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Outline of the course : Aim : present the basis of population genetics to facilitate the understanding of the current methodological literature. • Introduction to population genetics (RL) • Genealogies and Coalescent trees (+TD) ; molecular markers



(RL) • Simulation-based inference with the coalescent : MCMC &



ABC (Jean-Michel Marin) • Likelihood inference under simple models ; the coalescent (FR) • Moment methods (FR) • IS algorithms for likelihood inference under the coalescent



(RL/FR) • Analyses of research articles (FR/RL)
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Outline of Today’s course : Population genetics aims at analyzing the processes controlling genetic polymorphism (= variability) in populations • Describe the genetic polymorphism and its distribution within



and between individuals and populations • Infer the processes (evolutionary forces) that shape(d) the



genetic polymorphism → Understand how evolution works Repartition of the genetic polymorphism :



within and between individuals within and between populations
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A local example : Mosquitoes’ resistance to insecticides 1960 : development of tourism → insecticide treatments started in 1969



First resistance observed in 1972
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A local example : Mosquitoes’ resistance to insecticides 1960 : development of tourism → insecticide treatments started in 1969 First resistance observed in 1972



October 1996
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A local example : Mosquitoes’ resistance to insecticides 1960 : development of tourism → insecticide treatments started in 1969 First resistance observed in 1972



October 1996



Importance of migration and spatial population structure
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A local example : Mosquitoes’ resistance to insecticides Frequencies of resistant and susceptible phenotypes change over time and space due to the effect of natural selection.



What does selection need to work ? • variation • heredity • variable reproductive success (fitness)
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A less local example : retracing invasion routes from genetic data



From A. Estoup (INRA-CBGP)
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Mendelian segregation



The misconception of blending inheritance



R R R R R R R R R



¯parents • Assuming Xdescendant = X • How does the variance of trait evolve ?
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Mendelian segregation



The misconception of blending inheritance



R R R R R R R R R



¯parents • Assuming Xdescendant = X • Variance of trait quickly vanishes Var(X )among descendants = Var[(Xmother + Xfather )/2]among descendants ⇒ No variation to select from !
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Mendelian segregation



The misconception of blending inheritance



R R R R R



?



?



?



?



¯parents • But of course, Xdescendant 6= X
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Mendelian segregation



The mendelian inheritance in a simple context
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The simple example : one locus with two co-dominant alleles in a diploid organism. aa bb ?
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Mendelian segregation



The mendelian inheritance in a simple context



R R R R R



?



?



?



?



The simple example : one locus with two co-dominant alleles in a diploid organism. aa bb ab



ab
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Mendelian segregation



The mendelian inheritance in a simple context



R R R R R R R R R



The simple example : one locus with two co-dominant alleles in a diploid organism. aa bb



aa



ab



ab



ab



ab



ab



bb



→ Allows continued selection on initial variation over many generations
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DNA : a support of heritable information
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DNA : a support of heritable information 
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DNA : a support of heritable information Sexual life cycle in a “Diploid” organism



and in a “Haploid” organism
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DNA : a support of heritable information Sexual life cycle in a “Diploid” organism



and in a “Haploid” organism A single haplo-diploid cycle : same transimission of genetic information for haploid or diploid organisms with sexual reproduction. → We will often use haploid models for simplicity
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DNA : a support of heritable information Meiosis : Segregation of the parental genetic information during gamete formation



Recombination allows rearrangements between paternal and maternal information.
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DNA : a support of heritable information Meiosis : Segregation of the parental genetic information during gamete formation



Recombination allows rearrangements between paternal and maternal information. Remainder Mitosis :
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DNA : a support of heritable information 
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DNA : a support of heritable information 
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DNA : a support of heritable information 
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Recombination is important when considering multiple locus → quantitative genetics
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Important definitions in population genetics (after Johannsen, 1911) A diploid individual possesses two homologous genes (one from each parent) at an autosomal locus : its single locus genotype. Those two homologous genes may have the same allelic state (homozygous genotype) or have two different states (heterozygous genotype). Gene : copy of a genetic information (e.g. a sequence of nucleotides, but not only : cf methylation, ) . Locus : location of a gene on a chromosome. Allele (or allelic state) : class of equivalent homologous genes. Two genes are in the same allelic state if they are exact copies from a common ancestor or if they have the same DNA sequence.
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Important definitions in population genetics (after Johannsen, 1911)



Gene : copy of a genetic information (e.g. a sequence of nucleotides, but not only : cf methylation, ) . Locus : location of a gene on a chromosome. Allele (or allelic state) : class of equivalent homologous genes. Two genes are in the same allelic state if they are exact copies from a common ancestor or if they have the same DNA sequence. Phenotype : Any observable character or trait of an organism. Then the (frequently multilocus) genotype is the set of transmitted determinants of the phenotype.
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Different approaches in population genetics



Theoretical PG : Mathematical modeling to test verbal models and their hypotheses, methodological developments based on those models for data analysis. [MODELS] Experimental PG : Testing models and their hypotheses using real organisms under controlled conditions. [LAB] Empirical PG : description of the distribution of polymorphism in (natural) populations, and inference of their demographic and adaptive history. [FIELD WORK]



Mig



Outline



Introduction



Heredity



DNA



HW



Mut



Drift



Evolution of allelic and genotypic frequencies in a panmictic population A single bi-allelic locus (Aa) under a very simple population model with the following assumptions : • Panmixia : Random mating of gametes, no population



structure, no migration • No mutation • No selection : all individuals have the same fitness, i.e. the



same expected number of descendants • No drift : infinitely large population size
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Evolution of allelic and genotypic frequencies in a panmictic population



For a population of N haploid organisms, → genotypic freq are equal to allelic freq, defined at time t as : •p[t] = Freq(A) = NA /N



•q[t] = Freq(a) = Na /N



which verifies p[t] + q[t] = 1
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Evolution of allelic and genotypic frequencies in a panmictic population For a population of N diploid individuals (i.e. of size 2N genes), genotypic frequencies are defined at time t as : •D[t] = Freq(AA) = NAA /N •R[t] = Freq(aa) = Naa /N



•H[t] = Freq(Aa) = NAa /N



and allelic frequencies are : •p[t] = •q[t] =



(2NAA +NAa ) = D[t] + H[t] 2N 2 (2Naa +NAa ) H[t] = R[t] + 2N 2



which verifies p[t] + q[t] = D[t] + H[t] + R[t] = 1
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Evolution of allelic and genotypic frequencies in a panmictic population Diploid stage (2N) AA D[t] A p[t]



Aa H[t] a q[t]



Haploid stage (N) A a ? ?



aa R[t]
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Evolution of allelic and genotypic frequencies in a panmictic population Diploid stage (2N) AA D[t] A p[t]



Aa H[t] a q[t]



aa R[t]



Haploid stage (N) A a p[t] q[t]



without mutation and selection, allelic frequencies in gametes are equals to those in adults.
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Evolution of allelic and genotypic frequencies in a Next generation panmictic population Diploid stage (2N) diploid stage (2N, t+1) AA Aa aa ? ? ?



AA D[t] A p[t]



Aa H[t] a q[t]



Haploid stage (N) A a p[t] q[t]



aa R[t]
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Evolution of allelic and genotypic frequencies in a Next generation panmictic population Diploid stage (2N) diploid stage (2N, t+1) AA Aa aa ? ? ?



♂ gam



Hardy-Weinberg proportions : ♀ gam A a A ? ? a ? ?



Random pairing of gametes



AA D[t] A p[t]



Aa H[t] a q[t]



Haploid stage (N) A a p[t] q[t]



aa R[t]
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Evolution of allelic and genotypic frequencies in a Next generation panmictic population Diploid stage (2N) diploid stage (2N, t+1) AA Aa aa p2 2pq q 2



♂ gam



Hardy-Weinberg proportions : ♀ gam A a A p 2 pq a pq q 2



Random pairing of gametes



AA D[t] A p[t]



Aa H[t] a q[t]



Haploid stage (N) A a p[t] q[t]



aa R[t]



Outline



Introduction



Heredity



DNA



HW



Mut



Drift



Mig



Evolution of allelic and genotypic frequencies in a Next generation panmictic population Diploid stage (2N) diploid stage (2N, t+1) AA Aa aa p[t]2 2p[t]q[t] q[t]2



AA D[t] A p[t]



Aa H[t] a q[t]



Haploid stage (N) A a p[t] q[t]



aa R[t]
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Evolution of allelic and genotypic frequencies in a Next generation panmictic population Diploid stage (2N) diploid stage (2N, t+1) AA Aa aa p[t]2 2p[t]q[t] q[t]2



AA D[t] A p[t]



Aa H[t] a q[t]



aa R[t]



Haploid stage (N) A a p[t] q[t]



Hardy-Weinberg proportions for diploid genotypes (p 2 , 2pq, q 2 ) are reached in a single generation. Moreover p[t + 1] = D[t + 1] + H[t+1] = p[t]2 + p[t]q[t] = p[t](p[t] + q[t]) = p[t] 2 H[t+1] q[t + 1] = R[t + 1] + 2 = q[t]2 + p[t]q[t] = q[t](q[t] + p[t]) = q[t]
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Evolution of allelic and genotypic frequencies in a Next generation panmictic population Diploid stage (2N) diploid stage (2N, t+1) AA Aa aa p[t]2 2p[t]q[t] q[t]2 A a p[t] q[t]



AA D[t] A p[t]



Aa H[t] a q[t]



aa R[t]



Haploid stage (N) A a p[t] q[t]



Hardy-Weinberg proportions for diploid genotypes (p 2 , 2pq, q 2 ) are reached in a single generation. Moreover p[t + 1] = D[t + 1] + H[t+1] = p[t]2 + p[t]q[t] = p[t](p[t] + q[t]) = p[t] 2 H[t+1] q[t + 1] = R[t + 1] + 2 = q[t]2 + p[t]q[t] = q[t](q[t] + p[t]) = q[t]



Allelic and genotypic frequencies are constant through time
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Evolution of allelic and genotypic frequencies in a panmictic population Hardy-Weinberg proportions (p 2 , 2pq, q 2 ) are reached in a single generation, allelic and genotypic frequencies are constant over time



Valid only under HW assumptions : • Panmixia : Random mating of gametes, no population



structure, no migration • Non-overlapping generations : all individuals reproduce at the



same time at each generation and die. • No mutation • No selection : all individuals have the same fitness, i.e. the



same expected number of descendants • No drift : infinitely large population size
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Evolution of allelic and genotypic frequencies in a panmictic population Hardy-Weinberg proportions (p 2 , 2pq, q 2 ) are reached in a single generation, allelic and genotypic frequencies are constant over time



Valid only under HW assumptions : Panmixia, non-overlapping generations, no mutation, no selection, infinite size. Those hypothesis are rarely verified in natural populations → Analysis of changes in genotype/allele frequencies due to the different evolutionary forces : • Mutation • Drift (stochastic sampling due to finite population size) • Migration (“gene-flow”) • Selection Additional effects of the mating system on diploid genotype frequencies Additionnal effects of recombination on multilocus genotype frequencies
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Evolution of allelic and genotypic frequencies in a panmictic population Hardy-Weinberg proportions (p 2 , 2pq, q 2 ) are reached in a single generation, allelic and genotypic frequencies are constant over time



Valid only under HW assumptions : Panmixia, non-overlapping generations, no mutation, no selection, infinite size. Those hypothesis are rarely verified in natural populations → Analysis of changes in genotype/allele frequencies due to the different evolutionary forces : • Mutation • Drift (stochastic sampling due to finite population size) • Migration (“gene-flow”) • Selection Additional effects of the mating system on diploid genotype frequencies Additionnal effects of recombination on multilocus genotype frequencies
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Mutation



• Mutation is the only source of new genetic variability • Mutation is any spontaneous modification of the allelic state : • • • • •



nucleotide substitutions deletions or insertions of one or many of nucleotides chromosomic inversion chromosomic translocations ...
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Mutation Rates of point mutation per gene copy per generation are highly variable between organisms (and also between loci, cf. next course on Genetic Markers) :



After Drake et al. (1998) Genetics
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Mutation equilibrium frequencies with mutation Assumptions : Panmixia, non-overlapping generations, no selection, infinite size. • Mutation rate from A to a : µ • Mutation rate from a to A : ν • p[t] = Freq(A) at time t • q[t] = Freq(a) at time t



p[t + 1] = (1 − µ)p[t] + νq[t] and q[t + 1] = (1 − ν)q[t] + µq[t] At equilibrium :



pˆ =



ν µ+ν
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Mutation



equilibrium frequencies with mutation Assumptions : Panmixia, non-overlapping generations, no selection, infinite size. ν



At equilibrium : peq = µ+ν • p = 0 and p = 1 are not equilibrium values. Fixation is not stable when mutations occurs. • What is the rate of approach to equilibrium ?
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Mutation Rate of approach to equilibrium frequencies p[t + 1] − pˆ = (1 − µ)p[t] + ν(1 − p[t]) − pˆ = (1 − µ − ν)p[t] + ν − /hatp = (1 − µ − ν)p[t] − (1 − µ − ν)ˆ p as pˆ = (1 − µ)ˆ p + ν(1 − pˆ) = (1 − µ − ν)(p[t] − pˆ) = (1 − µ − ν)2 (p[t − 1] − pˆ) ... = (1 − µ − ν)t+1 (p[0] − pˆ)



Equilibrium frequencies are reached at rate µ + ν



(1)
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Rate of approach to equilibrium frequencies Example with µ = ν = 10−6
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Rate of approach to equilibrium frequencies Example with µ = ν = 10−6 At equilibrium :



pˆ =



ν µ+ν



→



0.5
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Rate of approach to equilibrium frequencies Example with µ = ν = 10−6 , pˆ = 0.5
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Mutation Rate of approach to equilibrium frequencies Example with µ = ν = 10−6 , pˆ = 0.5 Starting with p[0] = 0 : p[10, 000] = 0.0099



p[100, 000] = 0.0906



1.15 · 106 generations needed to reached 90% of the equilibrium frequency.



→ About 1/(µ + ν) generations needed for the population to reach equilibrium ! (That is 15 to 30,000,000 years in Humans !)
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Mutation



conclusions • Mutation is an evolutionary force of low intensity : mutations arise and reach equilibrium at a very long time scale compared to migration, drift or selection



• Mutation is the only source of genetic variability, but the fate



of mutations mainly depends on the other evolutionary forces
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Evolution of allelic and genotypic frequencies in a panmictic population



Analysis of changes in genotype/allele frequencies due to the different evolutionary forces : • Mutation • Drift (stochastic sampling due to finite population size) • Migration (“gene-flow”) • Selection Additional effects of the mating system on diploid genotype frequencies Additional effects of recombination on multilocus genotype frequencies



Mig



Outline



Introduction



Heredity



DNA



HW



Mut



Drift



Genetic drift evolution of allelic frequencies in finite populations Up to now, we assumed infinite population sizes. Under such assumption, and without mutation or migration, we assumed for example that allelic frequencies in descendants were strictly equal to allelic frequencies in parents (deterministic models). However, in population of finite size, allelic frequencies can randomly varies from one generation to another due to sampling effects (stochastic models). This random variation of allelic frequencies with finite population size is called genetic drift.
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Genetic drift The Wright-Fisher model



Assumptions : • A haploid population of finite and



constant size N • non-overlapping generations • no mutation, migration or selection • Each parent produces a



Poisson-distributed (with mean M  N) of juveniles • N adults are drawn from the pool



of juveniles
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Genetic drift The Wright-Fisher model Assumptions : • A haploid population of finite and



constant size N • non-overlapping generations • no mutation, migration or selection • Each parent produces a



Poisson-distributed (with mean M  N) of juveniles • N adults are drawn from the pool



of juveniles →Each individual in generation t + 1 chooses its parent uniformly at random and with replacement from the N adults in generation t. (coalescence)
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Genetic drift



The Wright-Fisher model Assumptions : non-overlapping generations, no mutation, migration or selection, constant size The model can be easily modified to consider a randomly mating diploid monoecious population : • A diploid population of finite and constant size N individuals • Each parent produces a Poisson-distributed (with mean



M  2N) number of gametes • N adults are drawn from the pool of gametes
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Genetic drift The Wright-Fisher model Assumptions : non-overlapping generations, no mutation, migration or selection, constant size The model can be easily modified to consider a randomly mating diploid monoecious population : • A diploid population of finite and constant size N individuals • Each parent produces a Poisson-distributed (with mean



M  2N) number of gametes • N adults are drawn from the pool of gametes



→Each individual in generation t + 1 chooses two chromosomes uniformly at random and with replacement from the 2N chromosoms in generation t. (coalescence)
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Genetic drift The Wright-Fisher model



• Without mutation and selection,



allelic frequencies fluctuate (increase and decrease randomly) until one allele reach fixation (p=1) and the others are lost.



• Genetic drift thus leads to the loss



of genetic variability within populations.
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Genetic drift



• Simulation of the evolution of allelic frequencies, p=Freq(A), at a bi-allelic locus in 6 populations of size N=10 haploid individuals



After 50 generations, all populations are fixed for a given allele (p = 0 or 1).
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Genetic drift



• Simulation of the evolution of allelic frequencies, p=Freq(A), at a bi-allelic locus in 6 populations of size N=100 haploid individuals



After 50 generations, none of the populations is fixed for a given allele (p 6= 0 or 1).
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Genetic drift



• Smaller population sizes → more fluctuation more in small



population • Different populations originating from a common ancestral



population (i.e. same initial allelic frequencies) diverge independently and the variance of allelic frequencies between populations increase with time.
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Genetic drift The Wright-Fisher model • Assumptions : • An haploid population of finite and constant size (N genes) • non-overlapping generations • no mutation • no selection • Consider a bi-allelic locus (A/a), with p[t]=Freq(A),... • At each generation : • each individual produces an infinitely large number of gametes • N gametes are drawn from this pool to create the next generation (in a gametic urn of infinite size)
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Genetic drift The Wright-Fisher model • Consider the random variable Xi [t + 1] = 1 if the allelic state of gene i is A, and 0 otherwise. • Xi follows a Bernouilli distribution with parameter p[t] and E(Xi [t + 1]) = p[t] Var(Xi [t + 1]) = p[t]q[t] = p[t](1 − p[t]) • For N (independent) samples, define X [t + 1] the random variable corresponding to the number of A copies : PN X [t + 1] = i=1 Xi [t + 1] • What are the mean and variance of X [t + 1] ?
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Genetic drift The Wright-Fisher model • Consider the random variable Xi [t + 1] = 1 if the allelic state of gene i is A, and 0 otherwise. • Xi follows a Bernouilli distribution with parameter p[t] and E(Xi [t + 1]) = p[t] Var(Xi [t + 1]) = p[t]q[t] = p[t](1 − p[t]) • For N (independent) samples, define X [t + 1] the random variable corresponding to the number of A copies : PN X [t + 1] = i=1 Xi [t + 1] • X [t + 1] follows a binomial distribution with parameters N and p[t] = X [t]/N.  • P(X [t + 1] = k) = Nk p[t]k (1 − p[t])N−k • Mean E(X [t + 1]) = Np[t] • Variance Var(X [t + 1]) = Np[t](1 − p[t]).
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Genetic drift The Wright-Fisher model • X [t + 1] : number of A copies in N samples, X [t + 1] ∼ B(N, p[t]) :  • P(X [t + 1] = k) = Nk p[t]k (1 − p[t])N−k • E(X [t + 1]) = Np[t] • Var(X [t + 1]) = Np[t](1 − p[t]). • The frequency of A at t + 1 is p[t + 1] = • •



X [t+1] N ,



then



E(X [t+1]) E(p[t + 1]) = E( X [t+1] = p[t] N )= N Var(X [t+1]) Var(p[t + 1]) = Var( X [t+1] = p[t](1−p[t]) . N )= N2 N



• The mean frequency do not change over time, but the



variance is greater when population sizes are small.
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Genetic drift The Wright-Fisher model X [t + 1] follows a binomial distribution with parameters N and p[t] = X [t]/N.  k N−k • P(X [t + 1] = k) = N k p[t] (1 − p[t]) → The Wright-Fisher model is a discrete Markov chain with  transition probability Nk p[t]k (1 − p[t])N−k With symetric mutation → Markov chain with transition probability



N k



with ℘ = p + µ(1 − p) − µp = p + µ(1 − 2p)







℘[t]k (1 − ℘[t])N−k



Mig



Outline



Introduction



Heredity



DNA



HW



Mut



Drift



Genetic drift



The Wright-Fisher model • The variance represents the allelic frequency variation at the



next generation, if the experience was repeated a large number of times, starting from a population with frequencies p and q. • after a sufficiently large number of generations, allele A or a



will be fixed in each population (p = 0 and p = 1 are absorbing states) • Considering an infinite number of independent populations, p



populations will be fixed for A, and (1 − p) for a. Then the total frequency of A (i.e. in the pool of populations) is still p.
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Drift
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Genetic drift The effect of genetic drift : the experiment of Buri 1956 107 lines (i.e. experimental pop.) founded by 16 heterozygous flies bw 75 = ’brown eye’ allele



Wright-Fisher model N=32



Mig



Outline



Introduction



Heredity



DNA



HW



Mut



Drift



Genetic drift The effect of genetic drift : the experiment of Buri 1956 107 lines (i.e. experimental pop.) founded by 16 heterozygous flies bw 75 = ’brown eye’ allele



• Within population variability decreases • Genetic differentiation between populations increases
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Genetic drift The effect of genetic drift : the experiment of Buri 1956 107 lines (i.e. experimental pop.) founded by 16 heterozygous flies bw 75 = ’brown eye’ allele



Higher variance in reproductive success.



• Within population variability decreases • Genetic differentiation between populations increases
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Typical biological question : Orang-Utans and the deforestation of Borneo • The genome of Orangutans has been



shaped by its demographic history (decrease in population size due to habitat reduction) → but what is the strength and the timing of the decline ?



• Can population genetics help to



understand the past history of Orangutan populations ?
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Typical biological question : Orang-Utans and the deforestation of Borneo • Demographic model : a single isolated panmictic (WF)



population with a exponential past change in population size. N1 =



Population contraction or expansion



0



• MSVAR : Coalescence-based MCMC algorithm to infer those



parameters from a unique current genetic sample (Next courses : coalescence, MCMC, IS, ABC)
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Typical biological question : Orang-Utans and the deforestation of Borneo • MSVAR results



→ Population genetic analyses efficiently detects a past decrease in population size



From Goossens et al. 2006 PLos Biology
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Typical biological question : Orang-Utans and the deforestation of Borneo • MSVAR results FE : beginning of massive forest exploitation F : first farmers HG : first hunter-gatherers



→ Population genetic analyses efficiently detect a past decrease in population size... ... and allows for the dating of the beginning of the decrease (FE) Population genetics reveals the past demographic history from a current sample : Indirect demographic inferences From Goossens et al. 2006 PLos Biology
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Evolution of allelic and genotypic frequencies in structured populations



Analysis of changes in genotype/allele frequencies due to the different evolutionary forces : • Mutation • Drift (stochastic sampling due to finite population size) • Migration (“gene-flow”) • Selection Additional effects of the mating system on diploid genotype frequencies Additional effects of recombination on multilocus genotype frequencies



La migration L’échange d’individus (ou de gamètes) entre sous populations permet les flux de gènes…



La migration •  Le modèle en îles (ou modèle de l’archipel) considère que la migration s’effectue entre toutes les souspopulations (dèmes) d’une population subdivisée.



populations de taille N



migration, m



•  Ce modèle n’est pas spatialisé : tous les dèmes échangent des migrants au même taux, quelle soit leur « position »



La migration •  Si le nombre de dèmes est suffisamment grand (infini), la fréquence des allèles parmi les migrants est constante. (1 – m)



m (1 – m) Pool génique



m



m



Si l’on part de p[0], au bout de t générations : (1 – m)



La migration



Si l’on ne considère que de la mutation !



•  Évolution des fréquences au cours du temps dans cinq dèmes qui échangent des migrants au taux m = 0.1 par génération •  Avec p[0]=0, combien de générations faut-il pour atteindre 90% de la valeur d’équilibre ? 22 (1.15×106 pour la mutation !)



•  En l’absence d’autres forces évolutives, la migration homogénéise complètement les fréquences alléliques entre dèmes.



La migration •  C’est une force de plus forte intensité que la mutation •  La migration homogénéise les fréquences alléliques entre populations •  Le modèle de migration (la façon dont les individus se déplacent dans l’espace, la dispersion « en groupe » ou solitaire, etc.) influence beaucoup la distribution spatiale du polymorphisme
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Typical biological question : Orang-Utans and the deforestation of Borneo, Again Sulu Sea



Spatial repartition and sampling



1 cm = 5 km



Agricultural lands (mostly oil palm plantations) Lower Kinabatangan Wildlife Sanctuary Virgin Jungle Reserves Kinabatangan River Main road (Sandakan – Lahad Datu)



ÃVillages From Goossens et al. 2005 Molecular Ecology
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Typical biological question : Orang-Utans and the deforestation of Borneo, Again



Results : genetic structure Distribution of pairwise differentiation (Fst, moment method) : • Weak population structure within river



sides • Stronger population structure between



river sides From Goossens et al. 2005 Molecular Ecology
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Typical biological question : Orang-Utans and the deforestation of Borneo, Again



Results : genetic structure Indirect inference of migration rates (MCMC) : • Weak population structure within river



sides (positive immigration rates) • Stronger population structure between



river sides (immigration rates ˜ 0) From Goossens et al. 2005 Molecular Ecology
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Typical biological question : Orang-Utans and the deforestation of Borneo, Again Results : genetic structure Indirect inference of migration rates (MCMC) : • Weak population structure within river



sides • Stronger population structure between



river sides Population structure is important for conservation biology and, more generally, for adaptation to the local environment From Goossens et al. 2005 Molecular Ecology
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Mélanges de population panmictiques : l'effet wahlund (Rappel) Pop1 (HW) pA=0.75 pa=0.25



Aa AA AA AA AaAA Aa AA aa AA Aa Aa AA Aa AA AA



Pop2 (HW) pA=0.25 pa=0.75



aa aa AAaa Aa Aa aa aa aa Aa Aa aa Aa aa aa Aa



Fréquences observées pAA = 9 / 16 = 0.5625 pAa = 6 / 16 = 0.375 paa = 1 / 16 = 0.0625



Fréquences attendues pAA = 0.75² = 0.5625 pAa = 2*0.75*0.25 = 0.375 paa = 0.25² = 0.0625



.



pAA = 1 / 16 = 0.0625 pAa = 6 / 16 = 0.375 paa = 9 / 16 = 0.5625 pAA = 0.25² = 0.0625 pAa = 2*0.75*0.25 = 0.375 paa = 0.75² = 0.5625



.



Mélanges de population panmictiques : l'effet wahlund (Rappel) Analyse des 2 population regroupées pA=0.5 pa=0.5



Aa AA AAAA Aa Aa AA aa AA Aa Aa AA Aa AA AA AA



Fréquences observées pAA = 10 / 32 = 0.3125 pAa = 12 / 32 = 0.375 paa = 10 / 32 = 0.3125 Fréquences attendues pAA = 0.5² = 0.25 pAa = 2*0.5*0.5 = 0.5 paa = 0.5² = 0. 25



aa aa AAaa Aa Aa aa aa aa Aa Aa aa Aa aa aa Aa



On observe un déficit d'hétérozygote (et donc un excés d'homozygote) par rapport à l'équilibre de Hardy-Weinberg : c'est l'effet Walhund (1923) Un mélange de population (sous-populations) panmictiques n'est pas une population panmictique à cause de l'effet de la structuration et des flux de gènes (migration entre populations) limités



Formalisation de l'analyse de populations subdivisées (i.e. structurées) Considérons n populations panmictiques et un locus bi-allélique avec Fréq[A]=pi, et Fréq[a]=qi dans chaque population i



les fréquences génotypiques dans chaque population sont à l'équilibre de Hardy-Weinberg : AA



p i2



Aa



2piqi



aa



q i2



Et en moyenne sur l'ensemble des populations : AA



E(pi2)



Aa



E(2piqi)



aa



E(qi2)



Formalisation de l'analyse de populations subdivisées (i.e. structurées) Soit p=E(pi)=



, si la population totale était panmictique



on observerait sur l'ensemble des populations: AA



p2



Aa



2pq



aa



q2



mais la fréquence d'hétérozygote réellement observée (Ho) est: Ho = E( 2piqi ) = 2 * E( pi - pi² ) = 2 * E( pi ) – 2 * E( pi² ) = 2p – 2 * ( Var(p) + p² ) car Var(p) = E(pi²) - E(pi)² = E(pi²) - pi² = 2pq – 2 * Var( p ) = 2pq ( 1 – 2Var(p)/2pq)



Formalisation de l'analyse de populations subdivisées (i.e. structurées) Si la population totale était panmictique on observerait sur l'ensemble des populations:



AA



p2



Aa



2pq



aa



q2



mais la fréquence d'hétérozygote réellement observée (Ho) est: Ho = 2pq ( 1 – 2Var(p)/2pq) On note FST = Var( p ) / pq , où Var(p) est la variance de p entre population, on a alors Ho = E( 2piqi ) = 2pq( 1 – FST )



Formalisation de l'analyse de populations subdivisées (i.e. structurées) On observe donc la structure génotypique suivante, correspondant a Hardy-Weinberg généralisé à un ensemble de populations panmictiques :



• Fréq[AA] = E(pi²) = p² - pq*FST • Fréq[Aa] = E(2piqi) = pq(1 - FST) • Fréq[aa] = E(qi²) = q² - pq*FST FST peut donc être perçu comme le déficit en hétérozygote du aux échanges limités par flux de gènes/migration entre différentes populations (i.e. l'écart a la panmixie entre les populations), c'est l'effet wahlund



Formalisation de l'analyse de populations subdivisées (i.e. structurées) FST = Var(p)/pq = 1 – Ho/He où Ho est l'hétérozygotie observée et He l'hétérozygotie attendue si l'on avait une seule population On note que pq est la variance maximale des fréquence entre population (Varmax(p)) obtenue si toute les populations sont fixées. On a alors p populations fixés pour A et q populations fixées pour a, d'où Var(p) = E(pi²) - E(pi)² = p*12 + 0 - p² = p(1 - p) = pq FST est donc la variance des fréquences alléliques entre populations, standardisées par la variance maximale



Formalisation de l'analyse de populations subdivisées (i.e. structurées) On note aussi que pq est la variance totale (sur l'ensemble de toutes les populations) des fréquence alléliques (Vartot(p) obtenue quand on regroupe les populations). On a alors p allèles A et q allèles a, d'où Vartot(p) = p*12 + 0 - p² = pq (Bernoulli) FST est donc aussi la proportion de la variance totale qui se trouve entre populations (analyse de variance)



Formalisation de l'analyse de populations subdivisées (i.e. structurées)



Formalisation de l'analyse de populations subdivisées (i.e. structurées) FST est donc : 1. 



le déficit en hétérozygote du aux échanges limités par flux de gènes/migration entre différentes populations (i.e. l'écart a la panmixie entre les populations)



2. 



la variance des fréquences alléliques entre populations crée par la dérive et ou la migration faible, standardisées par la variance maximale



3. 



la proportion de la variance totale qui se trouve entre populations



FST mesure donc la différenciation entre les populations Mais quelle sont l'influence des paramètres populationnels (tailles de populations (N), taux de migration (m), temps de divergence) sur les valeures de FST?



La migration : le modèle en îles Le modèle en îles, ou modèle de l'archipel, considère que la migration se fait de façon homogène entre toutes les souspopulations d'une population subdivisée Simple car homogèneité réduit à 3-5 le nombre de paramètres : nd= nombre de sous-populations (ou ∞) N = taille des sous-populations m= taux de migration µ= taux de mutation s= taux d'autofécondation (ou 1/N)



Avantage principal : Modèle homogène simple avec peu de paramètres -> analyse mathématique relativement simple



Probabilités d'identités : définitions On défini des probabilité d'identité Q entre paires de gènes homologues (i.e. à un même locus) :   Q0 pour la probabilité que 2 gènes pris dans un même individu soient identiques   Q1 pour la probabilité que 2 gènes pris dans une même population soient identiques   Q2 pour la probabilité que 2 gènes pris dans deux populations différentes soient identiques Q0



Q2



Q1 pop1



pop2



Probabilités d'identités et F-statistiques On défini la relations entre F-statistiques et probabilités d'identités :       On retrouve bien la relation (Wright, 1943) :



Probabilités d'identités et F-statistiques Relation entre F-statistiques et probabilités d'identités : on retrouve les résultats précédents car



Q0 Q1



Q2



Calcul des Probabilités d'identités : formules de récurrences On cherche a calculer l'évolution des probabilités d'identités dans le temps en fonction des paramètres démo-génétiques du modèle (e.g. migration, mutation, tailles de pops), afin d'en prendre ensuite les valeurs à l'équilibre. On cherche donc a résoudre le système d'équation de récurrence suivant :   Q0(t+1)=f(Q0(t), Q1(t), Q2(t))   Q1(t+1)=f(Q0(t), Q1(t), Q2(t))   Q2(t+1)=f(Q0(t), Q1(t), Q2(t))



en évaluant tous les événements possibles en une génération pouvant agir sur ces probabilités



La migration : le modèle en îles et le FST 4 paramètres : nd= nombre de sous-populations (ou ∞) N = taille des sous-populations m= taux de migration µ= taux de mutation s=1/N (sous-populations panmictiques)



La migration : le modèle en îles et le FST



FST et estimation sur des donnes réelles Comment estimer le FST sur un jeu de données réel? Données sur un locus allozymiques pour 3 populations de salamandre Population Konstanz Bregenz Schaffhausen



allèle1 allèle2 0.49 0.51 0.83 0.17 0.91 0.09



On peut partir de la définition FST = 1 – Ho/He : He, hétérozygosie attendue sous HW sur l'échantillon total = 2pq Ho, hétérozygosie moyenne sous HW au sein des populations = On a donc besoin des fréquences moyennes sur l'échantillon total Hyp : même taille d'échantillon pour chaque population allèle1 p=(0.49+0.83+0.91)/3=0.74, et allèle2 q=(0.51+0.17+0.09)/3=0.26 On a donc, He = 2 pq = 2 x 0.74 x 0.26 = 0.384 D'autre part Ho = [ 2x (0.49 x 0.51) + 2 x (0.83 x 0.17) + 2 x (0.91 x 0.09) ] / 3 = 0.315 FST = 1 - 0.315/ 0.384 = 0.180



FST et estimation sur des donnes réelles Comment estimer le FST sur un jeu de données réel? Données sur un locus allozymiques pour 3 populations de salamandre Population Konstanz Bregenz Schaffhausen



allèle1 allèle2 0.49 0.51 0.83 0.17 0.91 0.09



FST = 1 - 0.315/ 0.384 = 0.180 Un FST de 0.18 indique que 18% de la variance génétique est due la différenciation entre population (et que 82% est due à la variabilité intrapopulation!) Si l'on fait l'hypothèse d'un modèle en îles à l'équilibre migration-dérive, les flux de gènes dans le système correspondent à : Nm = (1-FST) / 4 FST*2/3 = 0.76 migrants/génération D'après la formule



La migration : le modèle en îles et le FST



Cette formule a trop souvent été utilisée pour estimer un nombre de migrant entre populations par génération mais : •  Modèles peu réalistes, mauvaise description de la dispersion •  Hypothèses de stabilité démographiques dans le temps et dans l'espace •  Hypothèses associées aux taux de mutation et processus mutationnels •  Hypothèses de neutralité des marqueurs utilisés



La migration : le modèle en îles et le FST



Un modèle plus réaliste pour une meilleure estimation de la migration en populations structurées : Le modèle d'isolement par la distance Dispersion limitée dans l'espace ↔ 2 individus ont plus de chance de se reproduire ensemble si ils sont proches géographiquement Endler 1977 (revue biblio): la majorité des espèces ont une dispersion localisé



Majorité de la dispersion à très courte distance



Pr



Migration fonction de la distribution de dispersion :



Mais longue queue de dispersion = "migrants longue distance"



Distance géographique r



Les modèle d'isolement par la distance 2 modèles en fonction du type de distribution des organismes dans le paysage : Population en dèmes Chaque nœud du réseau correspond à une sous population panmictique



Population "continue" en réseaux Chaque nœud du réseau correspond à 1 individu



L’isolement par la distance



Rousset 1997



• 



Le modèle d’isolement par la distance (Malécot 1956) prédit une relation linéaire entre la distance génétique et le logarithme de la distance géographique



• 



La pente de la droite de régression donne un estimateur de la distance de dispersion



L’isolement par la distance



Coenagrion mercuriale : données démographique (capture / marquage / recapture) : Watt et al. 2006



L’isolement par la distance



Données génétiques (marqueurs microsatellites) : estimation de la « taille de voisinage » (Dσ²)



L’isolement par la distance Coenagrion mercuriale : excellente concordance entre estimations directes et indirectes



Estimation de Dσ² démographie



génétique



Site 1



277



222



Site 2



249



259



Site 3



555



606



Les modèle d'isolement par la distance



American Marten (Martes americana)



Direct Indirect (Demography) (genetic) 7.5 3.8



Kangaroo rats (Dipodomys)



1.43



2.58



intertidal snails (Bembicium vittatum) Forest lizards (Gnypetoscincus



2.4 11.5



3.6 5.5



Humans in the rainforest (Papous)



29.3



21.1



Legumin (Chamaecrista fasciculata)



9.6



13.9



queenslandiae)
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• 3,192 european



individuals • 500,568 SNPs



“an individual’s DNA can be used to infer their geographic origin with surprising accuracy— often to within a few hundred kilometres.” Isolation by distance is also found in Human populations Credits : Novembre et al. (2008) Nature 456 : 98-101
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