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Characterizing the expected variation due to drift:

• !"# = % − 1 ()*/ ,()* (Lewontin and Krakauer 1973; Bonhomme et al. 2010)

Neutral vs. locally adapted genes



Characterizing the expected variation due to drift:

• !"# = % − 1 ()*/ ,()* (Lewontin and Krakauer 1973; Bonhomme et al. 2010)
• Coalescent simulations (Beaumont and Nichols 1996; Vitalis et al. 2001;

Excoffier et al. 2009)

Neutral vs. locally adapted genes



Coalescent-based simulations

DETSEL – Vitalis et al. 2001

Ne

N1

N2

t

N0

to Joint distribution of F1

and F2 (which measure 
the divergence of 
populations 1 and 2 from 
their ancestor)

FDIST – Beaumont & Nichols 1996

N
N

N

N

N

N

N

m
symmetrical population 
differentiation (FST), as a 
function of heterozygosity

Credits : Bonin et al. (2006) Mol Biol Evol 23: 773-783  (and R. Butlin)
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Characterizing the expected variation due to drift:

• !"# = % − 1 ()*/ ,()* (Lewontin and Krakauer 1973; Bonhomme et al. 2010)
• Coalescent simulations (Beaumont and Nichols 1996; Vitalis et al. 2001;

Excoffier et al. 2009)
• Using empirical distributions (Akey et al. 2002; Weir et al. 2005)

Neutral vs. locally adapted genes
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Characterizing the distribution of allele frequencies, conditionally on some model

and parameters

• Island model: Beaumont and Balding (2004); Riebler et al. (2008); Foll and

Gaggiotti (2008)

• Hierarchical island model: Gompert and Buerkle (2011); Foll et al. (2014)

• Explicit modelling of selection: SELESTIM (Vitalis et al. 2014)

Model-based approaches



nij

The data

SNPs at many loci, in
several populations (allele
counts)



nij

pij

Population allele frequencies

Binomial likelihood that 
depends upon (unknown) 
population frequencies



Population 1

(frequency p1j)
Population i

(frequency pij)

∞
… …

pj : frequency at the jth locus in 
the total population (migrant pool)

Mi = 4Nimi

Credits: Beaumont (2005) Trends Ecol Evol 20: 435-440



nij

pij

Mi⇡j

The population model

Infinite island model: the population
frequencies depend on Mi = 4Nimi and
the frequencies in the migrant pool
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nij

pij

Mi⇡j

a b

Allele frequencies in the migrant pool
Shape parameters of the
beta distribution of (migrant)
allele frequencies



nij

pij

Mi⇡j

a b

�

�j

�ijij

SelectionGenome-wide

Locus-specific

Population and locus-specific

Indicator variable

• Allele frequencies = stationary density of the diffusion process (Wright 1949)
• All marker loci are targeted by selection, to some extent
• Sampling from the joint posterior distribution of the parameters using MCMC
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Decision criterion

• We compare the posterior distribution of
dij to a “centering distribution” that
integrates over the overall departure from
neutrality

• We use the Kullback-Leibler divergence
(KLD) as a distance between these
distributions, calibrated using pseudo-
observed datasets

0 1 2 3 4 5

0
1

2
3

4
5

Locus - specific selection coefficient dj

D
en

si
ty

Neutral markers
Selected loci
Centering distribution



Simulation-based tests

An example of application on simulated data (FST = 0.10): the distribution of the
KLD for positively selected markers departs from that of neutral markers (and
correlates with FST).
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Positive selection

Balancing selection
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How to use the information brought by 
haplotype structure?

Valentin Hivert’s PhD (2015 – 2018)
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FST-based tests using haplotype data

Haplotype-based

Single SNPs

Credits: Fariello et al. (2013) Genetics 193:929-941



SELESTIM with haplotypes
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haplotypes 
(multiallelic markers)



SELESTIM with haplotypes
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Multinomial likelihood that 
depends upon (unknown) 
allele frequencies 

Dirichlet prior distributionCategorical prior distribution

• Assuming a single haplotype is
selected for
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B. Haplotypes
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Performance in the island model

• Improved statistical power with haplotype-based analyses (vs. SNPs)
• Better performance than FLK (Bonhomme et al. 2010) and hapFLK

(Fariello et al. 2013)
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Performance in divergence models

• Improved statistical power with haplotype-based analyses (vs. SNPs)
• Poorer performance than FLK (Bonhomme et al. 2010) and hapFLK

(Fariello et al. 2013)
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A digression on Pool-seq…

Credits: Schlötterer et al. (2014) Nature Reviews Genetics 15: 749-763

Individual genotypes Read numbers for 
the entire pool

Valentin Hivert’s PhD (2015 – 2018)



�

�j

Mi⇡j

a b

�ijij

pij

nij

cij

Straightforward!

reads from pooled samples

Binomial likelihood that 
depends upon (unknown) 
allele counts and coverage



0.
06

0.
08

0.
10

0.
12

0.
14

G
en

et
ic

 d
iff

er
en

tia
tio

n 
(F

ST
)

WC 84

rea
ds

im
pu

t

A.   FST = 0.05

0.
20

0.
22

0.
24

0.
26

0.
28

WC 84

rea
ds

im
pu

t

B.   FST = 0.2

20X 50X 100X
Ind!seq Pool!seq (coverage)

!"#$%&#'()*+%!,- .#"/ 0""1$2 23&34

! 53'6$ 300#"3(7$8 /3* .3'14
! 9":8'2$#':; #$328 38 311$1$ ("<:&8
! =/0<&':; 311$1$ ("<:&8 <8':; 3 /3>'/</ 1')$1'7""2 3#;</$:&



0.
02

0.
06

0.
10

0.
14

G
en

et
ic

 d
iff

er
en

tia
tio

n 
(F

ST
)

WC 84
NC 83

PP2 a
PP2 d

FRP 13
F STpo

ol

A.   FST = 0.05 (n = 10)

0.
02

0.
06

0.
10

0.
14

WC 84
NC 83

PP2 a
PP2 d

FRP 13
F STpo

ol

B.   FST = 0.05 (n = 100)

20X 50X 100X
Ind!seq Pool!seq (coverage)

!"#$%"$&'()*'+, +-"!./ -+,"0++1$2 2*'*

! 3$'4+25+-5)+)$#'& $&'()*'+,6 7*&$2 +# *# *#*18&(&5+-59*,(*#:$ -,*)$%+,;
! <+ 7(*&
! =$,-+,)& 7$''$, '4*# *#8 +'4$, $&'()*'+, *9*(1*71$ >=+=++1*'(+#?6 $':@A



!"#$%"$&'()*'+, +-"!./ -+,"0++1$2 2*'*

3(4$,' "#$%&5"6789:;"<"'"#()* !"#=">9?@>>8



Take home messages

• All these methods are designed to identify overly differentiated marker
loci: local adaptation or intrinsic genetic incompatibilities?

• Be aware of the underlying population models and assumptions (e.g.,
island model vs. divergence models) and the robustness of the
methods to model misspecifications

• Pool-seq experiments: random sampling of reads from allele counts
must be (properly) accounted for!
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