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Forces responsible for genetic change
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Mutations

Mutation rate in humans and flies

~70 per nt changes genome

2.5x10-8 (Nachman & Crowell) 1.8x10-8 (Kondrashov)

Other events: indels (10-9)

repeat extensions/contractions (10-5)

NGS estimates ~1.2X10-8 per nt changes genome



Number of de novo mutations per 

individual

Jonsson et al., Nature 2017

Mutation rate is variable along the genome

Regional variation of mutation rate

Context dependence of mutation rate

Replication fidelity DNA damage DNA repair CpG deamination

Genetic drift

Drift is a random change of allele 

frequencies



Drift depends on population size

Demographic history

Tennessen et al. Science 2012 

Selection
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NeutralDeleterious Advantageous

New 
mutation

Functional

Nonfunctional

Selection indicates functional mutations, whether or 

not the tested trait is under selection

Selective effect of mutation

Most functional mutations are deleterious

Methods of mathematical 

population genetics

Dynamic of allelic substitution

time

0

1

Mathematically, allele frequency change in a population 

follows a one-dimensional random walk

Diffusion approximation

Random walk that does not jump long distances can be 

approximated by a diffusion process

∂φ x, p,t( )
∂t

= −
∂Mφ x, p,t( )

∂x
+
1

2

∂2Vφ x, p,t( )
∂x 2



Coalescent theory

Instead of modeling a population, we can model our sample

Time goes backwards !

t

Natural selection in protein 

coding regions

Signatures of purifying selection

Reduced variation

Excess of rare alleles

Diversity and allele frequency
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Maruyama effect (1974): at any frequency advantageous , 

or deleterious alleles are younger than neutral alleles

Frequency x

Frequency 0%

Time

At a given frequency deleterious and 

advantageous alleles are younger than 

neutral

Longer trajectory: 6 jumps

Shorter trajectory: 4 jumps

Frequency 0%

Frequency x

Time

Intuition: shorter trajectories require 

fewer lucky jumps
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0 (neutral)

−2 (weakly deleterious)

−10 (deleterious)

3
%

Kiezun et al. PLOS Genetics 2013 



Neighborhood clock 

(fuzzy clock)

25

Variant''
Closest'rarer'

linked'variant'

Closest'variant'beyond''

recombina4on'event'

Selection inference using frequencies of 
individual SNPs

Change in allele 

frequency
=

Mutation Selection Drift= ++

Of the order 

of 10-8

Demographic 

history

Population 

structure

Focusing on rare deleterious PTVs

PTV – protein truncating variant 

(a.k.a. nonsense)

Combine all PTVs per gene – we assume that 

they have identical effects

Consider each gene as a bi-allelic locus –

PTV / no PTV

Selection inference using combined 
frequency of PTVs

Change in allele 

frequency
=

Mutation Selection Drift= ++

Assuming string selection and a very large population, 

combined frequency of rare deleterious PTVs is expected to be 

Poisson distributed with l=U/hs



Simulations

Drift becomes 

non-negligible

Large 𝑠"#$ Small 𝑠"#$
U = 2×10-6

𝑋'()*+

Var[X]
div. NFE

The model

PTV counts in each gene are Poisson distributed but we lack

sufficient data to estimate selection coefficients 

We can treat selection coefficients as random variables 

with a distribution to be estimated 

Distribution of selection coefficients
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Cassa, Weghorn, Balick, Jordan et al. Nature Genetics 2017 

Estimates for each gene

!het

V !"#$,6|N6; W6 =
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The estimated distribution over selection coefficients can be now 

used as a prior, and per gene estimates from posteriors 



What happens if we incorporate drift?

0.001 0.010 0.100 1

0.001

0.010

0.100

1

shet (deterministic)

s
h
e
t
(w
it
h
g
e
n
e
ti
c
d
ri
ft
)

100 1

What happens if we incorporate drift?

1) The approach fails if selection is weak

2) The approach fails if mutational target is small

3) These considerations are important for regional 
constraint scores 

4) Overall, the approach is non-informative in case of 

recessivity

AD and AR Mendelian genes
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Concordance with mouse knockout data
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pLI

Lek et al. Nature 2016 
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De novo mutations in ASD

Kosmicki et al. Nature Genetics 2017 



Heritability enrichment
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Gazal et al. Nature Genetics 2018 

Stabilizing selection is the most common 

type of selection on a quantitative trait

Stabilizing 

selection

Selection may be related or unrelated to the trait

Forces to maintain variation:

Selection

Mutation

Technically, non-neutral genetic variation 

should not exist!
Why does a common genetic disease exist?

From evolutionary perspective common genetic disease should not exist: 

natural selection should remove disease-causing alleles from the population

• Disease late onset (after the reproductive age)

• Changed environment and lifestyle (Selection direction reversal)

• Compensatory positive effect

Balancing selection

Frequency dependent selection

Antagonistic pleiotropy (Trade Off)

Theory 1: MEDICALLY detrimental polymorphisms are 
not EVOLUTIONARY deleterious

Examples: APOE (Alzheimer’s disease), AGT (Hypertension), CYP3A 

(Hypertension)



• Weak selection

• High mutation rate

Mutation/selection balance

CURRENT ESTIMATE:

~70 new mutations per genome

~1 new coding mutation per genome

Theory 2: Common diseases are due to multiple deleterious 
alleles in mutation-selection balance

Rare coding alleles have larger effect sizes

Effective 
population 

size:
N=10,000

Heritability by allele frequency

0.01          Minor allele frequency            0.5

Evidence in favor of the highly polygenic model

ng	the	following	mixture	distribution	as	prior	for	each	SNP	effect		

!" 	~	% 0, 2)"(1 − )")
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e	 allelic	 substitution	 effect	 of	 a	 SNP	 ,	)" 	is	 the	MAF	of	 the	 SNP,	/



Evidence in favor of the highly polygenic model
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Evidence in favor of the highly polygenic model

		

		

Evidence in favor of the highly polygenic model

6

	798	

	799	


