance of mutational variance in the response to selection is higher in MBS with an estimate of θ equal to 0.28 than in F252 were standing variation plays a greater role with an estimate of θ equal to 0.03 (Tab. 4.3). These results are well illustrated by the prediction of standing genetic values and mutational values for each individual, through BLUP, represented Fig. 4.6. For example, we observed in MBS late families that after 20 generations the total genetic value predicted by the model was 10 DTF eq. 20 o C (Fig. 4.6, right panel). It could be decomposed into a shift of 2.5 DTF eq. 20 o C (left panel) reached quickly in 5 generations due to standing genetic variation, and a shift of 7.5 DTF eq. 20 o C due to mutational input. Interestingly, we observed a symmetrical response to selection for early families, despite the randomness of the mutational input (center and right panels). For F252 early families, a shift around 2.5 DTF eq. 20 o C was also reached due to standing variation, but mutations accounted only for 2.5 DTF eq. 20 o C, so that they plateaued to a maximum shift around 5 DTF eq. 20 o C after 10 generations. In accordance with previous results of Durand et al. (2012), the very late family FT027 quickly responded to selection due the fixation of the fixation of a late allele in Eukaryotic Initiation Factor eIF-4A which led to the maximal shift around 12 to 15 DTF eq. 20 o C. Overall the two other late families FT317 and FT318 which derived from FT031, were only shifted by 3 DTF eq. 20 o C, with roughly equal share between initial standing variation and mutational input (Fig. 4.6).
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Estimation of the distribution of mutational effects

Very interestingly, we were able to estimate the distribution of mutational effects and identify the distribution of fixed mutations. To do so, we used the predicted breeding values due to mutation u m in 4. 3.4.1.2 and Fig. 4.6 that we centered around the mean value of each corresponding generation for each family independently, allowing us to remove the effect of selection response and estimate the total distribution of incoming mutations. To approximate the distribution of fixed mutational input, we computed the distribution of mutational effect by conditioning on selection in the next generation of the progenies of the corresponding progenitor. To increase analysis power, we pooled distribution of families in the same population (early or late flowering populations).

Validating the results of Chapter 2, we observed Tab. 4.4 and Fig. 4.7 an enrichment in favorable mutations with an average mutational effect of +0.338 and +0.267 for MBS and F252, respectively. However, we fixed up to 25% of unfavorable mutations in MBS (resp. 17% in F252) (i.e. with sign opposite to the selection direction) of all incoming mutation, but see Discussion. 

Quick comparison between classic animal model and Wray (1990) BLUPM model

We validated the better adjustment of [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF] BLUPM model than the more traditional BLUP model by analysis of variance. In other words, we compared the two following models, one that accounts for mutational effects (BLUPM, Model 1) and the other not (BLUP, Model 2):

1. y = 1 n µ + Z(u 0 + u m ) + 2. y = 1 n µ + Zu 0 +
Model 1 resulted in a smaller residual variance than model 2 both in F252 and MBS (2.42 vs 2.83, resp. 3.2616 vs 4.26), corresponding to a log-likelihood of 2169 vs 1689 in F252 and 2480 vs 1855 in MBS. These values were highly significant in both cases (p-value < 10 -200 , using a log-likelihood ratio test). In other words, including mutational effect, and the resulting increase in kinship, provided a much better prediction of the genetic values in Saclay DSEs. These results comforted us in using model 1 for the subsequent analyses.
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Residual values

Families q q q q MP049 MP052 MT040 MT053 

GxE and Multitrait response to selection: SDPEVAL experiment

Saclay DSEs yearly measurement produced at each generation estimates of the breeding values for each progenitors that were intrinsically limited in their ability to disentangle phenotypic plasticity and G × E, known to be widely present [START_REF] De Villemereuil | Common garden experiments in the genomic era: new perspectives and opportunities[END_REF] and that could explain part of the observed selection response. However, our two years common garden experiment SDPEVAL provided a way to measure the importance of GxE interactions. In addition, because two additional traits were measured, it provided information on the multitrait response to selection. q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q FT031 FT317 FT318 Flowering time (in days eq. 20°C)

Family q q q q q q FT027 FT031 FT318 FT317 FP036 FP039 Reaction Norms q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q MT040 MT053 MP049 MP052 Flowering time (in days eq. 20°C)

Family q q q q MT040 MT053 MP049 MP052
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Residual values Families q q q q MP049 MP052 MT040 MT053 Finally, covariances between the genotypic values in 2018 and the genotypic values in 2019 captured a great part of the total phenotypic variance, in the order of additive genetic variance across environments (Tab. 4.5). Hence, and because of cross-over interactions [START_REF] Lynch | Genetics and analysis of quantitative traits[END_REF] and change of rank interactions (Fig. 4.9), the observed selection response respectively in 2018 and in 2019 will not be interpreted based on the sole prediction of the raw genetic values (see Appendix E, Fig. E.1) but will be interpreted after correction for the covariance between genotypic values per evaluation year. In other words, early (resp. late) populations flowered significantly earlier (resp. later) at G 18 than at G 0 but the relative contribution of each progenitor to this response to selection varied according to the evaluation year. Estimates of θ and h 2 m are significant and will be discussed latter. Overall, the same conclusion than for flowering time can be drawn for the observed leaf length and for the observed plant height. Significant genotype by environment interactions were detected, in the sense of significance obtained through likelihood ratio test when comparing models with and without G × E (Eq. 4.11, Eq. 4.12). For leaf length we obtained a p-value of 0.00058 (resp. 0.00202) for MBS (resp. F252), and for plant height we obtained a p-value of 2.0 × 10 -5 (resp. 3.73 × 10 -8 ) for MBS (resp. F252). Again, covariance between genetic values per evaluation year captured a great part of the total phenotypic variance (Tab. 4.7,Tab. 4.6,and Appendix E,Fig. E.2,Fig. E.3), so that we will consider in the rest of the analyses the predicted genetic values specific to the evaluation year, after correction for the covariance between genotypic values per evaluation year. Estimates of θ and h 2 m were significant for the two traits and will be discussed latter. 

MBS

MBS

Flowering time

We asked whether the observed selection response observed from Saclay yearly flowering time measurements (subsequently abbreviated DSEYM) was consistent in both evaluation years from SDPEVAL and if not, to what extend this response was plastic. To do so, we fitted for each family and evaluation year independently, a simple linear regression model with the response variable corresponding to the predicted genetic values in 2018 (resp. 2019) after correction for genetic covariance between years from model Eq. 4.11, the explanatory variable being the generations following Eq. 4.13 (Results are compiled in Tab. 4.8). Overall important differences in the response to selection were observed in 2018 and 2019 compared to the selection response observed from DSEYM. However, recall that flowering times were recorded as the mean of the 12 most extreme flowering plants in DSEYM, while they were estimated as the mean flowering date of each row of plants in SDPEVAL, hence the following comparison concerns two different traits. Indeed,comparing Tab. 4.8 to Tab. 4.2,and Fig. 4.6 to Fig. 4.11, it appears to the observed selection response in DSEYM is conserved even if less pronounced for late families. More, precisely, in MBS, Late flowering MT040 and MT053 presented selection response approximately equal to DSEYM analyses in both evaluation years (around 0.2 and 0.4 DTF eq. 20 o C per generation respectively). For late F252 families, the observed selection responses were predicted as greater in 2018 and 2019 for FT027 (0.69 in 2018 and 2019 compared to 0.84 DTF eq. 20 o C per generation in DSEYM), and smaller for FT317 (0.117 DTF eq. 20 o C per generation in 2018, 0.0925 in 2019 and 0.13 in DSEYM) and were not significant for FT318 (compared to a significant 0.15 DTF eq. 20 o C per generation genetic gain in DSEYM). Note however that most of the genetic gain was due to the early response of FT031 family, the ancestors of both FT317 and FT318, with a mean genetic gain of 0.171 in 2018 and 0.37 in 2019 compared to 0.078 in DSEYM.

Following the same comparisons, however, the observed selection response for early flowering families was much less conserved in 2018 and 2019. Indeed, even if the mean genetic gain for MP049 around was still around -0.11 DTF eq. 20 o C per generation in 2018 and 2019 (-0.36 in DSEYM) and around -0.07 in 2018 and 2019 for FP036 (-0.16 in DSEYM), it was not significant for MP052 in 2018 and 2019 and for FP039 in 2018 (despite a small gain of -0.07 in 2019).

Overall, our results suggest a conservation of the selection response towards lateness in both genetic backgrounds in 2018 and 2019, but a highly reduced response to selection towards earliness suggesting a plastic response. Finally, we asked whether the previous decomposition of the selection response into initial genetic variance and mutational variance was conserved in SDPEVAL (Tab. 4.5 vs Tab. 4.3 and Fig. 4.11 vs Fig. 4.6).

Overall it appears that the relative contribution of de novo mutations vs initial genetic variance, measured by θ = σ 2 m /σ 2 0 is conserved in MBS as estimates of θ 2018 = 0.138 (SE=0.089) and θ 2019 = 0.332 (SE=0.275) are in the same confidence interval as θ DSEY M = 0.274 (SE=0.188). For F252, it appears that the amount of genetic variation due to the mutational input is less important in the observed response in SDPEVAL than in the response estimated from DSEYM, with θ 2018 = 0.005 (SE=0.002) and θ 2019 = 0.009 (SE=0.003), being 2 two 4 times smaller than θ DSEY M = 0.029 (SE=0.009). However, this results is subject to interpretation as FT027 presented a drastic response in 2018 that inflated the total genetic variance among families, which might not be true for other F252 families (Fig. 4.11).
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Mutational Effect Standing Variation Effect Sum 

Plant height

We then wondered whether selection for flowering time had any significant effect on the plant height, measured as the distance between ground level and panicle basis. We first predicted the genetic value of each progenitor using Eq. 4.11 (Fig. 4.12). Then using the same linear regression analysis as for flowering time (Eq. 4.13), we estimated the mean annual genetic gain for this trait and compiled results Tab. 4.9. Altogether our results suggest a small decrease of plant height with generation of selection regardless of the selection direction, with a mean annual decrease per family lying between -0.11cm and -1.5cm per generation. However, it seems that the early flowering families in MBS tend to be shorter than late families at generation 22 with a breeding value of -6.7cm (resp -7.0cm) in 2018 and -9.2cm (resp.
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Leaf length
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Multitrait analyses in SDPEVAL and correlative selection response between traits

We inquired more thoroughly the multitrait response to selection by analysing the breeding values predicted for each evaluation year separately using the multitrait version of the BLUPM Eq. 4.19. For each pair of traits, each evaluation year, and each family, Pearson's product moment correlation coefficients were computed (Tab. 4.11 and 4.12). In addition, the direction of the response to selection in the multitrait phenotypic space was assessed by computing the average multitrait breeding values using sliding windows of five generations. Results are represented on Fig. 4.14 and 4.15. The same kind of analysis has also been performed using a decomposition of the correlative selection response into a part due to standing genetic variance and a part due to the incoming mutational variance. Results are represented in Appendix F Tab. F.1 and F. [START_REF] Wak | Population -and Quantitative-Genetic Models of Selection Limits[END_REF]Fig. F.1 and F.2 and Fig. F.3 and F.4 respectively. However we will not develop this last point here. All families in both genetic backgrounds are well differentiated in the phenotypic space defined by the 3 measured traits and significantly diverged under selection for flowering time. Interestingly, the responses are modulated by plasticity in the two evaluation years, and the magnitude of the differences among individuals within families and among populations varied between 2018 and 2019 evaluation years. However, the global patterns were conserved and allowed us to interpret the correlative responses on plant height and leaf length. Clearly, adaptive trajectories differ between populations, but also between families submitted to similar selection pressures. While flowering time decreases in Early families and increases in Late families, patterns of response on plant height and leaf length is family dependent.

• Decoupling between plant height and flowering time. In the different families, plant height either increased, stay constant or decreased, independently of the direction of selection. Plant height decrease generated a positive correlation between flowering time and plant height in early flowering families (MP049, and FP036 in 2018) but a negative one in late flowering families (MT040, MT053, FT027 in 2018). In family MP052, we also observed a significant decrease in plant height (Fig. 4.12), but the overall correlation between the two traits was not significant, probably because flowering time did not change much (Fig. 4.11). Plant height tended to increase in FP039 while flowering time decreased (negative correlation). Finally, plant height did not change in FT317 and FT318 (non significant correlation). Altogether, this suggests that the genomic regions that were targeted by selection for flowering time differed between families, and that we managed to decouple the negative correlation between plant height and flowering time observed at the scale of the maize species [START_REF] Vidal | Contrasting phenotypes emerging from stable rules: A model based on self-regulated control loops captures the dynamics of shoot extension in contrasting maize phenotypes[END_REF].

• Moving along the trade-off between plant height and leaf length. Whenever it was significant, we observed a positive relationship between plant height and leaf length (Tab. 4.11 and 4.12).The global temporal pattern was a decrease of both plant height and leaf length with selection.

On exception was the late family FT318 (leaf length decreased without correlative changes in plant height). In the late families MT040 and MT053, leaf length increased during the first generations of selection, and then decreased. • Decoupling between leaf length and flowering time. In the different families, leaf length either increased, remained constant or decreased, independently of the direction of selection. In the early families (MP049, MP052, FP036), selection for flowering time was accompanied by a decrease of leaf length. In the early FP039, selection for flowering time was accompanied by a slight increase of plant height without much change on leaf length. In the late families, leaf length either increased (FT317) or remained constant (FT027, MT040, MT053).

To summarize, the multitrait analysis allowed us to better understand the correlative responses to selection. First, phenotypic plasticity resulted in variations that depended on the year of evaluation. However, those variations translated in the magnitude of the changes, but not in their direction. Second, we confirmed the strong positive trade-off between leaf length and plant height, probably resulting from allometric relationships. Third, selection for flowering time resulted in changes in one or the other trait, which translated into moving along the trade-off. The two noticeable exceptions were the early family FP039 exhibiting an increase of plant height in the last generation, and the late family FT317 exhibiting an increase of leaf length.

Association genetics

Finally, we inquired whether we could statistically associate polymorphisms detected Chapter 3 to the 7 measured traits, namely the breeding value of flowering time from the DSEYM, from the specific breeding value in 2018 and 2019, the specific breeding value for plant height and leaf length in 2018 and 2019. Using the linear model Eq. 4.20, we could estimate the effect of each SNPs independently on each independent trait. Note that we will not present nor interpret the significant (cf. Appendix G) estimates of dominance values here because those estimates rely on few heterozygous individuals. Nevertheless, we validated the significance of the additive association using gene dropping following (Durand et al., 2015) to control for drift and the underlying genealogical structure of pedigrees. We controlled for multiple comparisons by setting a False Discovery Rate (FDR) inferior to 5%.

In MBS among the 41 different SNPs detected, only the 2 detected mutations on chromosome 2 and 6 were significantly associated with one of the traits Fig. 4.16. More specifically, both of them were associated with flowering time measured in DSEYM with a respective effect of 1.53 and 0.95 DTF Eq. 20 o C (Tab. 4.13). Interestingly, they were not significantly associated to flowering time from SDPEVAL data in 2018 nor in 2019, but the mutation on chromosome 2 was significantly associated to leaf length in 2018 with an additive effect of 1.05 cm while mutation on chromosome 6 was significantly associated to plant height in 2019 with an additive effect of 1.14 cm (Tab. 4.13). In F252, among the 456 SNPs detected, 10 were associated to at least one trait and 7 out of 10 SNPs were associated to at least two traits highlighting a high pleiotropy of these polymorphisms, that is modulated by genotype by environment interactions (Fig. 4.17 and Tab. 4.14). More specifically 5 SNPs were associated to flowering time in DSEYM, 3 in 2018 and 4 in 2019. 4 SNPs were associated to plant height in 2018 and 2019, and 5 (resp. 6) SNPs were associated to leaf length in 2018 (resp. 2019). Interestingly the two mutations detected on chromosome 3 and 6 were significantly associated to all traits and all evaluation years (except for the one on chromosome 6 with no significant effect for flowering time in 2019), highlighting the high pleiotropy of the mutational effects and the relative power to associate de novo mutations. 6 . 2 9 4 0 0 5 e + 0 6 6 . 2 9 4 0 0 5 e + 0 6 6 . 2 9 4 0 0 5 e + 0 6 6 . 2 9 4 0 0 5 e + 0 6 1 . 5 4 3 4 0 1 e + 0 8 1 . 5 4 3 4 0 1 e + 0 8 1 . 5 4 3 4 0 1 e + 0 8 1 . 5 4 3 4 0 1 e + 0 8 2 . 9 2 4 5 e + 0 8 2 . 9 2 5 0 e + 0 8 2 . 9 2 5 5 e + 0 8 2 . 9 2 6 0 e + 0 8 2 . 9 2 6 5 e + 0 Length 0 e + 0 0 1 e + 0 8 2 e + 0 8 3 . 1 8 0 e + 0 8 3 . 1 8 5 e + 0 8 3 . 1 9 0 e + 0 8 3 . 1 9 5 e + 0 8 3 . 2 0 0 e + 0 8 4 . 7 5 e + 0 8 5 . 0 0 e + 0 8 5 . 2 5 e + 0 8 5 . 5 0 e + 0 8 7 . 8 9 0 e + 0 8 7 . 8 9 5 e + 0 8 7 . 9 0 0 e + 0 8 7 . 9 0 5 e + 0 8 7 . 9 1 0 e + 0 8 8 . 0 e + 0 8 8 . 5 e + 0 8 9 . 0 e + 0 8 9 . 5 e + 0 8 1 . 0 0 e + 0 9 1 . 0 5 e + 0 9 1 . 1 0 e + 0 9 1 . 1 5 e + 0 9 1 . 3 2 0 4 e + 0 9 1 . 3 2 0 5 e + 0 9 1 . 3 2 0 6 e + 0 9 1 . 4 5 e + 0 9 1 . 4 6 e + 0 9 1 . 4 7 e + 0 9 1 . 4 8 e + 0 9 1 . 4 9 e + 0 9 1 . 5 0 e + 0 9 1 . 5 3 e + 0 9 1 . 5 6 e + 0 9 1 . 5 9 e + 0 9 1 . 6 2 e + 0 9 1 . 6 4 e + 0 9 1 . 6 8 e + 0 9 1 . 7 2 e + 0 9 

Trait

Discussion

The BLUPM model: a powerful but imperfect model, that quantifies a significant amount of incoming mutational variance In this Chapter, using an extension of the animal model proposed by [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF], namely BLUPM model -that accounts for the increase in kinship due to incoming mutational variance-we could precisely quantify the proportion of de novo mutations vs. standing variation in the strong response to selection observed in both directions (towards earliness and lateness) from Saclay DSEs yearly measurement (DSEYM) and in a common garden experiment aiming at evaluating correlative response to selection. We could validate previously computed mutational heritabilities, Vm V E the ratio of mutational variance over residual variance, because our computed values from DSEYM were equal to ≈ 7.×10 -2 and were coherent with estimate of Durand et al. (2010) (≈ 2.5×10 -2 ). These values fell in the upper bound of previously measured mutational heritabilities ranging between 10 -2 and 10 -4 [START_REF] Keightley | Mutational Variation and Long-Term Selection Response[END_REF]. Furthermore, estimates of θ = Vm Va , denoting the relative contribution of mutational variance compared to initial standing variance were coherent with the reduced initial standing variation in MBS compared to F252, in accordance with Chapter 3 detected polymorphisms and (Durand et al., 2015) estimates of initial residual heterozygosity (1.9% in F252, and 0.19% for MBS over 29,000 SNPs mainly concentrated in genic regions (Durand et al., 2015)). However, [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF]'s model makes a series of approximation that might not hold in our design. The most problematic one is the assumption of a constant mutational input trough generations. However, as demonstrated Chapter 2, we expect beneficial mutations to fix randomly through generations, so that no beneficial mutation could enter the system for successive generations, resulting at the family level to successive bursts of response to selection (See Fig. S3 in Chapter 2). However, adding a mutation occurrence probability parameter estimated by the Bayesian framework might be a powerful approach (O. David internal communication). Furthermore this model makes the assumption that all mutations are transmitted to offspring, neglecting the importance of the segregational variance within family known to be half of the total additive variance of a population in a panmictic population. However, if this bias certainly exists in our model, its extent remains unclear, as we expect under inbreeding the segregational variance to be equal to (1 -f ) σ 2 a 2 , with f ≈ 1 being the average inbreeding coefficient under selfing (Walsh and Lynch, 2018). Furthermore, because of the quick fixation of adaptive mutation in Saclay DSEs, we expect this bias to be transient. See [START_REF] Barton | The infinitesimal model: Definition, derivation, and implications[END_REF] for a possible inclusion of mutations and their segregational variance in the infinitesimal model based on House of Cards approximation.

Two successive adaptive phases are effectively at play is Saclay DSEs: Looking at the evolution of predicted values of standing variation and mutational effects, we observed two successive adaptive phases. The first one can be defined as the amount of time needed for standing variation to fix, i.e. the time at which breeding values due to standing variance plateaued, in accordance to selection limit theory (Robertson, 1960). Such plateaus were reached in 5 generations for F252 in accordance the fixation times estimated from Chapter 3 for beneficial variants submitted to clonal interference (Gerrish and Lenski, 1998;[START_REF] Hartfield | Limits to adaptation in partially selfing species[END_REF], and 3-4 generations for MBS, which suggests that the initial levels of standing variation in MBS was not sufficient for interference between standing alleles. Following this first phase of response to selection, mutational variance was necessary and sufficient to sustain the selection response. Furthermore, by using the predicted mutational values, we could approximate the total distribution of incoming mutations and decipher the distribution of selected mutational effects. In line with Chapter 2, we found an enrichment in beneficial mutational effects in the selected offspring of a progenitor. However, we also fixed up to 25% of unfavorable mutations for the trait (flowering time) in MBS (resp. 17% in F252). This observation contrasts with the simulated distribution of mutational effects Chapter 2, where we fixed only 6% of unfavorable mutations. Several hypotheses could explain this pattern. First we conducted a two-steps selection process, such that 12 extreme plants per family (500 plants) were selected, among which 5 plants with the highest kernel weight were retained ensuring a fitness that allowed the long-term selection protocol. This translated into a smaller selection intensity than simulated Chapter 2 for flowering time. The last selection step might also increase the fixation of pleiotropic polymorphisms (e.g increasing kernel weight while increasing flowering time in families selected for earliness, as late flowering plants are expected to have higher yield [START_REF] Tucker | Evaluating maize phenotypic variance, heritability, and yield relationships at multiple biological scales across agronomically relevant environments[END_REF]. Furthermore, in addition to the inherent limitation of the BLUPM model discussed above, it is important to note that any post-hoc analysis on BLUP values underestimates the actual variance of the population [START_REF] Hadfield | The Misuse of BLUP in Ecology and Evolution[END_REF], i.e. the variance of BLUP values is smaller than the population variance. Hence, our decomposition of incoming mutational variance into selected and non selected might be biased. Finally, our model considers only additive variance terms. However, epistasis might be a key player of the selection response, non investigated here, as suggested by Durand et al. (2012) results. If mutations are subject to epistasis, their effect is dependent on the genetic background on which they occur, such that a certain mutation can be selected only at a certain stage of the selection response as exemplified in Lenski's long term experiment on E. coli [START_REF] Plucain | Epistasis and Allele Specificity in the Emergence of a Stable Polymorphism in Escherichia coli[END_REF]. The distribution of fitness effect of mutation is hence dynamic. For example, in the case of negative epistasis -when the mean mutational effect increases as fitness decreases (Silander et al., 2007) -selection for low trait values is impeded, which might explain selection response pattern observed in F252 early family (Fig. 4.6).

Ubiquitous GxE interactions do not modify overall direction of observed selection response and plant architecture evolution, but change the magnitude of the observed correlations

The implementation of a two-years common garden experiment (SDPEVAL) revealed the preponderance of GxE interactions, that translated into a diminished response to selection in early flowering populations for MBS and F252, compared to the response observed in the DSEYM. Interestingly, we showed a certain antagonism between initial standing variation and mutational effect, especially in early flowering populations modulated by GxE interactions, so that either fixed standing variation or de novo mutations compensated for the decrease in flowering time through generations. Maize flowering time is highly correlated to maize floral transition. And in maize, floral transition genetic pathway is known to result from the interactions of several genetic pathways such as the aging pathway, the autonomous pathway, the circadian clock or photoperiod pathway for example [START_REF] Dong | A gene regulatory network model for Floral transition of the shoot apex in maize and its dynamic modeling[END_REF]. See Tenaillon et al. (2018) summarized genetic network presented in introduction of this thesis. If selected polymorphisms were acting on the two former, one might expect a constant response to selection through environment, but if polymorphisms were acting on the two latter, one might expect their expression to vary according to the environment, resulting in GxE interactions.

Interestingly GxE interactions did not change the overall directions of correlative responses between traits but changed the magnitude of their expression in the two evaluation years Fig. 4.14 and Fig. 4.15. Observed correlation between flowering time, leaf length and plant height were overall coherent with previously described developmental models of maize architecture [START_REF] Zhu | Towards modelling the flexible timing of shoot development: simulation of maize organogenesis based on coordination within and between phytomers[END_REF][START_REF] Vidal | Contrasting phenotypes emerging from stable rules: A model based on self-regulated control loops captures the dynamics of shoot extension in contrasting maize phenotypes[END_REF]. For example, such models explain the observed correlation between blade length and plant size, by the successive dependence of the blade length on sheath length, which impacts internodes length, and in turn plant height. Interestingly, looking at the different correlations within families, it was possible to decouple to some extent the relationship between traits, for example plant height and flowering time, which tends to suggest furthermore that genomic regions targeted by selection for flowering time differed between families.

Power of association mapping to detect association between de novo mutations and trait variation in our design: Despite the small number of detected de novo mutations in our design, we managed to associate all of them to flowering time, or at least to Saclay DSEs yearly measurement. Not surprisingly, their association to other traits were dependent on the environment of evaluation, but suggested a high pleiotropy. Note that we were unable to decipher between true pleiotropy or tight linkage. Focusing on initially standing variants, despite our ability to control very efficiently for population structure and random genetic drift, our system had little power to detect association. Such lack of statistical power is nevertheless not specific to our design but to all association studies. Since a certain number of years already, population geneticists have indeed better appreciated the limitations of Genome Wide Association Studies such as multiple testing burden See [START_REF] Tam | Benefits and limitations of genome-wide association studies[END_REF] for a review. Among them, one can emphasize the dual role of population structure [START_REF] Barton | Why structure matters[END_REF], that we need to account for to avoid spurious correlations, but that masks potential signal of adaptation between populations, such that we can only test for association within populations, at the cost of losing perhaps the most important variants. However, part the lack of power of our design is due to our design limitation : lack of markers and coverage of the whole genome (limited budget), strong linkage disequilibrium between makers that we here controlled by simple clustering methods, small number of individuals per generation. More generally, our results raises the question of the application of association mapping in populations submitted to High-Drift High-Selection: on one hand many small-effect mutations follow adaptive trajectories comparable to neutral mutations, on the other hand, large effect mutations fix quickly and are detectable within populations only over restricted time windows. Hence, while the identification of variants underlying phenotypic variation in populations submitted to HDHS constitute a major goal for breeders and evolutionary geneticists, the discovery of alleles "that matter" might be an elusive dream [START_REF] Rockman | The QTN program and the alleles that matter for evolution: All that's gold does not glitter[END_REF].

Supplementary method: Flowering time estimation from binned and right censored data

In SDPEVAL (2018 and[START_REF] Purugganan | Evolutionary Insights into the Nature of Plant Domestication[END_REF], flowering time of a given progenitor was represented by a row of 25 offspring issued by selfing from this progenitor. To measure flowering time, we counted every day, the number of flowered plant per row until an arbitrary date, at which measures were stopped. For example, at the last measuring date, we could count 23 flowered plant in a row of 25. Hence, we obtained a right censored cumulative count of flowered plant for each row. The goal in this section is to properly infer flowering time from de-cumulated flowered plant count, per time interval. That is to compute the mean (and variance) flowering time of each row with a model accounting for variable-size time-interval, and right censored observations. Every day, except few exceptions (e.g. some week-ends...), an observer counts the cumulated number of flowered plant in a row of N ≈ 25 total plants. Hence, we do not directly observe the flowering times but a number of flowering plants at a date. The observations are conducted until an arbitrary decision stops the measure process at time T n . This lead to the acquisition of cumulated right-censored data. Note, however, that we make the assumption that we did not miss the first flowering event, hence that our data are not left censored. Let's consider that the flowering time follows a continuous distribution of probability density function f and cumulative distribution function F . Let X j (j = 1, ..., N ) be the flowering time of the N plants, so that X j are identically and independently distributed following F . As previously noted, we did not directly observe the flowering time but a number of flowering plants in a time interval. Let t i (i = 0, 1, ..., n) be the fixed observation dates. Using decumulated count, let Z i be the random variable giving the number of flowered plant between t i-1 and t i , so that n i=1 Z i = N . Hence, we can then define the vector Z = (Z 1 , ..., Z i , ...Z n ). Because, each of the N observed plant is mutually independent, and n i=1 Z i = N , Z follows a multinomial distribution, i.e. : Z ∼ M ultinomial(N, p 1 , ..., p i , ..., p n ), where p i = Pr(X j ∈ [t i-1 ; t i ]) = F (t i ) -F (t i-1 ) (4.21)

Example

General likelihood function form

Uncensored data In the theoretical case where data were not censored, we could express the likelihood of the data, knowing the parameter θ of F , and conditionally on Z as:

L(θ|Z) = N j=1 Pr(X j ∈ [t i-1 ; t i ]) = N j=1 (F (t i ) -F (t i-1 )) (4.22)
Because, Z follows a multinomial distribution, we have:

(4.23)

L(θ|Z) = N ! n i=1 Z i ! n i=1 (F (t i ) -F (t i-1 )) Zi (4.24) L(θ|Z) = N ! n i=1 Z i ! n i=1 (p i ) Zi (4.25)
Censored data However, observations are not conducted during the entire time interval, but until t n .

Hence the likelihood of the data, knowing the parameter θ of F and Z should be rewritten:

L(θ|Z) = N j=1 Pr(X j ∈ [t i-1 ; t i ]) Pr(X j ≤ t n ) (4.26) = N ! n i=1 Zi! n i=1 (p i ) Zi N j=1 Pr(X j ≤ t n ) (4.27)
Because the X j are identically and independently distributed, we have

N j=1 Pr(X j ≤ t n ) = F (t n ) N . Hence, it follows: (4.28) L(θ|Z) = N ! F (t n ) N n i=1 Z i ! n i=1 (p i ) Zi (4.29)

Likelihood function form from normality assumption on F

We can hypothesize that the flowering time of a plant follows a normal distribution, i.e., ∀j ∈ [[1, N ]], X j ∼ N (µ, σ), which seems a reasonable assumption for this highly polygenic trait. Assumption validated from the observed distribution of phenotypic values (data not shown). Hence, we can identify:

f (x) = 1 σ √ 2π e -1 2 ( x-µ σ ) 2 (4.30)
and

F (t i ) = 1 σ √ 2π ti -∞ e -1 2 ( x-µ σ ) 2 dx (4.31)
By plugging this definition of the normal cumulative distribution into the expression of L(θ|Z), we obtain :

L(µ, σ|Z) = N ! F (t n ) N n i=1 Z i ! n i=1 (F (t i ) -F (t i-1 )) Zi (4.32) = N ! 1 σ √ 2π tn -∞ e -1 2 ( x-µ σ ) 2 dx N n i=1 Z i ! n i=1 1 σ √ 2π ti -∞ e -1 2 ( x-µ σ ) 2 dx - 1 σ √ 2π ti-1 -∞ e -1 2 ( x-µ σ ) 2 dx Zi (4.33) = N ! n i=1 Z i ! n i=1 1 σ √ 2π ti ti-1 e -1 2 ( x-µ σ ) 2 dx Zi 1 σ √ 2π tn -∞ e -1 2 ( x-µ σ ) 2 dx N (4.34)
Finally, we have:

L(µ, σ|Z) = N ! n i=1 Z i ! n i=1 (p i ) Zi 1 σ √ 2π tn -∞ e -1 2 ( x-µ σ ) 2 dx N (4.35)
To maximize the likelihood L(µ, σ|Z) is equivalent to maximize the log-likelihood (µ, σ|Z), i.e., maximize:

(µ, σ|Z) = log(L(µ, σ|Z)) = log(N !) - n i=1 log(Z i !) + n i=1 Z i log(p i ) -N log 1 σ √ 2π tn -∞ e -1 2 ( x-µ σ )
2 dx (4.36)

An other estimate: the flowering date weighted mean

One simpler estimator would be to compute directly the mean of each t i weighted by the number of flowered plant Z i . However, recall that at a given date t i , we actually observed the number of plants that flowered between tt i-1 and tt i . Hence the mean flowering date of plants that were observed at t i would better be approximated by (t i + t i-1 )/2. Thus to compute the mean flowering time of an observed row, we overestimate the mean if we use :

n i=1 tti×Zi n i=1
Zi . However, we can use the center of class, as a better proxy of X j :

µ W eightedM ean = n i=1 (tt i + tt i-1 )/2 × Z i n i=1 Z i (4.37)
This allows to take into account missing dates (week-end). From this estimate we can directly compute σ. Note, that while maximum likelihood estimate of σ is biased, this estimate is not. See 4.6.1.5.

An other estimate: Bayesian model

I also developed a Bayesian estimator of the uncensored model. However, because we did not have informative prior, the Bayesian results converged to the one of the maximum likelihood approach. Hence I do not present them in this document.

Comparison of the different models

I compared our different estimates of mean and SD flowering time on a simulated dataset. I draw 25 flowering times X j in a normal distribution of mean 73 and SD 2. Then I randomly draw 11 observation dates among a time period starting at 65 (pnorm(65, mu = 73, sd = 2) = 3.1710 -5 ) and ending at 77 (pnorm(77, mu = 73, sd = 2) = 0.977), which corresponds to around 2.3% of plants not measured because of their late flowering time, and 2 missing observation dates. I then computed the observed Z i , and estimated a posteriori the flowering time.

Results

Overall, our simulation plots Fig. 4.18 and 4.19 present the correlations between estimators. Focusing on the mean, uncensored ML and Weighted Mean are significantly correlated (Fig. 4.18) and converge to small underestimation of the true values of simulated flowering time with increasing number of measured plants (Fig.4.19). ML underestimate the true value of standard deviation, as expected from known bias of maximum likelihood, while standard estimates converge to the true standard deviation with increasing number of measured plants (Fig.4.19). More interestingly, the censored maximum likelihood estimator of the mean, overestimates the true value with low number of measured plants but converges to the true value, while the censored maximum likelihood of the standard deviation, estimates well the true standard deviation (Fig.4.19). Hence accounting for right-censorship in the likelihood function, improves substantially the accuracy of the estimates. However, the precision was lowered under censored ML, as it doubles the variance of the estimator in our simulations (V ( µ censoredM L ) = 0.33, V ( µ uncensoredM L ) = 0.17, V ( µ W eightedM ean ) = 0.17). Hence, in the subsequent analyses, I used the Weighted Mean estimator based on the center of observed class to reduce the estimation noise, even if it tends to underestimate the true flowering time. Chapter 5

General Discussion

Results summary

Understanding the adaptive dynamics sustaining phenotypic shifts is at the core of population and quantitative genetics. Empirical description of such shifts takes its roots in the breeding literature, where truncation selection, known to be the most efficient selection from (Crow and Kimura, 1979), generates sustainable selection responses (Odhiambo and Compton, 1987;Moose et al., 2004;Weber and Diggins, 1990;Caballero et al., 1991;Mackay, 2010;Lillie et al., 2019). Artificial selection experiments conducted in the lab/field have brought precious insights into the mechanisms underlying those responses and associated genomic patterns, pointing to multiple key parameters: some not easily controlled experimentally -related to traits and their mutational targets (heritability, genetic architecture, distribution of mutational effects), and some more easily controlled -selection intensity, census and effective (Ne) population sizes, reproductive regime (recombination) (Weber, 1990;Weber and Diggins, 1990;Weber, 1996;Odhiambo and Compton, 1987;Moose et al., 2004;Dudley and Lambert, 2010;De Leon and Coors, 2002;Lamkey, 1992). In parallel, theoretical models have explored the limits to selection response. Based on the general assumption of random mating, large population size, weak selection intensity, those models are well-suited for predicting observed short terms responses in a broad range of parameters (Fisher Ronald Aylmer, 1930;[START_REF] Lush | Animal breeding plans[END_REF]Lande, 1979;Lande and Arnold, 1983;Bulmer, 1971;[START_REF] Hospital | Interactions of selection, linkage and drift in the dynamics of polygenic characters[END_REF]Robertson, 1960;Hill, 1982a,b;Wei et al., 1996;Walsh and Lynch, 2018). Yet, their use for understanding the long-term survival and adaptive dynamics of small selfing populations undergoing strong selection remains to be explored.

During my PhD, I focused on two experiments conducted for over 20 years under classic agronomic conditions: the Saclay Divergent Selection Experiments (DSEs) on maize flowering time (Durand et al., 2010(Durand et al., , 2012(Durand et al., , 2015)). Flowering time is a highly complex trait with a wide mutational target (Buckler et al., 2009;Tenaillon et al., 2018). Each DSE consisted on applying High Selection (one 1% truncation selection) on two population of genotypes (early and late) derived from a single maize inbred line (residual heterozygosity < 0.5%) evolving under High Drift (Ne <4) (HDHS regime) (Durand et al., 2015) and reproduced through complete selfing. Previous results revealed a paradox between the sustainability of the response to selection and the associated dearth of initial polymorphisms in small selfing population submitted to strong selection and high drift (Durand et al., 2010(Durand et al., , 2015)). This seeming paradox implies the necessity of incoming de novo mutations to sustain the observed selection response. Building on this previous work that has evidenced a strong response to selection over time in two directions (towards earliness and lateness) (Durand et al., 2010(Durand et al., , 2015)), I asked several questions: How does the interplay between high drift and high selection influences the response to selection? How do mutations arise, spread, and reach fixation in populations evolving under HDHS? What is the relative contribution of standing variation and de novo mutations to the observed phenotypic responses? How does phenotypic response at one trait impact responses at other traits? What is the role of Genotype-by-Environment (GxE) interactions on phenotypic shifts?

In Chapter 2, using forward individual-based simulations with selection acting on a single trait, I showed that HDHS regime benefits from an enrichment of fixation of beneficial mutations revealing a limited cost of selection in these populations. We argued that environmental stochasticity and variation in selection coefficients contribute to exacerbate mutational effects, thereby facilitating selection grasp and fixation of small-effect mutations. Hence the HDHS regime with non-limiting mutation highlights an interesting interplay between drift and selection that sustains a continuous response to selection.

In Chapter 3, I detected from sequencing data 41 (MBS) and 456 (F252) polymorphisms segregating between late and early populations in each DSE, and tracked the fate of a subsample of them through the DSE pedigrees. I adapted an algorithm based on parsimony and maximum likelihood to infer genotypes form incomplete information (Durand et al., 2015). I evidenced two distinct adaptive phases as predicted in our simulations Chapter 2. (i) the first adaptive phase corresponds to the selection of beneficial standing mutations, whose fixation is likely delayed by a process equivalent to clonal interference under our selfing regime [START_REF] Hartfield | Limits to adaptation in partially selfing species[END_REF], but differs by the large amount of initially standing variants. To better characterize their distribution, I developed a simulation approach with C. Dillmann to formulate a null distribution of initial polymorphisms in ancestral haplotypes, accounting for selfing, drift (SSDs) and linkage disequilibrium. (ii) the second adaptive phase corresponds to the successive fixation of beneficial de novo mutations that fixed too quickly to interfere with each other (as opposed to LDHS regime in Chapter 2), in accordance to Gerrish and Lenski (1998).

In chapter 4, I analyzed field data collected for a subset of genotypes selected during the first 20 generations of the two DSEs, and evaluated for three traits (flowering time, leaf length and plant height) over two years. Interestingly, with a simple quantitative genetics model developed by [START_REF] Wray | Accounting for Mutation Effects in the Additive Genetic Variance-Covariance Matrix and Its Inverse[END_REF], I was able to distinguish the two adaptive phases, and found evidence in enrichment of beneficial mutations in our designs, in accordance with Chapter 2 results, despite a greater proportion of unfavorable mutations (up to 25%) for (e.g. late) flowering time. I interpreted this discrepancy from the maintenance of a minimal fitness level in long-term evolutionary experiments (selection on kernel weight set in addition to flowering time). Moreover, I found significant GxE interactions in all populations. These interactions sustain a variety of evolutionary trajectories including the decoupling of traits within populations that are known to be correlated at the species level.

Altogether, the results of my PhD provide new hints on how complex interaction between selection and drift triggers adaptation in small selfing populations, but also question the detection of adaptive variants in association mapping settings where the underlying pedigrees are fully controlled.

A unique adaptive regime to shed light on Adaptation

In its essence, the adaptive process shaped by evolutionary forces interaction is fundamentally stochastic, despite the deterministic behavior of selection. To decipher the relative contribution of these evolutionary forces to complex adaptive trajectories, the evolutionist community relies on mathematical models developed by the Fathers of the discipline, e.g. Fisher, Wright or Kimura. Notably the Fisher vs Wright controversy on the general theory of evolution in nature, i.e. the opposition of the Large Population Size Theory (LST) to the Shifting Balance Theory (SBT), has been extensively reviewed (see for example [START_REF] Skipper | Revisiting the Fisher-Wright Controversy[END_REF]; [START_REF] Provine | Chapter 28. Adaptation and Mechanisms of Evolution After Darwin: A Study in Persistent Controversies[END_REF]). Central to this controversy is the relative contribution of drift to the adaptive process, at the center of Kimura's Neutral Theory of Molecular Evolution (Crow and Kimura, 1971). The controversies animating the debate between Fisher and Wright have been "central, fundamental, and very influential" and are appreciated as "relative significance controversies" [START_REF] Skipper | Revisiting the Fisher-Wright Controversy[END_REF], i.e. they aim at determining the significance of the validity domain of each theory, and do not search for a united theory broadly applicable. Along this line, the study of extreme adaptive regime such as High Drift-High Selection encountered in Saclay Divergent Selection Experiments, even if probably rare in natura, addresses an understudied aspect of adaptive processes.

Drift is not "just a noise" that can be decoupled from selection

Traditional quantitative and population genetics model are often built in parameters space defined as the product of at least two parameters (e.g. µ the mutation rate, N the population size, s the selection coefficient, m the migration rate, ...) so that their product (N µ, N s, N m...) is compared to 1 to evaluate the dominating factor of the adaptive regime (Walsh and Lynch, 2018;Crow and Kimura, 1971). The first goal of this arbitrary dichotomy is to facilitate models to increase generality at the cost of precision. Overall, if the expected dynamics at one locus under drift and selection is well known (e.g. thanks to Kimura's diffusion equation, or Kingman's Coalescent, etc.) and robust for a wide range of parameters, the multilocus dynamics of adaptation still requires strong hypothesis [START_REF] Höllinger | Polygenic adaptation: From sweeps to subtle frequency shifts[END_REF]. As exemplified in this thesis where N s ≈ 1 interesting behaviors emerge at the frontier between these arbitrary spaces. In particular, focusing only on the product of these parameters neglect the impact of each one of them: indeed N s = 1 can be obtained either with N = 10 6 and s = 10 -6 , in a parameter space close to the infinitesimal model, or with N e ≈ 5 and s ≈ 0.2 which drastically moves away from a potential infinite number of standing polymorphism, such as in Saclay DSE's, and exacerbate the role of the mutational target size [START_REF] Höllinger | Polygenic adaptation: From sweeps to subtle frequency shifts[END_REF] to compensate for the lack of standing polymorphisms.

Hence, drift and selection do not act additively so that unexpected behaviors can emerge. Indeed, selection is known to substantially decrease effective population on quantitative traits submitted to continuous selection, hence magnifying the effect of genetic drift. This is because part of the selective advantage of an individual accumulates in offspring over generations (Santiago and Caballero, 1995), and because selection on the phenotypic value acts in parts on non-heritable variance such as the environmental variance component of V P (Chantepie and Chevin, 2020). Furthermore, when strong selection is applied, it generates repeated population bottlenecks so that drift and selection can not be decoupled. The interplay between these two evolutionary promote stochasticity in our setting, which manifeste: (i) through the selection response, with different families exhibiting contrasting behaviors, some responding very strongly and others not (Hill, 1982a,b); (ii) through the dynamics of allele fixation (Crow and Kimura, 1971); and (iii) through the distribution of Cov(GE) (noticeably more skewed under high drift). One main limit of my work however is the general consideration of strict additivity. More precisely, the lack of consideration for interaction between alleles Durand et al. (2012) in Saclay's DSEs, such as dominance or epistasis, might blur the picture by increasing the stochasticity of the adaptive process through an increase of the effect of drift [START_REF] Dillmann | Another look at multiplicative models in quantitative genetics[END_REF].

The complex role of Environment

In classical quantitative genetics, the environment is often considered through its effect on the phenotypic value and measured as the residual σ 2 e of Fisher's decomposition of variance P = G + e. Hence the environment of an individual is understood as a statistical noise around its genetic value (Walsh and Lynch, 2018). However, this "noise" is not neutral anymore when taking into account selection. As already mentioned, selection, which acts on the phenotypic value and not only on its genetic component, further reduces the effective population size when acting on this non-heritable component (Chantepie and Chevin, 2020). But, even after accounting for this effect, we showed thanks the known pedigrees of Saclay's DSEs (N Coal e Chapter 1), that selection creates a negative correlation between selected individuals and environmental values. The difference in mean of this negative Cov(G; E) between HDHS and Lower Drift regime (LDHS) is likely due to the lack of clonal interference in HDHS compared to LDHS (which increases the number of beneficial mutational of strong effect), while the skewness of its distribution is likely due to the intensity of genetic drift (data not shown). Hence, our results further question the neutrality of micro-environmental values in extreme parameter space, even in randomized experimental designs. Interestingly, the stochasticity in environmental values further complicates the relationship between selection coefficient and allelic effect even in environment of constant mean value. For example, [START_REF] Melbinger | The Impact of Environmental Fluctuations on Evolutionary Fitness Functions[END_REF] found that fluctuating environments, such as the one encountered each year in Saclay DSEs, influence neutral evolution where they can cause much quicker fixation than naively expected.

Furthermore, extension of the decomposition of variance, to P = G + G × E + e aims to account for the genetic variability (G × E interactions) in the perception of the environment, i.e. the plastic part of the phenotypic value. Using a two-years common garden experiment, that allowed us to estimate the impact of genotype-by-environment interactions, we showed an important effect of these interactions on various evolutionary processes, such as the adoption of different mutational/standing variation adaptive trajectories, varying in time contribution of mutational input (σ 2 m2018 = σ 2 m2019 ), and varying correlation between traits. The genotypic sensibility to environment, an essential component of an individual's fitness, seems to have a complex impact on population evolution. [START_REF] Melbinger | The Impact of Environmental Fluctuations on Evolutionary Fitness Functions[END_REF] for example showed that a reduced sensitivity might increase the overall fitness of a genotype and compensate for large disadvantages in the average reproduction rate when environment fluctuates. Further exploration of our data set (SDPEVAL) might allow to test for this effect by comparing if plasticity increased or decreased through generations by comparing the difference in genetic values between the two evaluation years through generations. Furthermore, [START_REF] Canino-Koning | Fluctuating environments select for shortterm phenotypic variation leading to long-term exploration[END_REF] showed that populations in environments subjected to sudden changes (we observed a high stochasticity in environmental variable along the 20+ generations of selection), increases selection response, by creating repeated population bottlenecks, hence resulting in shorter coalescence times than under stable environment.

Selective neutrality in the context of polygenic adaptation and the quest of alleles that matter

In Chapter 2, we predicted that on average 8 mutations per family fixed during the duration of Saclay DSEs, a relatively small number yet non negligible, are necessary to maintain selection response. The fact that we succeeded to even detect two of them among 456 and 41 SNPs and successfully associated them to flowering time, is in itself a clue of their preponderance and necessity to maintain the selection response. However, we only detected de novo mutations of strong effect (around 1.5,1, -1.5 and 0.9 DTF Eq. 20 o C for flowering time in DSEYM, Chapter 3 and Chapter 4). But, according to Chapter 1, these effects would only correspond to the 20% quantile of fixed mutations, roughly, and 80% of the mutations would not be detected. Because N e s ≈ 1, we are here at the limit of selective neutrality, a concept based on Kimura's diffusion equation (Crow and Kimura, 1971;KIMURA, 1962) at one locus in large populations, and often discussed in the context of enzymatic activity [START_REF] Hartl | LIMITS OF ADAPTATION: THE EVO-LUTION OF SELECTIVE NEUTRALITY[END_REF]. Drift (resp. selection) is indeed supposed to dominate the adaptive process when N e s < 1/10 (resp. N e s > 10). Interestingly, this suggests that even if a particular allele do not fix statistically differently from drift, selection can act nevertheless on it, so that the whole distribution of mutational fixation time under selection is statistically different from the distribution without selection. Hence, in this context, the difficulty encountered Chapter 4 to associate polymorphisms to the trait values, despite our total control for population structure (a long standing problem of association genetics, [START_REF] Barton | Why structure matters[END_REF]), echoes the challenges of detecting causal variants. Testing them independently creates a statistical cost emerging from multiple testing. As reviewed in [START_REF] Sella | Thinking About the Evolution of Complex Traits in the Era of Genome-Wide Association Studies[END_REF] potential strategies have been proposed to circumvent this problem of power in GWAS, such as polygenic scores that sum the effects of all associated variants, weighted by their allele frequencies (Berg and Coop, 2014), or sign test that asks whether the number of SNPs in which trait-increasing alleles had a higher frequency in one population was significantly different from that expected by chance [START_REF] Turchin | Evidence of widespread selection on standing variation in Europe at height-associated SNPs[END_REF]. [START_REF] Sella | Thinking About the Evolution of Complex Traits in the Era of Genome-Wide Association Studies[END_REF] considered this as "a question about the relative magnitude of signals and bias", but what if that was a matter of the question we ask [START_REF] Rockman | The QTN program and the alleles that matter for evolution: All that's gold does not glitter[END_REF] and null hypothesis we use? It appears that the hidden meaning of "causality" of a variant excludes the impact of drift, that we relegate to the status of null hypothesis, but that can substantially increase nearly neutral allele frequencies contributing to the trait value.

Maintenance of genetic variation

Central to the questions raised by the evolutionary community lies the question of the maintenance of genetic variation that sustains selection responses, investigated here in a particular regime (HDHS). Processes thought to maintain genetic variation are broadly divided into two categories: mutation-selectiondrift balance and balancing selection (Walsh and Lynch (2018) Chapter 28). The latter case encompasses heterozygote advantage models, frequency dependent selection and temporally or spatially varying selection pressures. However, these models have been difficult to validate in natura, especially fluctuating selection pressures [START_REF] Sella | Thinking About the Evolution of Complex Traits in the Era of Genome-Wide Association Studies[END_REF][START_REF] Pujol | The Missing Response to Selection in the Wild[END_REF]. Furthermore, as discussed by [START_REF] Sella | Thinking About the Evolution of Complex Traits in the Era of Genome-Wide Association Studies[END_REF], we would expect under balancing selection to maintain alleles at substantial frequencies, which would have been among the first to be detected in GWAS. On the other hand, experimental evidence sustain the pervasiveness of drift-mutation-selection balance, notably through the measures of incoming mutational input (V m ) in artificial selection experiments or mutation accumulation experiments. Estimates of the mutation heritability, h 2 m = Vm V E , the ratio of mutational variance over residual variance, have been gathered for a wide range of different taxa (Walsh and Lynch, 2018), with conserved values falling within the range 4.10 -4 to 3.10 -2 [START_REF] Houle | Comparing mutational variabilities[END_REF][START_REF] Keightley | Mutational Variation and Long-Term Selection Response[END_REF]. Interestingly, we obtained high estimates of h 2 m in the order of 10 -2 , in accordance to the large mutational target of maize flowering time, and expected values for life history traits [START_REF] Houle | Comparing mutational variabilities[END_REF]. These estimates show that mutational target size is a key parameter in the maintenance of polymorphism, that is sufficient to maintain a nonnegligible level of polymorphism even in the case of High-Drift and High-Selection regime (Chapter 1). Some authors (Walsh and Lynch, 2018;[START_REF] Sella | Thinking About the Evolution of Complex Traits in the Era of Genome-Wide Association Studies[END_REF][START_REF] Houle | Comparing mutational variabilities[END_REF], define the ratio V A Vm , the inverse of our parameter θ = Vm V A , as the persistence time, a measure of the number of generations required for mutation to replenish quantitative genetic variation in an infinite population. Interestingly, we obtained estimates of the persistence time in order of 30 -200 generations for F252 (and 3 -5 for MBS), while showing that standing variation fixed in less 5 generations for both inbred lines, selection response being steady after such fixation. Altogether, our results highlight that substantial deviation from standard population genetics model hypotheses (low selection and high population size) does not impede maintenance of genetic variation.

5.2.5

The complex relationship between fitness, traits, and traits architecture is modified by artificial selection

Interestingly, questions regarding association power, or maintenance of polymorphisms are intrinsically linked to the question of trait architecture and pleiotropic effects on other traits [START_REF] Sella | Thinking About the Evolution of Complex Traits in the Era of Genome-Wide Association Studies[END_REF]. Measured phenotypic traits are somewhat arbitrary, as a trait can be defined as any measurable phenotypic attribute. However, because fitness is by definition the most integrated trait (through the product of viability and fecundity), selected traits can be thought as fitness modules. These fitness modules can then act on neutral correlated traits. Two different scenarios are then usually modeled (Walsh and Lynch, 2018), either the direct effects of trait variation on fitness, or the indirect selection on correlated fitness modules that shape molecular pattern of neutral trait. Interestingly, traits at the top and bottom of the fitness hierarchy are submitted to directional direction. For example fitness at the very top is by definition subjected to directional selection [START_REF] Sella | Thinking About the Evolution of Complex Traits in the Era of Genome-Wide Association Studies[END_REF]. In that sense, selection experiments on a particularly integrated trait such as Saclay DSES for flowering time, mimic well selection for fitness, more difficult to measure. Furthermore, the two selection steps of Saclay DSEs (first the selection of 12 earliest (resp. latest) flowering plant, then selection of the 5 earliest (resp. latest) with the highest kernel weight) allow to control for a minimal absolute fitness level. Hence these experiments are well adapted to look at correlative responses at other traits such as in Chapter 4.

These correlative responses arise because of pleiotropic effect and correlated traits architecture (see [START_REF] Chen | Molecular basis of trait correlations[END_REF] and Chapter 4 Introduction). If the number of traits is essentially infinite, one can indeed expect some overlap between genetic variation affecting several traits. Hence, the high pleiotropy of detected and associated mutations/standing variants in Saclay DSES, was coherent and expected. Furthermore, the omnigenic model, proposed by [START_REF] Liu | Trans Effects on Gene Expression Can Drive Omnigenic Inheritance[END_REF]; [START_REF] Boyle | An Expanded View of Complex Traits: From Polygenic to Omnigenic[END_REF], suggests that the value of a given trait is determined by few core QTL of expression (eQTL) in relevant tissues. However, the expression levels of these core genes, can be weakly affected by the expression level at other numerous eQTL such that the high number of trans-acting factors sharing the same cellular machinery can account for a high portion of the trait heritability. Hence we expect alleles with large effects on a given trait to have large effects on other traits, because they cause greater perturbation to gene expression [START_REF] Liu | Trans Effects on Gene Expression Can Drive Omnigenic Inheritance[END_REF]; [START_REF] Boyle | An Expanded View of Complex Traits: From Polygenic to Omnigenic[END_REF]. This prediction is in accordance with our estimated strong allelic effects on several traits. Furthermore, the architecture of a trait -the joint distribution of allelic effect and allele frequenciesis dependent on the degree of pleiotropy of all alleles, see [START_REF] Simons | A population genetic interpretation of GWAS findings for human quantitative traits[END_REF] who derived the conditional distribution of allelic effect knowing the selection coefficient under stabilizing selection. However, directional selection for certain trait values might substantially change the genetic architecture and the correlation between traits, as exemplified Chapter 4 with the decoupling of plant height and flowering time. Along this line, [START_REF] Burban | Gene network simulations provide testable predictions for the molecular domestication syndrome[END_REF] found using simulations that plant domestication translates into a deep rewiring of gene regulatory networks, with a trend towards gain of regulatory interactions and a global increase in the genetic correlations among gene expressions. Interestingly, this global increase arises through decreases of the the strongest correlations but sharp increase of the lowest correlations. Hence, directional selection might be able to decouple the genetic correlations built by the interplay between selection-drift-mutation under stabilizing selection (Chantepie and Chevin, 2020).

Conclusion and perspectives

To enrich our vision of adaptive processes, I studied during my PhD a unique adaptive regime at the limit of previously studied space parameters, namely High Drift High Selection regime under selfing. I asked several questions: How does the interplay between high drift and high selection influences the response to selection? How do mutations arise, spread, and reach fixation in populations evolving under HDHS? What is the relative contribution of standing variation and de novo mutations to the observed phenotypic responses? How does phenotypic response at one trait impact responses at other traits? What is the role of Genotype-by-Environment (GxE) interactions on phenotypic shifts? I characterized the observed selection response for flowering time under HDHS in Saclay DSEs, and decomposed the relative contribution of standing variation and mutational input. Through the detection and monitoring of a small number of polymorphic SNPs through the genealogies, I could confidently characterize 4 variants as de novo mutations, and study the competition between beneficial alleles during the fixation of standing variation. I showed that the response to selection in the DSEs was characterized by two successive adaptive phases: with the first phase encompassing the fixation in less than 5 generations of standing variants submitted to competition between beneficial alleles (clonal interference), and a second phase encompassing the successive quick fixation of beneficial mutations. I showed that this HDHS regime benefits from an enrichment in beneficial mutations revealing a limited cost of selection in these populations. However, despite the expected small fixation of unfavorable mutations modeled in Chapter 1, it appears from Chapter 4 results, that a non-negligible portion was fixed. This is likely due to the added constraints on minimal kernel weight in our selection scheme (hence a decreased selection intensity for flowering time). This raises the question of the extent of mutational load and inbreeding depression acting in this selfing regime. To answer this question, I contributed to design experimental assays, and crossed progenitors between families of the same population (i.e. within early or late flowering populations of a given genetic background) in the summer 2019. Preliminary results suggest a very limited inbreeding depression at the fitness level. Interestingly, we observed a smaller response towards earliness in F252 in a two-year common garden experiment and in yearly records. To decipher the role of environmental effects on this apparent limit, interpreted by previous studies as a physiological limit, this DSE has been duplicated in Picardie (France) at a higher latitude. Furthermore, I characterized the effects of phenotypic plasticity and genotype-by-environment interactions on the selection response thanks to this two-year common garden experiment. I showed a pervasive effect of plasticity that was at the root of different adaptive strategies. It would be enlightening to associate the detected polymorphisms to variation in trait values between the two evaluation years to detect variants affecting GxE, as my results suggest varying allelic effects between evaluation years. Overall, my results call for a better mathematical description of the multilocus adaptive dynamics in complex traits while accounting for linkage disequilibrium, selection and drift. q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q F-36-1-1
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Evaluation Year
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2 0 1 8 2 0 1 9 2 0 1 8 2 0 1 9

Evaluation Year

Leaf length (in cm)

Family q q q q MT040 MT053 MP049 MP052 
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Appendix F

Correlative selection response between trait decomposition

Afin de mieux décortiquer l'interaction entre dérive et sélection dans notre dispositif expérimental, j'ai réalisé une première étude de simulations. Il s'agit de simulations individu-centrées qui miment exactement le schéma expérimental des ESD, et s'appuient sur des paramètres tirés des données expérimentales. J'ai tout d'abord simulé un lot de graines initial en partant d'un individu hétérozygote à tous les loci, reproduit sur huit générations par autofécondation d'une graine unique (protocole appelé Single Seed Descent), suivi de deux générations d'inter-croisements pour constituer 60 individus avec une variabilité résiduelle < 0, 05%. A partir de ce lot de graines, j'ai sélectionné les deux individus les plus précoces et les deux les plus tardifs sur la base de la valeur phénotypique de 12 descendants. Les quatre individus constituant les ancêtres de quatre familles à la génération G0 d'une ESD, ont été autofécondés pour produire 100 plantes. Pour les générations suivantes, j'ai ensuite appliqué notre schéma de sélection en deux étapes : une première sélection des douze individus les plus précoces et des douze individus les plus tardifs parmi les descendants des parents sélectionnés à la génération d'avant, dans chacune des familles ; puis de cinq parmi les douze dans chacune des familles. Conformément à la conduite des ESD au champ, j'ai aussi imposé que les ces cinq individus sélectionnés ne partagent pas le même parent. Ainsi, à chaque génération, cinq individus parmi 500 observés sont sélectionnés (sélection 1%).

Chaque individu simulé comprend un génome constitué de 10 chromosomes et de 1000 loci. La position de chaque locus est tirée aléatoirement entre 0 et 1.5 cM (taille d'un chromosome). La position des crossing-over est tirée dans une loi exponentielle de paramètre 1 (un crossing-over tous les morgans). Nous avons considéré un taux de mutation de 1.8 × 10 4 par locus. La valeur phénotypique d'un individu est composée de la somme d'une valeur génétique héritable et d'un effet environnemental tiré à chaque génération dans une lois normale de variance fixe. J'ai considéré pour calculer la valeur génétique un modèle purement additif, en accord avec la forte additivité du caractère. Afin de définir l'architecture du caractère dans ma population initiale, i.e. la distribution jointe des fréquences et des effets alléliques, j'ai tiré les effets alléliques de l'ancêtre F2 de cette population dans une loi exponentielle réfléchie. Pour représenter au mieux la population initiale utilisée au champ, j'ai ensuite normalisé ces effets alléliques afin d'obtenir la même variance génétique que mesurée au champs. Nous avons considéré un modèle de mutation additif incrémentiel (sans limitation au niveau du nombre de mutations), justifié par la largesse de la cible mutationnelle du caractère de précocité de floraison et le fort déséquilibre de liaison propre au régime d'autofécondation. Nous avons choisi des valeurs initiales pour les composantes de variance qui correspondaient étroitement aux estimations précédentes pour la lignée M avec notamment une faible variance additive initiale provenant de l'utilisation de lignées commerciales.

L'analyse des données phénotypiques sur la date de floraison, récoltées au cours des vingt générations de sélection, a permis de confirmer que conformément aux observations précédentes pour les seize premières générations, des réponses significatives à la sélection sont observées sur les vingt générations de sélection, et ce dans toutes les familles. Des différences marquées entre les familles sont néanmoins observées. Ceci est bien illustré dans les familles F252 tardives où une famille (FVL) a répondu très fortement après treize générations. Cette famille a fixé un allèle délétère à la génération 13 et n'a pas pu être maintenue plus longtemps. Deux familles ont donc été dérivées à la G3 pour maintenir l'existence de deux familles dans la population F tardive (familles FL). Concernant les simulations, nous avons mis en évidence les trois déterminants de la réponse de sélection observée : la variance additive initiale, la variance environnementale et la variance mutationnelle. Quantitativement, nous avons démontré l'importance de la variation initiale puis la nécessité d'une variance mutationnelle constante pour expliquer la réponse à long terme à la sélection dans les ESD. Par ailleurs, nous avons estimé des tailles efficaces des familles qui varient entre 1,8 et 3,3, ce qui indiquent qu'elles évoluent sous très forte dérive.

Nous avons comparé au régime HDHS, deux autres régimes : l'un sans sélection, l'un où la taille de la population a été augmentée d'un facteur dix pour simuler une plus faible dérive. Nous avons effectué 2000 simulations indépendantes pour chacun des quatre familles dans les différents régimes. Pour chacun de ces régimes, nous avons comparé des paramètres résumés des dynamiques adaptatives tels que la probabilité et le temps de fixation des mutations, l'effet des mutations fixées. Nous avons tout d'abord confirmé la validité de notre modèle qui s'ajuste très bien aux données observées (ESD de la lignée M). Par comparaison des différents régimes, nous avons mis en évidence, une augmentation du nombre de mutations fixées et aussi une plus grande rapidité de fixation sous sélection. Dans notre régime, conditionnellement à l'apparition d'une mutation favorable chez au moins l'un des individus sélectionnés, la fréquence initiale de la mutation est de 0,1 (un individu sur dix), ce qui correspond à une fréquence relativement élevée sur laquelle la sélection peut jouer, contrairement à ce qui est observé dans des régimes plus classiques où la fréquence initiale des mutations est tellement faible que la première phase d'adaptation est dominée par la dérive. De façon intéressante, j'ai également mis en évidence un rôle clé de la stochasticité environnementale et de la variation des coefficients de sélection, qui contribuent à exacerber les effets mutationnels, facilitant ainsi l'emprise de la sélection sur la fixation des mutations à petits effets. Ainsi, nous avons observé par un enrichissement de fixations de mutations avantageuses par rapport à l'attendu. Cet enrichissement correspond, à l'inverse, à un déficit de mutations délétères qui suggère un fardeau limité de la sélection sur l'évolution de ces populations. Par conséquent, le régime HDHS combiné à une cible mutationnelle large, met en évidence une interaction intéressante entre dérive et sélection qui soutient une réponse continue à la sélection, même dans de petites populations. Nos résultats apportent des éléments nouveaux qui permettent de mieux comprendre l'impact limité en terme de mutations délétères, de l'amélioration variétale récente ; mais aussi la capacité des petites populations à coloniser de nouveaux habitats naturels, en limite de niche écologique. L'une des perspectives de ce chapitre est d'estimer le fardeau génétique pour confirmer les résultats obtenus. J'ai effectué en ce sens différents des croisements entre individus de familles différentes au sein d'un même population (précoce/tardive). Des analyses préliminaires semblent montrer une absence de signal allant dans le sens de dépression de consanguinité.

H.3 Chapitre 3. Dynamique des polymorphismes.

Dans ce chapitre, je me suis intéressé à caractériser les patrons de fixation des mutations grâce à des données expérimentales acquises sur des individus échantillonnés le long des généalogies des ESD. Ces données m'ont permis de retracer l'apparition des mutations (vérification du statut : mutations préexistantes ou apparues au cours de l'expérience), ainsi que les fluctuations des fréquences alléliques au cours du temps qui nous renseignent sur les modalités de la sélection (force, interaction entre allèles). Dans une étude précédente, en effet, des données de séquençage ARN ont été acquises sur des méristèmes au cours de la transition florale, sur cinq génotypes des populations précoces et tardives de la génération 13 de sélection divergente. Ces génotypes représentent cinq des huit familles étudiées (l'une des familles précoces et l'une des familles tardives des lignées F et M, et la famille FVL de la lignée F). J'ai effectué une détection de polymorphismes nucléotidiques (SNP) à partir de ces données de séquençage, en considérant les sites polymorphes le génotype tardif et précoce des lignées F et M, et le génotype très tardif (population FVL) et précoce de la lignée F. J'ai détecté 46 polymorphismes pour la lignée M et 7,030 pour la lignée M. Ainsi, la lignée M présente un niveau de diversité bien plus faible que la lignée F. J'avais ensuite comme objectif de réduire le nombre de SNP à 480, soit les 46 de la lignée M et 454 pour la lignée F. Pour la lignée F, je me suis appuyé sur plusieurs critères de dispersion et de distance entre SNP le long du génome pour réaliser un échantillonnage. Ces polymorphismes ont ensuite été génotypés par PCR allèle-compétitive sur un échantillon de 380 individus représentant au mieux les généalogies des deux ESD. Les individus ont été choisis de façon à représenter au mieux la généalogie et de bien estimer la variance génétique.

Les données brutes ont été obtenus à partir de pools d'ADN extraits (quinze individus S1 à S3) sur des descendants de chacun des individus sélectionnés après une ou deux générations d'autofécondation. Il a donc fallu à partir de ces données brutes, inférer les génotypes des parents non représentés lors de l'échantillonnage (individus sélectionnés sur vingt générations). Pour cela, j'ai modifié un algorithme précédemment développé pour prendre en compte plusieurs sources d'erreurs, celles liées aux pools, biais d'échantillonnage et de ségrégation et celles liées aux erreurs expérimentales (signaux de fluorescence). Je me suis ensuite appuyée sur l'information généalogique des familles pour calculer des probabilités de chaque génotype, et dériver une fonction de vraisemblance qui permet de calculer la vraisemblance d'une combinaison de génotypes par famille comme étant le produit des vraisemblances de chaque génotype. Des vraisemblances maximales sont obtenues lorsque les combinaisons impliquent à la fois peu d'erreurs et peu d'événements de mutations. Étant donné le très grand nombre de combinaisons, l'algorithme permet d'explorer seulement une partie des combinaisons les plus probables en remontant le temps, de la dernière (G20) à la première génération (G0), le long des généalogies. Les génotypes inférés pour chacune des familles, selon les vraisemblances maximales obtenues, ont été visuellement validés. Nous avons ainsi caractérisé quatre mutations nouvellement apparues au cours des ESD dans une famille précice de la lignée M (deux mutations), et dans une famille précoce et une famille tardive de la lignée F, l'ensemble des autres SNP étant des variants préexistants et dont les deux allèles ont été différentiellement fixés entre les familles précoces et tardives des deux lignées F et M.

A partir de ces données inférées, je me suis intéressé à la dynamique de fixation des mutations le long des généalogies. Afin d'obtenir des prédictions neutres (fixation des mutations sans sélection) pour les mutations préexistantes, j'ai réalisé des simulations partant de tirages d'allèles à partir d'un individu hétérozygote à G0. Pour les quatre mutations de novo, j'ai conditionné les simulations sur la détection de SNP à la génération 13, en tenant ainsi compte du biais de découverte. La comparaison des observations avec les modèles neutres ont permis de mettre en évidence qu'en accord avec les simulations du Chapitre 2, il existe deux phases adaptatives successives : la première se produit grâce à la sélection de mutations bénéfiques préexistantes, dont la fixation retardée dans la lignée F est probablement dû à un effet d'interférence clonale, c'est à dire de compétition entre mutations bénéfiques portées par des haplotypes différents; la seconde correspond à la fixation successive de mutations bénéfiques nouvellement apparues. Le niveau global de différenciation génétique entre les familles suggère l'absence de convergence évolutive à l'échelle génotypique contrairement à ce qui a été observé à un niveau phénotypique plus intégré, en transcriptomique. Par ailleurs, la différenciation génétique entre familles précoces n'est pas aussi forte que la différenciation entre les familles tardives, au sein de chaque lignée, ce qui pourrait s'expliquer par le fait que les deux lignées ont été sélectionnées pour leur précocité.

Les perspectives de ce chapitre concernent la distribution non uniforme de l'hétérozygotie résiduelle en G0. En parallèle de ce qui est présenté au-dessus, j'ai effectué un travail préliminaire qui montre que l'interaction entre la dérive et le déséquilibre de liaison génère une stochasticité substantielle autour de l'hétérozygotie résiduelle attendue (prédiction classique d'une diminution de 50% à chaque génération) et, surtout, que l'hétérozygotie résiduelle concerne de longs segments génomiques avec un regroupement des polymorphismes initiaux. Bien qu'une partie de cette hétérogénéité puisse s'expliquer par les données de séquençage ARN dans des gènes dont la distribution est connue pour être très hétérogène chez le maïs, nos simulations appellent à une meilleure description mathématique de la distribution génomique de la diversité multilocus neutre. Cette description permettrait de formuler des prédictions génomiques neutres qui pourraient être testées formellement sur un grand nombre de jeux de données de séquençage génomique, actuellement disponibles chez de nombreuses espèces.

H.4 Chapitre 4. Analyse phénotypique et génétique d'association.

Ce dernier chapitre avait de multiples objectifs : (i) estimer la contribution relative de la variation préexistante et des nouvelles mutations à la réponse à la sélection, (ii) décortiquer le rôle des interactions Génotype x Environnement dans cette réponse, (iii) analyser les réponses corrélatives de trois caractères, (iv) tester l'association entre la variation génotypique aux marqueurs utilisés dans le Chapitre 3 et la variation phénotypique sur trois caractères. Pour répondre à ces objectifs, j'ai analysé d'une part des données de terrain collectées sur les descendants des 308 génotypes F et 277 génotypes M, sélectionnés au cours des vingt premières générations des deux ESD, évaluées pour trois caractères (date de floraison, longueur et hauteur des feuilles) sur deux années (données SDPEVAL). D'autre part, j'ai également analysé les données de floraison annuelles collectées sur vingt ans de sélection divergente (données DSEYM). Trois caractères ont été mesurés : la hauteur des plantes à maturité (du sol à la base de la panicule), la longueur de la feuille située à la base de l'épi le plus haut, la floraison. Pour ce dernier caractère, nous avons mesuré le nombre de jours entre le semis, et l'émergence des soies et celle du pollen. Le nombre de jours a ensuite été converti en degrés jours de telle sorte que le temps thermique correspond à une journée de développement à 20 o C. Dans SDPEVAL la floraison a été mesurée sur toutes les plantes, tandis que dans DSEYM n'a été que sur les 12 plantes les plus précoces dans les familles précoces et sur les 12 plantes les plus tardives dans les familles tardives. Ces deux mesures se sont cependant révélées comme fortement corrélées.

A partir des données brutes (SDPEVAL), nous avons utilisé un modèle linéaire pour corriger les effets fixes « bloc » (fixe) et « année » ; puis nous avons utilisé un modèle linéaire mixte pour décomposer la variance, en variance génétique initiale due à la variation préexistante (modèle animal) et la variance mutationelle modélisée par l'augmentation de l'apparentement entre individus causé par l'apparition de nouvelles mutations dans les pedigrees (effet aléatoire modélisé par une matrice d'apparentement entre individus mise à jour à chaque génération). En ajustant ce modèle à nos données de floraison, nous avons confirmé sur les données phénotypiques les deux phases adaptives successives, celle liée à la fixation de mutations préexistantes, et celle liée à la fixation de mutations de novo. Nous avons ensuite pris en compte les interactions GxE dans un nouveau modèle et montré qu'elles étaient significatives dans toutes les familles et pour les trois caractères. Les données ont donc été analysées par année. Ces analysent indiquent que les interactions GxE modulent la part relative de la variance initiale et de la variance mutationelle dans la réponse phénotypique. Elles se traduisent par une variété de trajectoires évolutives : l'analyse multi-caractère révèle une différenciation des familles dans l'espace phénotypique défini par les trois caractères ; et la force des corrélations entre les caractères varie entre années.

Nous avons, enfin, réalisé une étude d'association, entre les marqueurs détectés au Chapitre 3 et les valeurs phénotypiques corrigées et par année. Sur l'ensemble des marqueurs et après correction pour les tests multiples, seuls dix et deux marqueurs ont été retrouvés associés à un ou plusieurs des caractères pour les lignées F, et M respectivement. Deux observations sont importantes à noter : d'une part les quatre mutations nouvellement apparues au cours de l'expérience sont associées, ce qui signifie qu'en plus de présenter de forts signaux de sélection (Chapitre 3), elles participent à la construction du phénotype (ces mutations étaient isolées d'autres SNP) ; d'autre part, il existe de forts effets pléiotropes, la majorité des SNP étant associés à plusieurs caractères. Notre dispositif manque de puissance pour l'association de par la faible densité en marqueurs, le fort déséquilibre de liaison, et le petit nombre d'individus par génération. Plus généralement, nos résultats posent la question de l'application de génétique d'association dans les populations soumises à un régime HDHS car de nombreuses mutations à petits effets suivent des trajectoires adaptatives comparables à des mutations neutres, et les mutations à grands effets se fixent rapidement. Elles sont détectables entre populations mais au sein des populations, elles ne le sont que sur des fenêtres temporelles restreintes. Or la génétique d'association, en contrôlant pour la structure des populations, ne concerne que les associations intra-populations. Une perspective intéressante qui émerge de ce travail est celle du déterminisme de la plasticité phénotypique qui se traduit par de fortes interactions GxE. La recherche d'association pourrait porter sur les changements de normes de réaction entre années.

H.5 Chapitre 5. Conclusions.

Mon travail de thèse révèle que l'interaction complexe entre dérive et sélection permet l'adaptation de petites populations en autofécondation. Pour cela, j'ai caractérisé la réponse à la sélection pour la date de floraison observée sous forte sélection et forte dérive (HDHS) dans les ESD de Saclay. J'ai décomposé la contribution relative de la variation initiale et de la variation due aux nouvelles mutations. Grâce à la détection et au suivi d'un petit nombre de SNP polymorphes à travers les généalogies, j'ai mis en évidence quatre mutations de novo et étudié la compétition entre allèles bénéfiques lors de la fixation de la variation initiale. J'ai montré que la réponse à la sélection dans les ESD était caractérisée par deux phases adaptatives successives : la première phase réalisée par la fixation en moins de cinq générations de variants initiaux soumis à la compétition entre allèles bénéfiques (interférence clonale), et une deuxième phase correspondant à la fixation rapide et successive de mutations bénéfiques. J'ai montré que ce régime HDHS bénéficie d'un enrichissement en mutations bénéfiques révélant un coût de sélection limité dans ces populations. Cependant, malgré la faible fixation de mutations défavorables attendue à partir de mes simulations, il semblerait qu'une partie non négligeable ait été tout de même fixée comme semble le montrer des mesures préliminaires de fardeau génétique, probablement en raison des contraintes supplémentaires sur le poids minimal des grains dans notre schéma de sélection (d'où une sélection réduite pour la date de floraison). Cela soulève la question de l'étendue de la dépression de consanguinité agissant dans ce schéma de sélection par autofécondation. De plus, j'ai caractérisé les effets de la plasticité phénotypique et des interactions génotype-environnement sur la réponse à la sélection grâce à une expérience de jardins communs sur deux années. J'ai montré un effet omniprésent de la plasticité qui était à la base de différentes stratégies adaptatives (dans la contribution relative de la variation initiale et de l'apport mutationnel dans différentes familles). Dans l'ensemble, mes résultats appellent à une meilleure description mathématique de la dynamique adaptative multilocus pour des caractères complexes prenant en compte le déséquilibre de liaison, la sélection et la dérive dans ce régime unique. Résumé: Génétique des populations et génétique quantitative apportent deux visions complémentaires de la dynamique adaptative sous-tendant les changements phénotypiques. La description empirique de ces changements a été apportée par l'amélioration variétale, où la sélection par troncation engendre des réponses continues à la sélection. Les expériences de sélection artificielle menées en laboratoire ou sur le terrain ont apporté des informations précieuses sur les mécanismes sous-jacents à ces réponses, pointant vers des paramètres clés : Architecture des caractères et cible mutationnelle (héritabilité, architecture génétique, distribution des effets des mutations), intensité de sélection, taille réelle et efficace (Ne) des populations, régime de reproduction. En parallèle, des modèles théoriques ont exploré les limites de la réponse à la sélection. Sur la base d'hypothèse classiques (formation aléatoire des couples et gamètes, évolution en grandes populations soumises à une faible intensité de sélection), ces modèles prédisent les réponses observées. Cependant, leur utilisation pour comprendre la survie à long terme, et la dynamique adaptative de petites populations en autofécondation soumises à de fortes pressions de sélection reste à explorer.

Je me suis concentré ici sur deux expériences menées pendant plus de 20 ans en conditions agronomiques : les expériences de sélection divergente (ESD) de Saclay sur la floraison du maïs. La date de floraison est un caractère complexe avec une large cible mutationnelle. Chaque ESD a consisté à appliquer une sélection sévère (troncation, 1%) sur deux populations de génotypes (précoces et tardifs) issues d'une lignée de maïs (hétérozygotie résiduelle <0,5 %), évoluant sous forte dérive (Ne <4) (régime HDHS) et reproduites par autofécondation. J'ai posé plusieurs questions : Comment l'interaction entre dérive et sélection influence-t-elle les réponses à la sélection ? Comment les mutations surviennent et atteignent la fixation dans des pop-ulations évoluant sous HDHS ? Quelle est la contribution relative de la variation résiduelle et des mutations de novo aux réponses phénotypiques observées ? Comment la réponse phénotypique sur un caractère influence-t-elle les réponses sur les autres caractères ? Quel est le rôle des interactions génotype environnement (GxE) dans les changements phénotypiques ?

En utilisant des simulations individu-centrées, j'ai montré que le régime HDHS conduit à un enrichissement de la fixation de mutations bénéfiques révélant un coût limité de la sélection. À partir des données de séquençage, j'ai détecté des dizaines à des centaines de polymorphismes ségrégant entre les populations tardives et précoces dans chaque DSE, et j'ai suivi leur devenir le long des pedigrees des DSE. En accord avec nos simulations, j'ai mis en évidence deux phases adaptatives successives : la première se produit par la sélection de mutations bénéfiques préexistantes, dont la fixation est vraisemblablement retardée par un processus d'interférence clonale; la seconde correspond à la fixation successive de mutations bénéfiques nouvellement apparues. J'ai ensuite analysé des données de terrain collectées pour des génotypes sélectionnés au cours des 20 premières générations des deux DSE, évalués pour trois caractères (temps de floraison, longueur et hauteur des feuilles) sur deux années. Un modèle de génétique quantitative simple m'a permis de distinguer les deux phases adaptatives. De plus, j'ai montré des interactions GxE significatives dans toutes les populations. Celles-ci soutiennent une variété de trajectoires évolutives, et le découplage de caractères pourtant corrélés au niveau de l'espèce. Ainsi, une interaction complexe entre dérive et sélection permet l'adaptation de petites populations en autofécondation. Nos résultats interrogent aussi sur la détection de variants adaptatifs en génétique d'association, lorsque les pedigrees des individus sont parfaitement contrôlés. Abstract: Understanding the adaptive dynamics sustaining phenotypic shifts is at the core of population and quantitative genetics. Empirical description of such shifts takes its roots in the breeding literature, where truncation selection generates sustainable selection responses. Artificial selection experiments conducted in the lab/field have brought precious insights into the mechanisms underlying those responses and associated genomic patterns, pointing to multiple key parameters: some not easily controlled experimentally -related to traits and their mutational targets (heritability, genetic architecture, distribution of mutational effects), and some more easily controlledselection intensity, census and effective (Ne) population sizes, reproductive regime (recombination). In parallel, theoretical models have explored the limits to selection response. Based on the general assumption of random mating, large population size, weak selection intensity, those models are well-suited for predicting observed responses in a broad range of parameters. Yet, their use for understanding the long-term survival and adaptive dynamics of small selfing populations undergoing strong selection remains to be explored.

Here, I focused on two experiments conducted for over 20 years under classic agronomic conditions: the Saclay Divergent Selection Experiments (DSEs) on maize flowering time. Flowering time is a highly complex trait with a wide mutational target. Each DSE consisted on applying High Selection (one 1% truncation selection) on two population of genotypes (early and late) derived from a single maize inbred line (residual heterozygosity < 0.5%) evolving under High Drift (Ne <4) (HDHS regime) and reproduced through complete selfing. Building on previous work that has evidenced a strong response to selection over time in two directions (towards earliness and lateness), I asked several questions: How does the interplay be-tween drift and selection influence the response to selection? How do mutations arise, spread, and reach fixation in populations evolving under HDHS? What is the relative contribution of standing variation and de novo mutations to the observed phenotypic responses? How does phenotypic response at one trait impact responses at other traits? What is the role of Genotype-by-Environment (GxE) interactions on phenotypic shifts?

Using forward individual-based simulations, I showed that HDHS regime benefits from an enrichment of fixation of beneficial mutations revealing a limited cost of selection in these populations. From sequencing data, I detected hundreds to thousands of polymorphisms segregating between late and early populations in each DSE, and tracked their fate through the DSE pedigrees. As predicted in our simulations, I evidenced two distinct adaptive phases: the former occurs through selection of beneficial standing mutations, whose fixation is likely delayed by a process equivalent to clonal interference under our selfing regime; the latter corresponds to the fixation of beneficial de novo mutations. I further analyzed field data collected for a subset of genotypes selected during the first 20 generations of the two DSEs, and evaluated for three traits (flowering time, leaf length and height) over two years. Interestingly, with a simple quantitative genetics model, I was able to distinguish the two adaptive phases. Moreover, I found significant GxE interactions in all populations. They sustain a variety of evolutionary trajectories including the decoupling of traits that are known to be correlated at the species level. Altogether, these results provide new hints on how complex interaction between selection and drift triggers adaptation in small selfing populations, but also question the detection of adaptive variants in association mapping settings where the underlying pedigrees are fully controlled.
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Figure 1 . 1 :

 11 Figure 1.1: Allele frequency (of allele A) change over generations due to drift in a Wright-Fisher Model. Each line corresponds to an independent simulation. Note the different x-axis ranges for each different population size.

  i,j = Pr{X t+1 = j|X t = i} (1.11)

Figure 1 . 2 :

 12 Figure 1.2: Two simulated coalescent process in a Wright-Fisher population for N = 5. Each dot represents an individual. Each row of dots represents a generation. Present is at the top and past at the bottom. A color represents a genotype. A line represents a kin relationship. The darker line represents the ancestral path of the observed population. In sub-figure (a), the three first dark blue dots share an ancestor at the previous generation. This is called multiple merging. The 2 others dots coalesce 2 generations back in a simple merging process. All five dark blue dots share the same ancestor (or coalesce) 4 generations back. Sub-figure (b) represents a more complicated multiple merging process.The 2 first orange dots coalesce a generation back, in a simple coalescence event, and the three last orange dots also merge a generation back. We have here 2 coalescence events at the same generation, with two and three individuals sharing two different ancestors. The five orange dots coalesce two generations back.

Figure 1 . 3 :

 13 Figure 1.3: Example of a Kingman coalescent tree of a sample of 9 individuals. Extracted from Wakeley (2009). The time interval t k during which there is k individuals is represented on the right-hand side of the tree.

  1)(-1) i (n(n -1)...(n -i + 1)) n(n + 1)...(n + i -1)

Figure 1

 1 Figure 1.4: T M RCA distribution in N generation, for N and k in {5, 10, 50, 100}. Each distribution has been produced by simulating the random coalescence of k = N haploid individuals. Each black vertical line corresponds to the expected value: E(T M RCA ) = 2N (1 -1 k ) and the colored vertical lines correspond to the simulated mean. The expected value, neglecting multiple merging is quite robust to the population size.

  Figure 1.5: The Luria-Delbrück experiment
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 16 Figure 1.6: Distribution of the number of resistant colonies in the Luria-Delbrück experiment. The figures from the paper are in black. The gray distribution corresponds to a Poisson distribution with mean equal to the observed mean.

  D aB and D AB = D ab and D AB = -D Ab (1.31)
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 19 Figure 1.9: Allele frequency changes through time according to s in a haploid population
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 111 Figure 1.11: Selection by truncation Phenotypic values X t a supposed have a Gaussian distribution in the population. Truncation selection consist in reproducing only the individuals having X t higher than a given threshold. µ s,t is the mean of the selected individuals.

Figure 1

 1 Figure 1.14: Probability distribution of S n . The distribution tends to a normal distribution as n increases.

2 (Figure 1

 21 Figure 1.15: Expected neutral folded and unfolded SFS under Kingman coalescent and infinite sites model

Figure 1 .

 1 Figure 1.16: Fisher's geometric model. The model is represented here in a two-dimensional space (n = 2). Any individual A at distance d from the fitness optimum O has the same fitness. A mutation changes the position of the individual in the landscape and can be represented by it's vectorial effect r (in red). The illustration clearly shows that most mutations are expected to be detrimental, especially when their effect on fitness is large.
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 117 Figure 1.17: Fixation probability of a new mutation according to the population size

  Figure 1.18. It describes the probability that two genes derive without mutation from a same ancestral gene and takes into account mendelian segregation: the probability of transmission from parent to offspring is 1/2.

Figure 1 .

 1 Figure 1.18: Illustration from G.Malecot (1972) 
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 119 Figure 1.19: Illustration of the Bulmer effect in a two loci case. Selection acts on the sum of the effects at two loci and creates a negative covariance between their allele frequencies in the population of selected individuals

  Figure 1.20: Response to selection in the infinitesimal model. Directional selection (lines) is compared with the neutral case (dotted lines) with (bottom) or without (top) epistasis. The model considers M = 1000 loci in a population of N = 100 haploid individuals. At each locus, alleles have the same affect but an arbitrary signγ = +/ -1 √ M . Epistasis was simulated by drawing a small fraction 1/M of interactions between pairs of loci w ij in a normal law of null expectation and standard deviation 4 √ M , with possibly w ij = w ji . Phenotypic trait value is defined as z = δγ + δ T wδ, with δ = +/ -1/2. Initial allele frequencies were drawn in a U-shaped Gamma distribution with mean p = 0.2 and variance 0.2pq. Parents selected to form the next generation are drawn accordingly to their selective value with W = e βz . Grey areas represent +/-one standard deviation around the mean. Adapted from Barton et al. (2017).

Figure 1 .

 1 Figure 1.21: Hard and soft sweep types. Colored regions mark the frequency of copies of the beneficial allele that still have descendants at the time of sampling. Black and dashed lines show coalescent histories at linked sites. On the right, mutation and recombination events are also shown on haplotypes of the five sampled individuals. (a) For a hard sweep, the time to the most recent common ancestor (TMRCA) at the selected site T M RCA is more recent than the onset of selection T S . All ancestral variation at tightly linked sites is eliminated. Recombination leads to low-frequency and high-frequency derived variants in flanking regions. (b) For a single-origin soft sweep from standing genetic variation, TMRCA occurs before the onset of selection so that multiple haplotypes carrying the beneficial allele are present in the 'standing phase' before T S . Early recombination produces variants at intermediate frequencies. (c) The beneficial allele traces back to multiple origins. Each origin introduces an ancestral haplotype, typically at intermediate frequency.[START_REF] Hermisson | Soft sweeps and beyond: understanding the patterns and probabilities of selection footprints under rapid adaptation[END_REF] 

Figure 1

 1 Figure1.23: Divergent Selection Experiments principle Starting from an initial population represented here by its distribution of phenotypic values, extreme individuals (with the lowest and the highest phenotypic value) are selected, and define two new independent populations that are selected and reproduced independently at each new generation.
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 124 Figure 1.24: Flowering time known underlying gene network Extracted from Tenaillon et al. (2018)
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  DSEs are ideal settings to address those issues: selection-by-2 truncation has been applied in a higher organism (maize), on a 3 highly polygenic and integrated trait (flowering time, (Buckler 4 et al. 2009; Tenaillon et al. 2018)) that directly affects fitness. Previ-5 ous results indicate continuous phenotypic responses -values 6 of mutational heritability ranged from 0.013 to 0.025 -sustained 7 by a constant mutational input

9

  scheme, and used theoretical predictions to measure deviations 16

  17

  Fig. S1 and Durand et al. (2010). Briefly, within each Saclay 25

  48

2

  mosome; (iii) the crossing-over positions along chromosomes 3 were drawn in an exponential law of parameter 1, which corre-4 sponded to an effective crossing-over every Morgan. The initial 5 population (G 0 ) consisted of 60 individuals polymorphic for a 6 small fraction of loci (residual heterozygosity). Let G i g be the genotype of the individual i of the generation g. Let a f (i,g) l the 8 allelic effect at the locus l of the paternal chromosome f of the 9 individual i at the generation g and a m(i,g) l the allelic effect at 10 locus l of maternal chromosome m of individual i at generation 11 g. This allows us to model the genotype of an individual as :

2 generations

 2 G 1 and G 20 and computed the whole distribution (in 3 2N e generations) of the Kingman coalescent TMRCA as (

(Figure 1 (8

 1 Figure 1 Observed and simulated selection response. Selection response is visualized by the evolution of the mean genotypic values of the selected progenitors per family (expressed in Days To Flowering, DTF) across generations based on observed (a) and simulated (b-e) data. In (a), red (resp. orange) corresponds to late (resp. early) flowering F252 families, while violet (resp. blue) corresponds to late (resp. early) flowering MBS families. All families were centered around 100, and Vertical bars correspond to ± 1 genotypic standard error around the mean. We simulated four regimes with the parameters calibrated from the MBS observed response: High Drift-High Selection (b), Low Drift-High Selection (c), High Drift-No Selection (d), Low Drift-No Selection (e).Violet (resp. blue) color identifies late (resp. early) population. In each population, the black line represents the evolution of the median value over 2000 simulations of the family genotypic mean. The shaded area corresponds to the 5 th -95 th percentiles (light blue) and to the 25 th -75 th percentiles (dark blue). In addition, two randomly chosen simulations are shown with dotted lines

  population of size 5 (HD) and 50 (LD) individuals. With 5 individuals, we expected a theoretical coalescence time around 8 generations, and with 50 individuals, around 98 generations

Figure 2 4

 2 Figure 2 Frequency distribution of the Time to the Most Common Ancestor of progenitors constituting the last simulated generation. G 20 TMRCA distribution (in grey) was obtained under HDHS (a), LDHS (b), HDNS (c) with mean TMRCA indicated as a blue vertical line. In (c), we plotted in gold the theoretical expectation of TMRCA distribution following Eq: (11). Note that under LDNS, theoretical expectations for TMRCA reached 98 generations, while our simulations were run for 20 generations. We therefore discarded the corresponding graph.

≈

  7.0 × 10 -4 at G 20 . Considering a haploid Whright-Fisher population and the infinite allele model, the neutral prediction of equilibrium heterozygosity is E(H) = θ 1+θ with θ = 2N e µ. This Interplay between drift and selection 7 translated into an estimate of N e = 1.94 close to the values we obtained from the harmonic mean of N e estimated from TMRCA (Tab. 2c). Concerning the number of polymorphic loci, a mutationdrift-equilibrium was reached in all cases except for the LDNS selection regime (Fig. S6). The equilibrium value depended on the census population size: around 6 polymorphic loci with high drift (HDHS and HDNS), 40 polymorphic loci under LDHS, and > 66 polymorphic loci after 20 generations under LDNS (Tab. 2c (c) and Fig. S6). Altogether, our results show that the mean heterozygosity was affected neither by drift, nor by selection, but instead by the mutation rate. On the contrary, the number of polymorphic loci depended on the census population size.
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 34 Figure 3 Evolution of allele frequencies within families under four simulated regimes. Examples of mutational fates are given for HDHS (a), LDHS (b), HDNS (c), LDNS (d). Mutations are recorded only when occurring in one of the selected progenitors, and corresponding frequencies are computed over all selected individuals. For example under High Drift regimes, the initial frequency of a mutation occurring in any given progenitor within a family is 1 ÷ (2 × 5) as 5 diploid individuals are selected at each generation. Under Lower Drift regimes, the mutation initial frequency equals 1 ÷ (2 × 50). The dynamics of de novo mutations: Evolution of frequencies of new mutations revealed three fates: fixation, loss, and rare replacement by incoming mutation at the same locus. The four regimes strikingly differed in their mutational dynamics (Fig. 3). Under HDHS, most mutations quickly reached fixation (3.8 generations), with an average of 7.7 fixed mutations/population in 20 generations (Tab. 2c). The corresponding Low Drift regime (LDHS) displayed longer fixation time 5.9 generations, and an average of 10 fixed mutations/family (Tab. 2c). No selection regimes tended to exhibit a depleted number of fixed mutations, with no fixation under LDNS after 20 generations. Variation around the mean fixation time was substantial across all regimes

  (a) and Fig. 5 (b)). Comparison between HDHS and LDHS revealed interesting features: under high drift, the average effect of mutations fixed was lower and variance around mutational effects tended to decrease correlatively with fixation time so that large size mutations were all fixed during the first generation while they persisted at subsequent generations under Low Drift (Fig. 5 (a) and Fig. 5 (b)).

  was due to a non-zero negative genetic-environment covariance in selected individuals. Indeed, conditioning on the subset of selected individual, we obtained negative estimate of Cov(G |selected , E |selected ) both under HDHS and LDHS, with a median value (resp. 5% and 95% quantile) of -0.11 (resp. -0.88 and 0.029) under HDHS and -0.37 (resp. -1.1 and -0.072) under LDHS. In contrast, with no selection, values of randomly chosen individual Cov(G |random , E |random ) were centered around 0 as expected. The evolution of Cov(G |selected , E |selected ) through time (Fig. S9) evidenced a high stochasticity among generations but no temporal autocorrelation (Fig. S9). In other words, this means that because of the negative correlation between residual environmental effects and genetic effects induced by selection, mutational effects depend on the environment at the generation they have been selected for.

Figure 5

 5 Figure 5 Violin plots of raw mutational effects according to fixation time under three simulated regimes. Plots are indicated for fixed (red) and lost (grey) mutations under HDHS (a), LDHS (b) and HDNS (c). Note that under LDNS, we obtained very few fixed mutations so that we were unable to draw the corresponding distribution.

Figure 6

 6 Figure 6 Violin plots of Cov(G |selected , E |selected ) under four simulated regimes. Violin plots were computed over 2000 simulations and 4 families, four families and across all generations under regimes with High Selection in red (HDHS, LDHS), and regimes with No Selection in grey (HDNS, LDNS).

  selection responses and underlying multilo-3 cus adaptive dynamics. Here, we focused on Saclay DSEs which 4 were specifically designed to depict the evolutionary mecha-5 nisms behind the response to selection of a highly complex trait 6 -with a high mutational target -in small populations evolv-7 ing under truncation selection (1% of selected individual), lim-8 ited recombination (total selfing regime) and limited standing 9 variation. Our main motivation was to explore how such a 10 combination of unusual conditions, at the limits of parameters 11 boundaries of classic models, can sustain the long-term main-12 tenance of additive genetic variation and a significant selection 13 response with no observed load (annual field observations). In 14 this purpose we devised forward individual-based simulations 15 that explicitly modeled our Saclay DSEs, and relied on theoreti-16 cal predictions to investigate the interplay of evolutionary forces 17 and patterns associated with fixation of mutations. 18 Mutation accounts for the maintenance of small but sufficient addi-19 tive genetic variation The three determinants of the observed 20 selection response were best summarized by three variance com-21 ponents namely, the initial additive variance σ 2 A0 , the environ-22 mental variance σ 2 E ), and the mutational variance σ 2 M (Fig: S4). 23 Quantitatively, we demonstrated the importance of both initial 24 standing variation and the necessity of a constant mutational 25 input to explain the significant selection response in the two 26 Saclay DSEs (Fig: 1 & S4
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  domestication was accompanied by a genetic cost linked to the 2 combined effects of bottlenecks, limited effective recombination 3 reducing selection efficiency, and deleterious allele surfing by 4 rapid population expansion (Moyers et al. 2018), recent breeding 5 highlights a distinct pattern. We argue that our results may help 6 to understand this difference because under High Drift-High 7 Selection, a regime likely prevalent in modern breeding, genetic 8 load is reduced. More generally, our results may provide useful 9 hints to explain the evolutionary potential of selfing populations 10 located at the range margins. Just like ours, such populations are 11 generally small, display both, inbreeding and reduced reduced 12 standing variation (Pujol and Pannell 2008) and are subjected 13 environmental and demographic stochasticity.

14 Conclusion

 14 In conclusion, our High Drift-High Selection 15 regime with non-limiting mutation highlights an interesting 16 interplay between drift and selection that together promote the 17 quick fixation of adaptive de novo mutations fueling a significant 18 but stochastic selection response. Interestingly, such selection 19 response is not impeded by the fixation of deleterious mutations 20 but displays instead a limited cost. Our results provide an expla-21 nation for patterns highlighted during recent breeding as well as 22 the high colonization ability of small selfing populations located 23 at species range margins. They also call for a better mathemati-24 cal description of the multilocus adaptive process sustaining the 25 evolution of small populations under intense selection. 26 rélie Bourgais, Sophie Jouanne, Nathalie Galic, Cyril Bauland, 29 and Philippe Jamin who contributed over the years to the field 30 experiments; and to Hélène de Préval for her contribution to the supported by two grants (FloSeq and Itemaize) 34 overseen by the French National Research Agency (ANR) as part 35 of the "Investissements d'Avenir" Programme (LabEx BASC; 36 ANR-11-LABX-0034) to C.D. GQE-Le Moulon benefits from the 37 support of Saclay Plant Sciences-SPS (ANR-17-EUR-0007) as 38 well as from the Institut Diversité, Ecolgie et Evolution du Vi-39 vant (IDEEV). A.D-P was financed by a doctoral contract from 40 the French ministry of Research through the Doctoral School 41 "Sciences du Végétal: du gène à l'écosystème" (ED 567).

Figure S1

 S1 Figure S1Experimental scheme of Saclay DSEs. For clarity a single scheme is shown but was replicated for the two DSEs. Starting from an inbred G 0 population with little standing variation (< 1% residual heterozygosity(Durand et al. 2015)), the three earliest (resp. latest) flowering individuals represented in blue (resp. red) were chosen based on their offspring phenotypic values as the founders of two families forming the early (resp. late) population. For the subsequent generations, 10 (≈ 5 per family) extreme progenitors were selected in a two step selection scheme among 1000 plants. More specifically, 100 seeds per progenitor were evaluated in a four randomized-block design, i.e. 25 seeds per block in a single row. In a first selection step, the 3 × 4 = 12 earliest (resp. latest) flowering plants among the 100 plants per progenitor were selected in a first step. Then in a second selection step, 10 (≈ 5 per family) individuals were selected within each population based on both flowering time and kernel weight and the additional condition of preserving two progenitors per family from the previous generation.

Figure S2

 S2 Figure S2 MBS family pedigrees from G1 to G 20 . The two early families ME1 (a) and ME2 (b), and the two late families ML1 (c) and ML2 (d) are presented. Each node corresponds to a progenitor selected at a given generation. Each edge corresponds to a filial relationship between a progenitor and its offspring. Thick black lines indicate the ancestral path of the last generation (G 20 ).
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 S2S3 Figure S2 (Continued) F252 family pedigrees from G1 to G 20 . Two early families FE1 (a), FE2 (b) and two late families FVL (c) &FL2 (d), are represented. FVL (c) could not be maintained after G14 as flowering occurred too late in the season for seed production. Both FL2.1 (e) and FL2.2 (f) were derived from a same individual from FL2 (d) at G3, after FVL was discarded. Each node corresponds to a progenitor selected at a given generation. Each edge corresponds to a filial relationship between a progenitor and its offspring. Thick black lines indicate the ancestral path of the last generation. (G 20 )

  Figure S4 Correlation between model input variables (σ 2A0 , σ 2 M and σ 2 E ) and output variables (G 0 G 1 Response, # Breakpoints, First Slope and Greatest Slope). We obtained the output variables by fitting a segmented linear regression to the selection response from G 1 to G 20 in individual. We estimated the number of breakpoints, the corresponding slopes, as well as the first & greatest slope by AIC maximization. In addition we determined the G 0 G 1 response. A Principle Component Analysis was carried out on a subset of 200 independent simulations per regime (HDHS, LDHS, HDNS, LDNS). The darker the arrow representing a variable, the higher the intensity of its correlation to the axes.

  Figure S5 Evolution through time of the per-family mean heterozygosity over all loci, under HDHS (a), LDHS (b), HDNS (c), LDNS (d). The black line represents the median value of the per-family mean heterozygosity. The shaded area corresponds to the 5 th -95 th percentile (light blue) and to the 25 th -75 th percentile (dark blue). Four randomly chosen simulated families are represented with dotted line.

  Figure S7 Frequency distribution of mutation fixation times over all simulated families under HDHS (a), LDHS (b), HDNS (c), LDNS (d).Note that under LDNS, we obtained very few fixed mutation so that we were unable to draw the corresponding distribution. Blue vertical lines represent the interpolated median.

( a )

 a Figure S8 Distribution of mutation effects under HDHS (a), LDHS (b). The dotted lines indicate the distribution of effects (DFE)of incoming mutations considering raw effects in all individuals (grey), in selected individuals (red), and effects normalized by environmental variation in selected individuals (blue). The plain lines indicate DFE of fixed mutations following the same colour code. The golden line represents the expected DFE of fixed mutations according to Eq: 16.
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 S9S10S11 Figure S9 Evolution through time of the per-family covariance between environmental and genotypic values of the selected individuals, under our four simulated regimes. The black line represents the evolution of the median value over 2000 simulations in HDHS (a), LDHS (b), HDNS (c), LDNS (d). The shaded area corresponds to the 5 th -95 th percentile (light blue) and to the 25 th -75 th percentile (dark blue). One randomly chosen simulated family is represented with red dotted line, to highlight the inter-generation stochasticity. No significant autocorrelation was found.
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 31 Figure 3.1: Genomic position of the detected SNPs A. Each bar represent the position of a SNP. For MBS, all 46 SNPs were used for KASPar™ genotyping. B. For F252, 480 SNPs (in blue) were sampled among the 7,030 detected.
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 32 Figure 3.2: F252 SNPs distribution among categories
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 33 Figure 3.3: Genomic structure of 9 randomly chosen F2 plants. Each panel represents the simulated chromosome of a randomly chosen F2 plant. The grey and red regions are the homozygous P1 and P2 segments respectively. The green regions correspond to heterozygous segments.
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 34 Figure 3.4: Genotypic structure of F2 individuals. A. Distribution of the number of recombination events. B. Cumulative distribution of the length of the first segment, and of successive segments. The shaded line is the expected distribution for an exponential distribution truncated to the size of chromosome L. The black line is the size distribution of the first segment #1.
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 35 Figure 3.5: Simulated heterozygosity dynamics between F1 and F9. A. Evolution of the chromosome heterozygosity levels. The red line corresponds to the classically expected 50 % decrease heterozygosity at each generation while grey lines represent realizations of this stochastic process.. B. Evolution of the percentage of chromosomes with at least one heterozygous fragment between F1 and F9.

Figure 3 .

 3 Figure3.6 shows 9 simulations for which the rate of heterozygosity was not null at the F9 generation. Each chromosome encompasses one or two large heterozygous segments.

Figure 3 . 6 :

 36 Figure 3.6: Genomic structure of F9 plants. Each drawing represents a chromosome of an F9 plant. The grey and red regions are the homozygous P1 and P2 segments respectively. The green regions are the heterozygous segments.

FrequencyFigure 3 . 7 :

 37 Figure 3.7: Simulated distribution of the rate of heterozygosity of heterozygous chromosomes at the F9 generation. A. Histogram. B. Cumulative distribution. The dark grey vertical line corresponds to the mean. The light grey vertical line corresponds to the average expected under the assumption of a 50% decrease in the rate of heterozygosity at each generation of self-fertilization.The red curve is the cumulative distribution of an exponential probability law with a mean equal to the observed mean.
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 38 Figure 3.8: Distribution of the length of the largest segments at the F9 generation. A. Homozygous segments. B. Heterozygous segments. Each color corresponds to a generation.
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 310 Figure 3.10: Graphical representation of the progenitors, genotyped with KASPar technology (Example of FP036) For the other families, see Appendix A. Each node represents an individual, each line represents a kinship relationship. The first generations are presented at the top. Blue (resp. red) node represent sampled (resp. not sampled) individuals. Squares (resp. circles) represent individuals phenotyped (resp. not phenotyped) in SdpEval. The darkest line indicates the ancestral path of generation 13.
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 311 Figure 3.11: Graphical representation of the multilocus data of progenitors genotyped along the genealogy from G1 to G18 (Example of MBS MT053). For the other families, see Appendix B. Each multicolor bar-code represents a genotyped progenitor and grey bars indicate progenitors that were not genotyped. Each of the 43 bars of the bar-codes corresponds to a locus. Each line represents a kinship relationship. Identified errors are highlighted by a red label.
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 313 Figure 3.13: Graphical comparison of raw and inferred genotypes at one locus. The SNP is located at position 138,161,310 on chromosome 10 MBS MT053. Each dot represents a single individual, each line represents a kinship relationship with the darkest line being the ancestral path of individuals from generation 13 used for SNP detection.

Figure 3 .

 3 Figure 3.14: Graphical representation of the inferred multilocus data (Example of MBS MT053). For the other families, see Appendix B. Each multicolor barcode represents a genotyped progenitor and grey bars indicate progenitors with inferred genotypes. Each of the 43 bars of the barcodes corresponds to a locus. Each line represents a kinship relationship. Individuals presenting non-Mendelian multilocus transmission prior to inference, are highlighted by a red label.

Figure 3 .

 3 Figure 3.15: de novo mutation dynamics through generations within MBS and F252 families Colors indicate the genotype of the 4 detected mutations (indicated as chromosome position above each graph) along the pedigrees.

Figure 3

 3 Figure 3.16: Within-family allele frequency dynamics through generations in MBS (a) and F252 (b). Evolution of minor allele frequency f A is presented. SNPs are colored according to chromosomes. Observed noise around allele frequency around 0 or 1 is caused by imperfect inference of the algorithm. Note that three SNPs in FP039, FT317 and F318 respectively, displayed intermediate frequencies. The original KASPar fluorescence data of these particular SNPs were difficult to interpret.
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 317 Figure 3.17: Allele frequency of de novo mutations through generations in MBS (a) and F252 (b). Red lines indicate the observed frequency changes while blue lines represent a realization of the simulated dynamics through gene dropping.

Figure 3 . 18 :

 318 Figure 3.18: Distribution of fixation time (left column) and time-to-loss (right column) in MBS and F252

Figure 3

 3 Figure 3.19: PCA on the genotypic matrix in MBS (a) and F252 (b). Each dot represents a genotype along the genealogies with colors referring to families and size to generations. Text labels indicate the two individuals used initially for polymorphism detection at G13.

Figure 3

 3 Figure 3.20: LDA on the genotypic matrix in MBS (a) and F252 (b). Colors indicate the population to which the genotype belongs, and shapes indicate families.

Figure 4 . 1 :

 41 Figure 4.1: Non linear relationship between temperature and developmental rate. The x axis represents the temperature in • C, the y axis the number of days equivalent of maize development at +20 • C.

Figure 4 . 2 :

 42 Figure 4.2: Example of the main genealogical structure cases in MBS for A) Standing variation and B) the two detected de novo mutations. G 18 is at the top of each genealogy and G 0 at the bottom, each individual is represented by a dot, whose color indicates the genotype (in red aa, in green AA and in brown Aa). Each line represents a kinship relationship. At G 18 (top), each group of 5 individual belongs to one family, in order: MP049_MP052_MT040_MT053. Blue circles identify the G 13 progenitors used for polymorphisms detection.

Figure 4 . 4 :

 44 Figure 4.4: Distribution of simulated and observed (red crosses) a values for flowering time (DSEYM) according to the main genealogy at G 18 in A) F252, and B) MBS. Shaded areas cover 95% of the corresponding distribution.

Figure 4 . 5 :

 45 Figure 4.5: Evolution of flowering time after correction for Year and Block effects. In A) F252 and B) MBS. Each dot represents a progenitor's phenotypic value (after correction for year and block effects), and each line represents the evolution of the mean phenotypic value of the corresponding family.

Figure 4 . 6 :

 46 Figure 4.6: Decomposition of the breeding values into an initial standing variation component (BLU P A0 left panel) and a mutational effect component (middle panel BLU P Am ), and their evolution through generations The right panels indicate the sum of the two predicted values (BLU P A0 + BLU P Am ) in A) F252 and B) MBS. Colors indicate different families. Colored lines indicate the evolution of the mean value per generation and family through time. Each dot corresponds to a progenitor.

Figure 4 . 7 :

 47 Figure 4.7: Distribution of selected (blue distribution) and non selected (red distribution) mutational effects in the late flowering population, in MBS and F252

Figure 4 . 8 :

 48 Figure 4.8: BLUPM model residuals in A) F252 and B) MBS. In both cases, left panels represent the evolution of the residuals through generations, while the right panels represent their evolution with predicted genotypic values.

  We first visually validated for flowering time the omnipresence of G × E interactions by plotting raw reactions norms from the mean (over all rows) phenotypic values per progenitor and per evaluation year. Corresponding reaction norms for leaf length and plant height are presented in Appendix D, Fig. D.1 and Fig. D.2, respectively.

Figure 4

 4 Figure 4.9: G × E interactions omnipresence: reaction norm per family from raw data. In A) F252 and B) MBS. Each dot per evaluation year represents a progenitor mean genotypic value. Straight lines link progenitor values measured in 2018 and 2019 on a given progenitor.

Figure 4 . 10 :

 410 Figure 4.10: Scatter plots of the residual values of model Eq. 4.11 according to the predicted values values from the model. In A) F252 and B) MBS. Each color represents a family, and line represent the linear regression of the residuals according to predicted values, per family. Each dot corresponds to a plant.

Figure 4 . 11 :

 411 Figure 4.11: Decomposition of the predicted breeding values for flowering time per evaluation year (after correcting for genetic covariance between evaluation years) into an initial standing variation component (BLU P A0 middle panel) and a mutational effect component (left panel BLU P Am ), and their evolution through generations. The right panel indicates the sum of the two predicted values (BLU P A0 + BLU P Am ). Each row represents one evaluation year in A) F252 and B) MBS. Colors indicate thee different families. Colored lines indicate the evolution of the mean value per generation and family through time. Each dot corresponds to a progenitor.

Figure 4 . 12 :

 412 Figure 4.12: Decomposition of the predicted plant height per evaluation year (after correcting for genetic covariance between evaluation years) into an initial standing variation component (BLU P A0 middle panel) and a mutational effect component (left panel BLU P Am ), and their evolution through generations. The right panels indicate the sum of the two predicted values (BLU P A0 + BLU P Am ). Each row represents one evaluation year in A) F252 and B) MBS. Colors indicate different families. Colored lines indicate the evolution of the mean value per generation and family through time. Each dot corresponds to a progenitor.

Figure 4 . 13 :

 413 Figure 4.13: Decomposition of the predicted leaf length per evaluation year (after correcting for genetic covariance between evaluation years) into an initial standing variation component (BLU P A0 middle panel) and a mutational effect component (left panel BLU P Am ), and their evolution through generations. The right panels indicate the sum of the two predicted values (BLU P A0 +BLU P Am ). Each row represents one evaluation year in A) F252 and B) MBS. Colors indicate families. Colored lines indicate the evolution of the mean value per generation and family through time. Each dot corresponds to a progenitor.

Figure 4 . 14 :

 414 Figure 4.14: Correlation between traits and multitrait response to selection in the MBS line Pairwise correlations between traits are represented by a cloud of dots for each family. Families are identified by their colour code. In each panel, dots are the estimates of the average breeding values of a single genotype measured in the SDPEVAL experiment in A. 2018 or B. 2019. The size of the dots is proportional to the generation of selection. In addition, inter-generational trends are represented by lines, computed using sliding windows of five generations. Arrows point to the average family value between generations G14 and G18.

Figure 4 . 15 :

 415 Figure 4.15: Correlation between traits and multitrait response to selection in the F252 line Pairwise correlations between traits are represented by a cloud of dots for each family. Families are identified by their colour code. In each panel, dots are the estimates of the average breeding values of a single genotype measured in the SDPEVAL experiment in A. 2018 or B. 2019. The size of the dots is proportional to the generation of selection. In addition, inter-generational trends are represented by lines, computed using sliding windows of five generations. Arrows point to the average family value between generations G14 and G18.

Figure 4 . 16 :

 416 Figure 4.16: In MBS, Manhattan plot for each trait representing the significance of the additive term (-log 10 (p -value), F DR < 5%) of each SNPs. Each row of panel corresponds to one trait (namely from top to bottom: flowering time from DSEYM, flowering time in SDPEVAL 2018, plant height in SDPEVAL 2018, leaf length in SDPEVAL 2018, flowering time in SDPEVAL 2019, plant height in SDPEVAL 2019, leaf length in SDPEVAL 2019). Each column of the panel corresponds to a chromosome. X-axes indicate the position of the SNPs along the chromosomes in bp. Red point (resp. gray point) corresponds to significant (resp. non-significant) association to the trait for the corresponding SNP. Standing variants are represented by a dot, while the two detected de novo mutations are represented by a triangle or a square.

Figure 4 . 17 :

 417 Figure 4.17: In F252, Manhattan plot for each trait representing the significance of the additive term (-log 10 (p -value), F DR < 5%) of each SNPs. Each row of panel corresponds to one trait (namely from top to bottom: flowering time from DSEYM, flowering time in SDPEVAL 2018, plant height in SDPEVAL 2018, leaf length in SDPEVAL 2018, flowering time in SDPEVAL 2019, plant height in SDPEVAL 2019, leaf length in SDPEVAL 2019). Each column of panel corresponds to a chromosome. Each x-axis indicates the position of the SNPs along the chromosome in bp. Red point (resp. gray point) corresponds to significant (resp. non-significant) association to the trait for the corresponding SNP. Standing variation are represented by a dot, while the two detected mutation are represented respectively by a triangle or a square.

Figure 4 . 18 :

 418 Figure 4.18: Comparison of the estimation methods on simulated datasets, the first row (panel A to C) present the relationship between estimators of the mean, and the second row present the relationship between estimators of the standard deviation. The first column compares the Weighted estimator to the uncensored ML one; the second column compares the Weighted estimator to the censored ML estimator; and the last column compares the Censored to the Uncensored ML estimators. The red line has a slope of 1, while the green lines represent the true simulated values. Each datapoint corresponds to a simulated row.

Figure 4 .

 4 Figure 4.19: Comparison of the estimation methods on simulated datasets The two graphs present the evolution of the estimated values according to the number of plants measured in a row of 25 plants, hence the lowest the number of measured plants the harshest the censorship. The left panel presents the evolution of the estimated mean, while the left one presents the evolution of the standard deviation. Each datapoint corresponds to a simulated row.

Figure D. 1 :

 1 Figure D.1: G × E interactions pervasiveness: reaction norm representation per family from raw Leaf Length. In A) F252 and B) MBS. Each dot per evaluation year represents a progenitor mean genotypic value and strait line link the same progenitor value measured in 2018 and 2019.

Figure D. 2 :

 2 Figure D.2: G × E interactions pervasiveness: reaction norm representation per family from raw Plant Height. In A) F252 and B) MBS. Each dot per evaluation year represents a progenitor mean genotypic value and strait line link the same progenitor value measured in 2018 and 2019.

Figure E. 1 :

 1 Figure E.1: Decomposition of the predicted breeding values for flowering time per evaluation year into a predicted mutational effect (BLU P Am left panel), a predicted standing variation (BLU P A0 middle panel) and the sum of both factors (BLU P A0 + BLU P Am , right panel) in A) F252 and B) MBS.. The last row corresponds to genetic values predicted using σ 2 0 2018,2018 , σ 2 0 2019,2019 , σ 2 m 2018,2018 and σ 2 m 2019,2019 from the Unstructured variance-covariance matrix in Eq. 4.11. The middle row corresponds to genetic covariance between evaluation years (σ 0 2018,2019 , σ 0 2019,2018 , σ m 2018,2019 and σ m 2019,2018 in the Unstructured variance-covariance matrix in Eq. 4.11), i.e. using the genetic covariance between the two evaluation years. And the first row represents the evaluation-year specific BLUP after correcting for covariances (i.e. the sum of the last and middle rows). Colors indicate de different families. Colored curves indicate the evolution of the mean value per generation and family through time. Each dot corresponds to a progenitor. 246

Figure E. 2 :

 2 Figure E.2: Decomposition of the predicted breeding values for leaf length per evaluation year into a predicted mutational effect (BLU P Am left panel), a predicted standing variation (BLU P A0 middle panel) and the sum of both factors (BLU P A0 + BLU P Am , right panel) in A) F252 and B) MBS.. The last row corresponds to genetic values predicted using σ 2 0 2018,2018 , σ 2 0 2019,2019 , σ 2 m 2018,2018 and σ 2 m 2019,2019 from the Unstructured variance-covariance matrix in Eq. 4.11. The middle row corresponds to genetic covariance between evaluation years (σ 0 2018,2019 , σ 0 2019,2018 , σ m 2018,2019 and σ m 2019,2018 in the Unstructured variance-covariance matrix in Eq. 4.11), i.e. using the genetic covariance between the two evaluation years. And the first row represents the evaluation-year specific BLUP after correcting for covariances (i.e. the sum of the last and middle rows). Colors indicate de different families. Colored curves indicate the evolution of the mean value per generation and family through time. Each dot corresponds to a progenitor. 247

Figure E. 3 :

 3 Figure E.3: Decomposition of the predicted breeding values for plant height per evaluation year into a predicted mutational effect (BLU P Am left panel), a predicted standing variation (BLU P A0 middle panel) and the sum of both factors (BLU P A0 + BLU P Am , right panel) in A) F252 and B) MBS.. The last row corresponds to genetic values predicted using σ 2 0 2018,2018 , σ 2 0 2019,2019 , σ 2 m 2018,2018 and σ 2 m 2019,2019 from the Unstructured variance-covariance matrix in Eq. 4.11. The middle row corresponds to genetic covariance between evaluation years (σ 0 2018,2019 , σ 0 2019,2018 , σ m 2018,2019 and σ m 2019,2018 in the Unstructured variance-covariance matrix in Eq. 4.11), i.e. using the genetic covariance between the two evaluation years. And the first row represents the evaluation-year specific BLUP after correcting for covariances (i.e. the sum of the last and middle rows). Colors indicate de different families. Colored curves indicate the evolution of the mean value per generation and family through time. Each dot corresponds to a progenitor. 248
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 11234 Figure F.1: Observed correlative response to selection between trait in MBS in 2018 and 2019, due to standing variance only.Each of the 3 panels per evaluation year represents the scatter plot of part of the genetic values due to the standing variance estimated with Eq. 4.19 for two combination of traits. The trait corresponding to the x axis is indicated at the top and the trait associated to the y axis is indicated at the left of the panels. Each dot corresponds to a progenitor so that its color represents its family and its size represents the corresponding generation of selection.

Figure G. 1 :

 1 Figure G.1: In MBS, Manhattan plot for each trait representing the significance of the dominance term (-log 10 (p -value), F DR < 5%) of each SNPs. Each row of panel corresponds to one trait (namely from top to bottom: flowering time from DSEYM, flowering time in SDPEVAL 2018, plant height in SDPEVAL 2018, leaf length in SDPEVAL 2018, flowering time in SDPEVAL 2019, plant height in SDPEVAL 2019, leaf length in SDPEVAL 2019). Each column of panel correspond to a chromosome. Each x-axis indicates the position of the SNPs along the chromosome in bp. Red point (resp. gray point) corresponds to significant (resp. non-significant) dominance for the corresponding SNP. Standing variation are represented by a dot, while the two detected mutation are represented respectively by a triangle or a square.
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  are well-suited for predicting

	2	
	3 4 5 6 7 9 10 11 12 13 14	observed selection responses in a broad range of parameters (Hill and Rasbash 1986) -providing appropriate corrections (Walsh and Lynch 2018). Nevertheless, these models have been often developed under the general assumption of random mat-ing, and a probability of fixation of new mutations determined by the product of population size by their selection coefficient, Ns, to be either 1 or 1. Mathematical models for the inter-mediate regime Ns ≈ 1 and non-random mating still remains unsatisfactory. And the description of mechanisms of long-term selection response and whether it can be understood and pre-dicted by existing equations has yet to be explored for polygenic traits under a High-Drift High-Selection regime and selfing.
	15 16 17 18 20 21 22 23 24 25	Both the Distribution of mutational Fitness Effects (DFE) and the associated mutation rate are central to such predictions. Se-lection makes the DFE of fixed mutations different from that of incoming mutations (Kassen and Bataillon 2006). In large popu-lations, a high proportion of incoming beneficial mutations are predicted to reach fixation, together with vanishing small effect deleterious mutations (Crow and Kimura 1971; Kimura 1983). In small populations and/or small selection intensity instead, fre-quent loss of beneficial mutations due to drift together with the fixation of moderately strong deleterious mutations is expected. Hence Kimura's equation that links the fixation probability (P f ix )

Table 1 Fitness model

  

	Genotype	AA	Aa	aa
	Genotypic frequency	1/20	2/20	17/20
	Fitness value	w AA	w Aa	w aa

Empirical response after 20 generations of selection

  

	(HDHS) regime imposed on two divergent artificial selection experiments for flowering time in maize (Saclay DSEs). We com-pared experimental data to results of a simulation model specifi-cally devised to mimic our experiments; and further computed when possible expectations from population and quantitative genetics theory.
	In line with previous observations for the first 16 generations, we observed significant responses (Fig. 1 a, Tab. 2a, 2b) to selection after 20 generations in all families. Marked differences among families nevertheless characterized these responses. This is well exempli-fied in the Late F252 families where one family (FVL) responded very strongly with a mean shift of 11.32 Days to Flowering (DTF)

Table 2 Descriptive statistics of the selection response dynamics in observed F252 genetic background (a), observed MBS ge- netic background (b) and the 4 simulated regimes (c).

 2 

	(a) HDHS observed in F252 genetic background					
	F252 families:	FE1	FE2	FVL (G13)	FL2.1	FL2.2
	Cumul. Resp. in DTF	-4.27	-5.34	11.32		3.19	2.60
	Linear Regression Coefficient (SD)	-0.21 (0.048) -0.22 (0.037) 0.86 (0.17)	0.11 (0.04)	0.12 (0.035)
	Adjusted R-squared	0.49	0.63	0.65		0.23	0.34
	Linear regression p-value	0.000269	1.074 e-05	0.000305	0.016	0.00353
	(b) HDHS observed in MBS genetic background					
	MBS families:	ME1	ME2		ML1		ML2
	Cumul. Resp. in DTF	-9.34	-11.72		8.64		11.05
	Linear Regression Coefficient (SD)	-0.41 (0.03)	-0.42 (0.04)		0.24 (0.05)	0.46 (0.06)
	Adjusted R-squared	0.89	0.84		0.57		0.76
	Linear regression p-value	1.01 e-10	3.52 e-09		4.46 e-05	1.56 e-07
	(c) Simulated regimes a					
	Simulated regimes:	HDHS	HDNS		LDHS		LDNS
	Simulated Cumul. Resp. Linear Regression Coefficient (SD) R2 Linear Response G 0 G 1 Response (SD) First Slope (SD) Greatest Slope (SD) G 20 TMRCA (SD) N Coal e(G20) (Ne from G 20 TMRCA) (SD) N Coal e(G1-20) Ne (Harmonic Ne from all TMRCA) (SD) N Var(o) e(G1-20) (Harmonic Ne from Var Off) (SD) Ne required for the Simulated Cumul. Resp. (SD)	13 (5.2) 0.49 (0.2) 0.95 1.6 (1.9) 0.59 (0.52) 0.56 (0.49) 3.9 (1.9) 2.5 (1.2) 1.8 (0.22) 3 (0.44) 3.3 (2.0)	1.7 (1.7) 0.067 (0.066) 0.47 0.26 (0.38) 0.2 (0.3) 0.16 (0.24) 7.6 (4.3) 4.8 (2.7) 2.5 (0.37) 4.1 (0.6) 0.4 (0.4)	24 (6.2) 1.1 (0.27) 0.99 1.7 (2.1) 0.96 (0.46) 1 (0.46) 6.4 (2.8) 3.3 (1.4) 2 (0.22) 16 (3) 9.0 (21.1)	1.3 (1.3) 0.035 (0.035) 0.44 0.3 (0.42) 0.067 (0.091) 0.08 (0.098) > 20 (0.098) b > 10 (0.05) b 2.8 (0.00096) 42 (4.6) 0.3 (0.3)
	Heterozygosity at G 0 (SD) Heterozygosity at G 20 (SD) Number Of Polymorphism at G 0 (SD) Number Of Polymorphism at G 20 (SD) Simulation Fraction Without Any Fixed Mutation Fixation Time in generations (SD) Number Of Fixed Mutation Per Family (SD) Q5 Fixed Mut. effect (Non Normalized) Q50 Fixed Mut. effect (Non Normalized) Q95 Fixed Mut. effect (Non Normalized) Q5 Fixed Mut. effect (Normalized) Q50 Fixed Mut. effect (Normalized) Q95 Fixed Mut. effect (Normalized)	0.003 (0.003) 0.00083 (0.00047) 3 (3) 5.1 (2.5) 0 3.8 (1.7) 7.7 (2.6) -0.019 0.43 1.3 -0.034 0.72 2.5	0.003 (0.004) 0.00073 (0.00043) 3.2 (4.1) 6 (3.1) 0.0025 7.2 (3) 2.3 (1.4) -0.5 -0.00086 0.5 -0.44 -0.00054 0.42	0.003 (0.003) 0.00087 (0.00021) 3.1 (3.3) 40 (8.8) 0 5.9 (2.3) 10 (3) 0.011 0.66 1.7 0.015 0.86 2.4	0.003 (0.004) 0.00072 (0.00014) 3.3 (4.1) 66 (9.2) 0.999 c NA c NA c NA c NA c NA c NA c NA c NA c
	CovGE (SD) Q5 CovGE Q50 CovGE Q95 CovGE a All values are computed as the mean (resp. SD or quantile, when specified) over 2000 simulations. -0.23 (0.35) -0.0035 (0.68) -0.45 (0.34) -0.88 -0.87 -1.1 -0.11 0 -0.37 0.029 0.86 -0.072	-0.0011 (0.36) -0.5 -0.00017 0.49

  ). This result was consistent with previ-

	27	
	28 29 30 31 32 33 34 35 36 37 38 39 40 41 42	ous reports (Durand et al. 2010, 2015) and showed that the first selection response between G 0 and G 1 was correlated with σ 2 A0 , while response in subsequent generations was more correlated with σ 2 M (Fig: S4). In our simulations, we chose initial values for variance components that closely matched previous estimates in the Saclay DSE derived from the MBS inbred line (Durand et al. 2010). The small value for initial additive variance came from the use of commercial inbred lines in our experimental evolution setting. It sharply contrasted with more traditional settings where distant genetic material and crosses are often performed to form an initial panmictic population from which selection is applied (Kawecki et al. 2012). While crucial in the first generation (Fig: S4), σ 2 A0 was quickly exhausted. The long-term selection response was sustained by E(σ 2 M ) = 3.38 × 10 -2 which corresponded to an expected mutational heritability of
		E(

stochasticity promotes the fixation of small effect mutations 11

  .

	6 8 9	selected (2N e s i.e. with two absorbing states for allele frequency near zero and 1), drift dominates at mutation occurrence, one (Walsh and Lynch 2018). In other words, in HDHS regime, selection induced repeated population bottlenecks so that it can not be decoupled from drift.
	12 13 14 15 16	Interplay between drift and selection promoted stochasticity in our setting, which manifested itself in various ways : (i) through the selection response, with different families exhibiting con-trasting behaviors, some responding very strongly and others not (Fig. 1); (ii) through the dynamics of allele fixation (Fig. 2 &
		Both fixation time and probability depend on the selection coefficient s and the initial frequency of the mutation in the
		Interplay between drift and selection	11

10 High

Table 3

 3 

.3: Genotypic profiles of the MBS and F252 SNPs.

Table 3 .4: Distribution of SNPs and clusters of SNPs over the maize chromosomes

 3 

	Line Chromosome	1	2	3	4	5	6	7	8	9	10
	MBS	#SNPs	0	2	0	0	0	2	0	1	0	41
	F252	#SNPs	895 37 465 61 179 1652 73 998 122 804
		# clusters	11 10 12 11	6	12	13 12	7	5

Table 3 .6: F252 SNPs distribution among chromosomes

 3 ).

	Chromosome	1	2	3 4	5	6 7	8	9 10
	# of SNPs 91 10 55 4 24 131 4 82 12 67

Table 3

 3 

		2018	2019
	MP049	43	43
	MP052	39	39
	MT040	35	35
	MT053	38	38
	FP036	46	46
	FP039	33	34
	FT027	33	1
	FT031	12	12
	FT317	20	20
	FT318	9	9

.7: Number of progenitors per family and evaluation year. (+ F252 and MBS Controls). Note that FT027 family was not re-evaluated fully in 2019, because the latest generation flowered much later other progenitors.

F-27-12-10-1-1-7

  

				F-31-4-16-13					
				extraction	itemaize	aurelie			
				origin	sdp 2003	S1 eq mix			
				code_geno_plaque	65	336	F-36-9-5-2-11-14		
	extraction origin code_geno_plaque	itemaize sdp 2010 128	aurelie S0 393	3_183448819_Alone 3_183872067_Alone 3_183995195_Alone 4_241625536 4_241710427 4_243873216	No Call CT CT CC TT GG	CC CC TT CG GT AG	extraction origin code_geno_plaque 1_258948198_GWACand 3_181003425	itemaize sdp 2010 123 No Call AC	aurelie S0 400 AA CC
	1_254539899_Alone	No Call	TT	5_928333	AA	No Call	3_184565391	GG	No Call
	1_254991675	CC	No Call	6_19731348_Alone	AA	No Call	5_172220453	No Call	TT
	1_259039830	No Call	AA	6_28277154	No Call	AA	5_836183_Alone	GG	GT
	5_172219464	GG	No Call	6_35977092	No Call	GG	6_140093697_Alone	CC	No Call
	6_16089797_Alone	AT	TT	6_39659193	CC	No Call	6_39660677	TT	No Call
	8_148947813_Alone	GG	No Call	6_91275349_Alone	GG	AG	8_134765479	AA	No Call
	10_125897107_Alone	No Call	CC	6_91326175	No Call	AA	8_137530668	GG	No Call
				8_135102670_Alone	GT	TT	8_140117787	No Call	AA
				8_137875325	GG	No Call	10_4295087	CC	No Call
				8_140996558	CT	TT			
				9_8481835_Alone	No Call	TT			
				10_124753913_Alone	CC	No Call			
				10_134990773	GT	GG			

Table 4 .

 4 

		2018	2019
	MP049	43	43
	MP052	39	39
	MT040	35	35
	MT053	38	38
	FP036	46	46
	FP039	33	34
	FT027	33	1
	FT031	12	12
	FT317	20	20
	FT318	9	9

1: Number of progenitors per family and evaluation year. (+ F252 and MBS Controls). Note that FT027 family was not re-evaluated fully in 2019, because the latest generation flowered much later than other progenitors.

4.

3.3.3 Flowering time 4.3.3.3.1 Two different traits: Flowering date in SDPEVAL vs Saclay DSE's yearly mea- sures

  

response after 20 generations of selection"), table

  , and section "Empirical 4.2 obtained through a simple linear regression (Chapter 2 equation (1)) summarizes the raw responses to selection after correction for year and block effects as a reminder.

	Family Mean annual genetic gain (in DTF eq. 20 o C) Std. Error R 2
	FP036	-0.16	0.009	0.22
	FP039	-0.18	0.008	0.31
	FT027	0.84	0.035	0.44
	FT031	-0.09	0.078	0.01
	FT317	0.13	0.019	0.06
	FT318	0.15	0.019	0.11
	MP049 -0.36	0.008	0.59
	MP052 -0.41	0.010	0.59
	MT040 0.24	0.015	0.21
	MT053 0.39	0.014	0.43

Table 4 .

 4 

2: Summary table of the selection response after year and block effects corrections

Table 4

 4 

		Estimate (Estimate SE) F252 Estimate (Estimate SE)
	σ 2 0 σ 2 m σ 2 e θ = σ 2 m σ 2 0 h 2 m = σ 2 m e σ 2	0.901 (0.605) 0.247 (0.020) 3.261 (0.074) 0.274 (0.188) 0.076 (0.007)	6.469 (1.949) 0.186 (0.016) 2.421 (0.054) 0.029 (0.009) 0.077 (0.007)

.3: Summary table of different variance and variance ratios estimates (SE) from Saclay DSEs yearly measurement after year and plot effects correction

Table 4

 4 

			Estimate (Estimate SE) F252 Estimate (Estimate SE)
		σ 2 02018	1.09 (0.63)	14.18 (4.19)
	σ 02018,2019	0.60 (0.40)	15.86 (4.81)
		σ 2 02019 σ 2 m2018	0.22 (0.26) 0.11 (0.02)	18.42 (5.85) 0.05 (0.02)
	σ m2018,2019	0.12 (0.02)	0.11 (0.02)
	θ 2018 = θ 2019 = h 2 m2018 = h 2 m2019 =	σ 2 m2019 σ 2 e σ 2 m 2018 +σm 2018,2019 σ 2 +σ0 2018,2019 0 2018 σ 2 m 2019 +σm 2018,2019 σ 2 +σ0 2018,2019 0 2019 σ 2 m 2018 +σm 2018,2019 σ 2 e σ 2 m 2019 +σm 2018,2019 e σ 2	0.15 (0.02) 1.21 (0.08) 0.138 (0.089) 0.332 (0.275) 0.193 (0.032) 0.226 (0.036)	0.19 (0.04) 2.29 (0.16) 0.005 (0.002) 0.009 (0.003) 0.073 (0.017) 0.134 (0.027)

.5: Summary table of different variance, covariances and variance ratios estimates (SE) from SDPEVAL flowering time analysis from model Eq. 4.11 4.4.2.1.2 Significance of G × E for plant height and leaf length

Table 4 .

 4 6: Summary table of different variance, covariance and variance ratio estimates (SE) from SD-PEVAL plant height from model Eq. 4.11

			Estimate (Estimate SE) F252 Estimate (Estimate SE)
		σ 2 02018	1.98 (1.82)	58.02 (20.15)
	σ 02018,2019	4.60 (2.90)	58.02 (20.15)
		σ 2 02019 σ 2 m2018	7.42 (4.73) 0.47 (0.10)	66.78 (25.45) 0.48 (0.17)
	σ m2018,2019	0.37 (0.09)	0.48 (0.14)
	θ 2018 = θ 2019 = h 2 m2018 = h 2 m2019 =	σ 2 m2019 σ 2 e σ 2 m 2018 +σm 2018,2019 σ 2 +σ0 2018,2019 0 2018 σ 2 m 2019 +σm 2018,2019 σ 2 +σ0 2018,2019 0 2019 σ 2 m 2018 +σm 2018,2019 σ 2 e σ 2 m 2019 +σm 2018,2019 e σ 2	0.51 (0.12) 17.18 (1.16) 0.127 (0.098) 0.072 (0.052) 0.049 (0.011) 0.051 (0.012)	0.70 (0.19) 19.85 (1.58) 0.009 (0.005) 0.011 (0.005) 0.048 (0.014) 0.060 (0.016)

2 SDPEVAL observed response to selection analysis and decomposition

  

Table 4

 4 

	Inbred Line Evaluation Year Family	R2	Regression slope (SE) p-value
	MBS	2018	MP049	0.711	-0.104 (0.00631)	2.18e-31
	MBS	2018	MP052 0.0125	-0.00996 (0.00852)	0.245
	MBS	2018	MT040 0.639	0.23 (0.0177)	9.3e-23
	MBS	2018	MT053 0.799	0.408 (0.0194)	8.47e-41
	MBS	2019	MP049	0.711	-0.115 (0.00697)	1.93e-31
	MBS	2019	MP052 0.0801	0.0306 (0.00998)	0.00274
	MBS	2019	MT040 0.647	0.233 (0.0176)	3.33e-23
	MBS	2019	MT053 0.783	0.467 (0.0232)	5.19e-39
	F252	2018	FP036	0.343	-0.0748 (0.00978)	7.49e-12
	F252	2018	FP039 0.0793	-0.0256 (0.0085)	0.00329
	F252	2018	FT027	0.685	1.25 (0.101)	3.08e-19
	F252	2018	FT031	0.172	0.171 (0.0819)	0.0494
	F252	2018	FT317	0.496	0.117 (0.0135)	6.08e-13
	F252	2018	FT318	0.332	-0.035 (0.00717)	1.18e-05
	F252	2019	FP036	0.199	-0.0717 (0.0136)	6.53e-07
	F252	2019	FP039	0.266	-0.0788 (0.0128)	1.32e-08
	F252	2019	FT027	0.688	1.53 (0.123)	2.38e-19
	F252	2019	FT031	0.246	0.37 (0.142)	0.0162
	F252	2019	FT317	0.159	0.0925 (0.0244)	3e-04
	F252	2019	FT318 0.0244	-0.0131 (0.0119)	0.279

.8: Linear regression analysis of the selection response per family and evaluation year for flowering times

Table 4 .

 4 9: Linear regression analysis of the selection response per family and evaluation year for plant height

	Inbred Line Evaluation Year Family	R2	Regression slope (SE)	p-value
	MBS	2018	MP049	0.581	-0.313 (0.0253)	1.68e-22
	MBS	2018	MP052	0.778	-0.326 (0.0167)	4.13e-37
	MBS	2018	MT040	0.175	-0.11 (0.0246)	2.04e-05
	MBS	2018	MT053	0.62	-0.488 (0.0362)	2.91e-25
	MBS	2019	MP049	0.715	-0.454 (0.0273)	8.53e-32
	MBS	2019	MP052	0.806	-0.619 (0.0292)	2.98e-40
	MBS	2019	MT040	0.204	-0.131 (0.0265)	3.37e-06
	MBS	2019	MT053 0.0747	-0.114 (0.0379)	0.00326
	F252	2018	FP036	0.7	-0.725 (0.0448)	4.39e-31
	F252	2018	FP039 0.00283	0.0204 (0.0374)	0.586
	F252	2018	FT027	0.573	-1.52 (0.156)	1.41e-14
	F252	2018	FT031	0.638	-2.37 (0.39)	4.89e-06
	F252	2018	FT317	0.397	-0.476 (0.0673)	6.27e-10
	F252	2018	FT318	0.205	-0.0435 (0.0124)	0.000959
	F252	2019	FP036	0.47	-0.327 (0.0329)	3.94e-17
	F252	2019	FP039	0.115	0.196 (0.0531)	0.000356
	F252	2019	FT027	0.582	-1.25 (0.127)	6.62e-15
	F252	2019	FT031	0.52	-2 (0.42)	0.000104
	F252	2019	FT317	0.404	-0.635 (0.0885)	4.16e-10
	F252	2019	FT318	0.0387	-0.0235 (0.0169)	0.171

Table 4 .

 4 10: Linear regression analysis of the selection response per family and evaluation year for leaf length

	Inbred Line Evaluation Year Family	R2	Regression slope (SE)	p-value
	MBS	2018	MP049 0.0149	-0.0162 (0.0125)	0.2
	MBS	2018	MP052	0.682	-0.393 (0.0258)	1.28e-28
	MBS	2018	MT040 0.238	0.0557 (0.0102)	3.99e-07
	MBS	2018	MT053 0.0832	0.041 (0.0128)	0.00185
	MBS	2019	MP049	0.115	-0.0723 (0.0191)	0.000251
	MBS	2019	MP052	0.649	-0.311 (0.022)	2.83e-26
	MBS	2019	MT040 0.0627	0.024 (0.00952)	0.0134
	MBS	2019	MT053 0.186	-0.0657 (0.013)	1.63e-06
	F252	2018	FP036	0.332	-0.0937 (0.0126)	2.02e-11
	F252	2018	FP039 0.0768	-0.0253 (0.00854)	0.00385
	F252	2018	FT027	0.315	-0.144 (0.0253)	2.85e-07
	F252	2018	FT031 0.0136	-0.0611 (0.113)	0.596
	F252	2018	FT317	0.328	-0.0674 (0.0111)	4.35e-08
	F252	2018	FT318	0.804	-0.129 (0.00919)	1.38e-18
	F252	2019	FP036	0.633	-0.177 (0.0127)	4.02e-26
	F252	2019	FP039	0.352	-0.0618 (0.00818)	1.7e-11
	F252	2019	FT027	0.24	-0.0934 (0.0199)	1.25e-05
	F252	2019	FT031	0.251	-0.389 (0.147)	0.015
	F252	2019	FT317	0.202	-0.0548 (0.0125)	3.66e-05
	F252	2019	FT318	0.82	-0.143 (0.00964)	1.69e-19

Correlative response to selection in F252 families between genetic trait values (G) estimated using model Eq. 4.19, for the two evaluation years separately

  

	Year Traits		MP049	MP052	MT040	MT053	
	2018 F T -Height	0.57 ***	0.0514	-0.799 *** -0.679 ***	
	2018 F T -Length	0.419 **	0.492 **	0.448 **	0.26	
	2018 Height -Length 0.795 *** 0.828 *** 0.0645	0.264	
	2019 F T -Height	0.654 *** 0.0484	-0.382 *	-0.316 .	
	2019 F T -Length	0.319 *	0.0513	0.278	-0.607 ***	
	2019 Height -Length 0.62 ***	0.962 *** 0.521 **	0.672 ***	
	Table 4.11: Correlative response to selection in MBS families between genetic trait values (G)
	estimated using model Eq. 4.19, for the two evaluation years separately. F T =Flowering Time,
	Height =Plant height, Length =Leaf length. The subscript 0 corresponds to initial standing variance,
	and the subscript M to mutational variance. Significance of Pearson's product moment correlation
	coefficient is indicated by the following symbols: 0 < pval < 0.001:'***' ; 0.001 < pval < 0.01:'**'; 0.01
	< pval < 0.05: '*';0.05 < pval < 0.1:'+';0.1 < pval < 1.0: ' '			
	Year Traits	FP036	FP039	FT027	FT031	FT317	FT318
	2018 F T -Height	0.448 **	0.158	-0.859 *** 0.368	0.0573	0.444
	2018 F T -Length	0.416 **	0.217	-0.592 *** -0.206	-0.144	0.309
	2018 Height -Length 0.692 *** 0.66 ***	0.587 ***	-0.393	0.669 ** 0.715 *
	2019 F T -Height	0.0694	-0.528 ** NA	-0.617 * -0.34	-0.531
	2019 F T -Length	0.481 *** 0.223	NA	0.122	0.307	0.584 .
	2019 Height -Length 0.615 *** 0.436 **	NA	0.197	0.474 *	-0.499
	Table 4.12: . F T =Flowering Time,
	Height =Plant height, Length =Leaf length. The subscript 0 corresponds to initial standing variance,
	and the subscript M to mutational variance. Significance of Pearson's product moment correlation
	coefficient is indicated by the following symbols: 0 < pval < 0.001:'***' ; 0.001 < pval < 0.01:'**'; 0.01
	< pval < 0.05: '*';0.05 < pval < 0.1:'+';0.1 < pval < 1.0: ' '			

Summary table of significantly associated SNPs in MBS

  

		Additive Value	CHR	POS	Status	Gene ID	Description	Case
							Nuclear
	FT (DSEYM)	1.53	2	6,294,005	Mutation Zm00001d002125	RNA merase poly-	0_0_5_0
							D2/E2
							Nuclear
	Leaf						RNA
	Length	1.05	2	6,294,005	Mutation Zm00001d002125	poly-	0_0_5_0
	2018						merase
							D2/E2
							Mannosylglycoprotein
	FT (DSEYM)	0.95	6	148,046,062 Mutation Zm00001d038104	endo-beta-	0_0_5_0
							mannosidase
	Plant Height 2019	1.14	6	148,046,062 Mutation Zm00001d038104	Mannosylglycoprotein mannosidase endo-beta-0_0_5_0
		Table 4.13:				

Table 4 .15: Data set example for one F252 control row in SDPEVAL 2018

 4 Note that in table 4.15, some rows present apparent decreasing number of flowered plant. Because, phenotyping of maize flowering time remains subject to interpretation, these correspond to measures affected by observer's biases (several observers contributed to the experiment). We replaced those negative counts by 0.

	Genotype	Row Coordinate Date	Julian Time # Flowered Plant Uncumulated Count Corrected data
	F252_MLN17 mod2:Y05:X12	2018-07-07	74	3	3	3
	F252_MLN17 mod2:Y05:X12	2018-07-09	76	8	5	5
	F252_MLN17 mod2:Y05:X12	2018-07-10	77	9	1	1
	F252_MLN17 mod2:Y05:X12	2018-07-11	78	22	13	13
	F252_MLN17 mod2:Y05:X12	2018-07-12	79	17	-5	0
	F252_MLN17 mod2:Y05:X12	2018-07-13	80	18	1	1
	4.6.1.2 Model				
	4.6.1.2.1 Notation				

Table F .

 F 

	Evaluation year Corr: Total/Standing/Mutational MP049 MP052 MT040 MT053
	2018	corr(G F T 0+M ; G Height 0+M )		0.570	0.051	-0.799	-0.679
	2018	corr(G F T 0+M ; G Length 0+M )		0.419	0.492	0.448	0.260
	2018	corr(G Height 0+M ; G Length 0+M )	0.795	0.828	0.065	0.2641
	2019	corr(G F T 0+M ; G Height 0+M )		0.654	0.048	-0.382	-0.316
	2019	corr(G F T 0+M ; G Length 0+M )		0.319	0.051	0.278	-0.607
	2019	corr(G Height 0+M ; G Length 0+M )	0.620	0.961	0.521	0.672
	2018	corr(G F T 0 ; G Height 0	)		-0.380	0.866	0.895	0.937
	2018	corr(G F T 0 ; G Length 0	)		0.248	0.682	0.986	0.671
	2018	corr(G Height 0	; G Length 0	)	0.784	0.945	0.949	0.8723
	2019	corr(G F T 0 ; G Height 0	)		0.751	0.858	0.828	0.524
	2019	corr(G F T 0 ; G Length 0	)		0.920	0.985	0.996	0.823
	2019	corr(G Height 0	; G Length 0	)	0.889	0.923	0.872	0.913
	2018	corr(G F T M ; G Height M	)		-0.337	-0.120	-0.917	-0.946
	2018	corr(G F T M ; G Length M	)		0.016	0.412	0.292	0.065
	2018	corr(G Height M	; G Length M	)	0.749	0.803	0.051	0.204
	2019	corr(G F T M ; G Height M	)		0.573	-0.342	-0.608	-0.815
	2019	corr(G F T M ; G Length M	)		0.117	-0.393	0.037	-0.830
	2019	corr(G Height M	; G Length M	)	0.553	0.963	0.440	0.877

2d√ n decreases. Hence, as the pleiotropy of the mutation increases, its probability to be beneficial decreases.

Desbiez-Piat et al.

Desbiez-Piat et al.

Desbiez-Piat et al.

b Under LDNS, we expected a neutral coalescent time around 98 generations well beyond the 20 simulated generations, which provided highly biased G 20 TMRCA and N e estimators. c Under LDNS, we obtained very few fixed mutation so that we were unable to compute the corresponding statistics.10Desbiez-Piat et al.
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Supplementary material

Saclay DSE's selection scheme

Appendix A

Saclay DSEs Pedigrees

In the next pages, are represented the pedigrees of all families on which are added a graphical representation of the progenitors that were genotyped with KASPar technology. Family name are at the top of each pages. Each node represents an individual, each line represents a kinship relationship. The first generations are presented at the top. Blue (resp. red) node represent sampled (resp. not sampled) individuals. Squares (resp. circles) represent individuals phenotyped (resp. not phenotyped) in SdpEval. The darkest line indicates the ancestral path of generation 13.

Appendix B

Multilocus representation of genotypic data

In this appendix, you will find a graphical representation of the multilocus data of progenitor genotypes along the genealogy from G1 to G18. The title of each graph indicates (i) the inbred line, (ii) the family, (iii) if the information represented corresponds to multilocus representation prior to the removal of aberrant progenitors and inference, or after, (iv) the number of loci represented. Each multicolor bar-code represents a genotyped progenitor and grey bars indicate progenitors that were not genotyped. Each bars of the bar-codes corresponds to a locus. Each line represents a kinship relationship. Identified errors are highlighted by a red label.

B.1 Multilocus representation of raw genotypic data (prior to the removal of aberrant progenitors and inference)

Appendix C Length 0 e + 0 1 e + 0 8 2 e + 0 8 3 . 1 8 0 e + 0 8 3 . 1 8 5 e + 0 8 3 . 1 9 0 e + 0 8 3 . 1 9 5 e + 0 8 3 . 2 0 0 e + 0 8 4 . 7 5 e + 0 8 5 . 0 0 e + 0 8 5 . 2 5 e + 0 8 5 . 5 0 e + 0 8 7 . 8 9 0 e + 0 8 7 . 8 9 5 e + 0 8 7 . 9 0 0 e + 0 8 7 . 9 0 5 e + 0 8 7 . 9 1 0 e + 0 8 8 . 0 e + 0 8 8 . 5 e + 0 8 9 . 0 e + 0 8 9 . 5 e + 0 8 1 . 0 0 e + 0 9 1 . 0 5 e + 0 9 1 . 1 0 e + 0 9 1 . 1 5 e + 0 9 1 . 3 2 0 4 e + 0 9 1 . 3 2 0 5 e + 0 9 1 . 3 2 0 6 e + 0 9 1 . 4 5 e + 0 9 1 . 4 6 e + 0 9 1 . 4 7 e + 0 9 1 . 4 8 e + 0 9 1 . 4 9 e + 0 9 1 . 5 0 e + 0 9 1 . 5 3 e + 0 9 1 . 5 6 e + 0 9 1 . 5 9 e + 0 9 1 . 6 2 e + 0 9 1 . 6 4 e + 0 9 1 . 6 8 e + 0 9 1 . 7 2 e + 0 9 Génétique des populations et génétique quantitative apportent deux visions complémentaires de la dynamique adaptative sous-tendant les changements phénotypiques. La description empirique de ces changements a été apportée par l'amélioration variétale, où la sélection par troncation engendre des réponses continues à la sélection. Les expériences de sélection artificielle menées en laboratoire ou sur le terrain ont apporté des informations précieuses sur les mécanismes sous-jacents à ces réponses, pointant vers des paramètres clés : certains difficiles à contrôler expérimentalement, ceux qui concernent l'architecture des caractères et leur cible mutationnelle (héritabilité, architecture génétique, distribution des effets des mutations), ainsi que d'autres plus faciles à contrôler tels que l'intensité de sélection, la taille réelle et efficace (Ne) des populations, le régime de reproduction (recombinaison). En parallèle, des modèles théoriques ont exploré les limites de la réponse à la sélection. Sur la base d'hypothèses classiques (formation aléatoire des couples et des gamètes, évolution en grandes populations soumises à une faible intensité de sélection), ces modèles prédisent bien les réponses observées. Cependant, leur utilisation pour comprendre la survie à long terme, et la dynamique adaptative de petites populations en autofécondation soumises à de fortes pressions de sélection reste à explorer.

Additional polymorphism analyses ACP on allele frequencies per generation and family

Chromosomes

C'est à cela que je me suis intéressé au cours de mon travail de thèse, en m'appuyant sur deux expériences de sélection artificielle menées pendant plus de vingt ans en conditions agronomiques : les expériences de sélection divergente (ESD) de Saclay. Ce matériel génétique unique est issu de deux expériences de sélection divergente sur le caractère de précocité de floraison chez le maïs. Ces expériences ont débuté en 1993 sur deux lignées commerciales de maïs, F252 (F) et MBS847 (M) caractérisés par une hétérozygotie résiduelle faible (< 0, 5 %). Elles ont consisté à chaque génération en une évaluation en champ du matériel avec une sélection sévère (troncation, 1%), autofécondation puis semis des descendants des génotypes les plus contrastés sur la précocité de floraison (sélection des dix génotypes les plus tardifs dans la population tardive et des dix génotypes les plus précoces dans la population précoce) pour chaque lignée. Malgré l'évolution de ces populations sous forte sélection et sous forte dérive (régime HDHS pour High Drift High Selection), une réponse continue et significative à la sélection a été observée au cours des treize premières générations de sélection.

Le caractère de précocité de floraison revêt un intérêt particulier puisqu'il conditionne l'accomplissement du cycle de vie des plantes, de la germination à la production de graines, pendant la saison de croissance favorable. C'est un caractère très intégré, qui résume le développement et la phénologie des plantes, jusqu'à ce que les organes reproducteurs mâles et femelles atteignent la maturité sexuelle. Il contribue fortement à la valeur sélective des individus. Le maïs a été domestiquée à partir de la téosinte, une plante tropicale sensible à la photopériode qui fleurit en jours courts. Il s'est adapté en quelques milliers d'années à des climats extrêmement variés. Capable de fleurir aussi bien en jours courts qu'en jours longs dans des climats tempérés sous lesquels il a perdu sa sensibilité à la photopériode, il présente une variabilité extrême pour la date de floraison allant d'un à quatre mois après semis. Chez le maïs, la transition florale marque l'arrêt de la production des feuilles, le début de l'élongation des entre-noeuds et de la morphogénèse de l'organe reproducteur mâle : la panicule. Les déterminants de la transition florale chez le maïs sont encore mal connus. Celle-ci est amorcée par des signaux environnementaux et endogènes, et conduit à la production dans les feuilles d'un signal florigène qui migre ensuite vers le méristème apical