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How to explain differences in heritability estimates and loss of prediction 
accuracy of polygenic score across populations?
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Genotype-by-Genotype interactions
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è LD and allele frequency differences 
between populations account for the majority 
of the loss of prediction accuracy

Martin et al. (2019)



Assume an additive genetic model with constant environment and effect sizes 
across populations:

è Observed genetic variation within and between-population results from the 
demographic and evolutionary history of populations

Introduction

7



• Genetic Drift
• Mutation
• Migration (gene flow)
• Selection

How do the evolutionary forces act on within and between-population genetic 
variation?

Evolutionary forces

8



Population divergence model

The total additive genetic variance of the 
meta-population can be partitioned into 
within (𝜎!"# ) and between-population (𝜎!$# ) 
additive genetic variance.
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Wright (1951) fixation index 𝐹!"

Q1 the probability of identity in state of a random 
pair of alleles sampled within a subpopulation

Q2 the probability of identity in state of a random 
pair of alleles sampled between subpopulations

𝐹!" can be estimated from marker data:

Weir and Cockerham (1984) è estimator of 
𝐹!" in an anova framework 
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Wright (1951) fixation index 𝐹!"
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𝐹"# = 0 𝐹"# = 1



• Genetic Drift
• Mutation
• Migration (gene flow)
• Selection

Evolutionary forces
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Assume a discrete and panmictic population of effective population size 𝑁𝑒 diploid individuals. 

Random sampling of 2𝑁𝑒 gametes to generate the next generation à Random change of allele 
frequencies

One biallelic locus with alleles A and B, p the allele frequency of allele A at generation t:

• 𝔼 𝑝#$%& = p but Var 𝑝#$%& = ' &('
)*+

• 𝑃 𝑓𝑖𝑥𝑎𝑡𝑖𝑜𝑛 = 𝑝
• 𝑃 𝑙𝑜𝑠𝑠 = 1 − 𝑝
• 𝔼(𝑡𝑖𝑚𝑒 𝑡𝑜 𝑓𝑖𝑥𝑎𝑡𝑖𝑜𝑛) ≈ 4𝑁e generations

Genetic Drift



𝑁∗

𝑁&𝑁&
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t

Genetic drift reduce heterozygosity over time:

𝐻$ = 𝐻,(1 −
1
2𝑁𝑒

)$

Recall that 𝜎#(,)) = 2𝑝 1 − 𝑝 𝛽) = 𝐻,𝛽), therefore: 

𝜎#/($)) = 𝜎#(,)) (1 − &
)*+

)$= 𝜎# ,
) (1 − 𝐹!") ≈ 𝜎#(,)) 𝑒

!"
#$%

𝜎#0($)) =
1
𝑁1,

+ 2𝑓$ 𝜎# ,
)

With 𝑁1, the number of founders per line, t the number of generations since 

divergence and 𝑓$ = 1 − 1 − &
)*%

$
= 𝐹!". 𝜎#(,)) is the additive genetic 

variance in the base population at time t=0 (time of population split).

𝜎! '
#

Genetic Drift



Genetic drift

Genetic drift only

𝑁& = 5000 diploids
𝜎!(')# = 2.5



• Genetic Drift è removes within-population additive genetic variance over time 
and increase the between-population additive genetic variance

• Mutation
• Migration (gene flow)
• Selection

Evolutionary forces
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and increase the between-population additive genetic variance

• Mutation
• Migration (gene flow)
• Selection

Evolutionary forces
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Mutations to the rescue of genetic variation

• Mutations introduce new genetic variation 
in the populations

• The mutational variance 𝜎2) = 2𝑁+𝐿𝜇𝜎3) is 
the amount of additive genetic variance 
introduced by new mutations at every 
generation

• 4&#

4%#
is called the mutational heritability

- Estimates range from 0.01 to 1e-4 

From Lynch and Walsh (1998)

per base mutation rate
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𝐹!"(5) =
𝜃6($) − 𝜃0($)
1 − 𝜃0($)

𝜃6($) ≈
1

1 + 4𝑁𝑒𝜇 + 𝜃6 , −
1

1 + 4𝑁𝑒𝜇 1 − 2𝜇 −
1
2𝑁𝑒

$

𝜃6(,) is the IBD value before split: &
&%7*∗8

with 𝑁∗ the effective population 
size of the ancestral population and 𝑁𝑒 the effective population size of 
each derived population. 

𝜃0($)≈𝜃6(,)(1 − 𝜇))$

𝑁∗

𝑁&𝑁&
t

𝜎! '
#

Mutations to the rescue of genetic variation
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𝜎!$(*)
# = 2𝑁𝑒𝜎+# + 𝜎! '

# − 2𝑁𝑒𝜎+# ×𝑒
,*
#-&

= 𝜎! '
# ×𝑒

!"
#$% + 2𝑁𝑒𝜎+# (1- 𝑒

!"
#$%) 

mutation-drift equilibrium (when 4𝑁𝑒𝜇 ≪ 1) à 𝜎!$(*)
# = 2𝑁𝑒𝜎+#

𝜎!"(*)# = 2𝑡𝜎+# + 2 𝜎! '
# − 2𝑁𝑒𝜎+# ×(1 − 𝑒

,*
#-&)

𝜎!"# ≈ 2𝑡𝜎+# for very large t

If the ancestral population is in mutation-drift equilibrium, then 𝜎!(')# = 2𝑁∗𝜎+#

when 4𝑁∗𝜇 ≪ 1.

𝑁∗

𝑁&𝑁&
t

𝜎! '
#

Mutations to the rescue of genetic variation



Mutations to the rescue of genetic variation
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𝑁& = 5000 diploids
𝜇 = 10,.
𝜎!(')# = 2.5
𝜎+# = 1𝑒 − 4

Genetic drift only
Genetic drift + mutation



• Genetic Drift è removes within-population additive genetic variance over time 
and increase the between-population additive genetic variance

• Mutation è decreases the effect of drift from the base population variation 
and increase the between-population additive genetic variance 

• Migration (gene flow)
• Selection

Evolutionary forces
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Gene flow

Gene flow homogenize the allele frequencies within populations

Cockerham and Weir (1987)

𝐹/0 =
1#,1&
2,1&

mutation-drift-migration equilibrium è 𝐹/0 ≈
2

234-&(53+
'(

'(!)
)

𝜌 = 1 − 𝜇 #

𝛾 = 1 −
1
2𝑁

𝑎 = 1 −𝑚 # +
𝑚#

𝑛6 − 1
𝑏 = 2,7

8(,2
𝑎 − 𝑏 = 𝑑 = 1 −𝑚𝛼 #

𝛼 =
𝑛6

𝑛6 − 1

Migration rate between demes

Number of deme

𝑁∗

𝑁&𝑁&
t

𝜎! '
#

m



Gene flow
From Lande (1972), we have the following effects of gene flow on the within 
and between-population additive genetic variance:

∆𝜎#/) ≈ 𝑚 𝜎#0) − &
)*+

𝜎#/) + 𝜎2)

∆𝜎#0) ≈ −
2𝑚𝑛;
𝑛; − 1

𝜎#0) +
1
𝑁𝑒

𝜎#/)

At mutation-drift-migration equilibrium:

𝜎!$# = 2𝑛6𝑁e𝜎+# è 𝑛6 times the expected within-population additive genetic 
variance in a single panmictic population with genetic drift and mutation

𝜎!"# = 8(,2
+

𝜎+#

𝑁∗

𝑁&𝑁&
t

𝜎! '
#

m



Gene flow
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𝑁& = 5000 diploids
𝜇 = 10,.
𝜎!(')# = 2.5
𝜎+# = 1𝑒 − 4
𝑚 = 5𝑒 − 5

Genetic drift only
Genetic drift + mutation
Genetic drift + mutation + migration



• Genetic Drift è removes within-population additive genetic variance over time 
and increase the between-population additive genetic variance

• Mutation è decreases the effect of drift from the base population variation 
and increase the between-population genetic variance

• Migration (gene flow) è homogenize the within and decrease between-
population additive genetic variance

• Selection

Evolutionary forces
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𝑄BC vs 𝐹BC (estimated from putatively neutral markers) comparisons

𝑄!" =
#!"
#

#!"
# $%#!$

# (Spitze, 1993), the trait-based analog of FST
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𝑄BC vs 𝐹BC (estimated from putatively neutral markers) comparisons

𝑄!" =
#!"
#

#!"
# $%#!$

# (Spitze, 1993), the trait-based analog of FST.
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• Genetic Drift è removes within-population additive genetic variance over time 
and increase the between-population additive genetic variance

• Mutation è decreases the effect of drift from the base population variation 
and increase the between-population additive genetic variance

• Migration (gene flow) è homogenize the within and decrease between-
population additive genetic variance

• Selection

Evolutionary forces
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Selection

https://www.apsnet.org/

𝜎GH = 𝜎IH + 𝑑

Genic variance covariance between allelic
effects at different loci

Directional and stabilizing selection: 𝑑 < 0

Walsh and Lynch (2018)

Bulmer (1971)



Selection

32De C. Lara et al. (2022) Leinonen et al. (2013)



Directional selection:
Decrease the within-population additive genetic variance and increase the 
between-population additive genetic variance 
è QST > FST

Stabilizing selection:
Decrease the within and between-population additive genetic variance
è QST < FST

Selection



• Genetic Drift è removes within-population additive genetic variance over time 
and increase the between-population additive genetic variance

• Mutation è decreases the effect of drift from the base population variation 
and increase the between-population genetic variance

• Migration (gene flow)è homogenize the within and decrease between-
population additive genetic variance

• Selection è removes within-population additive genetic variation and can 
increase or decrease the between-population additive genetic variance

Conclusion
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In humans:
• Empirical data are consistent with causal variants being largely shared across populations

è Small mutational heritability ?
è Pervasive stabilizing selection ?

Questions?
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