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Goals

• Learn about the population genetics view of the 
life cycle

• A few Pop Gen summary statistics

• Revisit Hardy-Weinberg Equilibrium - Assumptions 
& violations
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“Promoter” 

Basic Biology of Human Genome
Functional non-coding mutations

gene

5’ 3’

Un-Translated Regions (UTRs)
cis-regulatory region  
     (promoters: transcription factor binding sites)

trans-regulatory region  
     (enhancers)

micro-RNA

noncoding RNA:
snoRNAs, siRNAs, 
piRNAs,  
long ncRNAs

genome

• Overall, ~2% of the human 
genome is protein coding

• ~5% of genome is “obviously” 
functional

• ~80% of genome has “functional 
activity”
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Life Cycle
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Parents

Gametes
(sperm & eggs)

Zygotes

Adults

Gametic
selection

Compatibility
selection

Viability 
selection

Sexual 
selection



Modern Human Genomics: 
A case for rare variants?

1.1×10-8  × 6×109 = 66 [muts / person]

   66  [muts/p] 

× 130M [p/y] 

÷   3B [bp] 

2.86 muts/bp/yr
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Mutation Rate Evolution in Primates

Chintalapati & Moorjani (Curr Op G&D, 2020)



Chromosome SNP 1 SNP 2 SNP 3 SNP 4 SNP 5 SNP 6

1 A C A G C C
2 A T G A C T
3 G T G A T T
4 A C G A C T

Sequencing Data

π = average pairwise diversity

# Pairwise 
differences 3 4 3 3 3 3

7



Chromosome SNP 1 SNP 2 SNP 3 SNP 4 SNP 5 SNP 6

1 A C A G C C
2 A T G A C T
3 G T G A T T
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Sequencing Data

π = average pairwise diversity
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Number of variants:  6 SNPs

Diversity (π):  3.1667/L

Chromosome SNP 1 SNP 2 SNP 3 SNP 4 SNP 5 SNP 6

1 A C A G C C
2 A T G A C T
3 G T G A T T
4 A C G A C T

Sequencing Data

# Pairwise 
differences 3 4 3 3 3 3
# Compared 6 6 6 6 6 6

Avg. 
Pairwise Diff 0.5 0.67 0.5 0.5 0.5 0.5
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from the phase 3 TGP data set, consisting of 5 populations each from 4 continental groups:
Africa (AFR), Europe (EUR), South Asia (SASN), and East Asia (EASN; population labels and
groupings reported in Table L in S1 Text). A set of stringent filters, including the masking of
sites inferred to be under selective sweeps, were first applied to all 20 populations to identify a
high-quality set of putatively neutral sites in the genome (see Materials and Methods). Sites
were then divided into quantile bins based on estimates of B [6]. For our initial set of analyses,
we focused on the bins corresponding to the 1% of sites inferred to be under the strongest
amount of BGS (i.e., sites having the lowest inferred B values) and the 1% of sites inferred to be
under the weakest amount BGS (i.e., sites having the highest inferred B values). Mean diversity
was normalized by divergence from rhesus macaque within these bins for each population and
is shown in Fig 1A and 1B. As expected, normalized diversity was highest in African popula-
tions and lowest in East Asian populations across both 1% B quantile bins.

To estimate the effect that selection at linked sites has had on neutral diversity, we calcu-
lated a statistic called “relative diversity” for each population. We define relative diversity as
the ratio of normalized diversity in the lowest 1% B bin to normalized diversity in the highest
1% B bin, which should capture the relative consequences of selection at linked sites within the
genome. While this statistic is analogous to “π/π0” in the BGS literature [26,60], we caution
that this interpretation is not completely accurate in the context of observed data since even
regions estimated to have the highest B values in the human genome may still experience a
minimal effect of selection at linked sites. We will use “π/πmin” in the context of observed rela-
tive diversity to make clear that we are attempting to minimize selection at linked sites. Fig 1C
shows that observed relative diversity was lower in non-African populations (0.348–0.365 for
non-Africans, 0.396–0.408 for Africans), demonstrating that these populations have experi-
enced a greater reduction in diversity in regions with strong selection at linked sites and also
suggesting that demography may have contributed to these patterns.

To characterize these effects across a broader distribution of sites experiencing selection at
linked sites, we grouped populations together according to their continental group (i.e., Afri-
can, European, South Asian, and East Asian, see Table L in S1 Text for a detailed description)
and estimated relative diversity at neutral sites for each of the continental groups in bins

Fig 1. Normalized diversity and relative diversity for non-admixed populations of the Thousand Genomes Project (TGP). (A) Normalized diversity (π/
divergence) measured across the lowest 1% B quantile bin (strong BGS). (B) Normalized diversity measured across the highest 1% B quantile bin (weak BGS). (C)
Relative diversity: the ratio of normalized diversity in the lowest 1% B bin to normalized diversity in the highest 1% B bin (π/πmin). TGP population labels are
indicated below each bar (see Table L in S1 Text for population label descriptions), with African populations colored by gold shades, European populations colored by
blue shades, South Asian populations colored by violet shades, and East Asian populations colored by green shades. Error bars represent ±1 SEM calculated from
1,000 bootstrapped datasets. See S1 Table for underlying data.

https://doi.org/10.1371/journal.pgen.1007387.g001
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Diversity Across Populations

P < 2 × 10−44). Diversity differences in teosinte are even more
pronounced (0.0088 versus 0.0115, P≈ 0). Differences were also
apparent in the site frequency spectrum, with the mean Tajima’s
D positive in genic regions in both maize (0.4) and teosinte
(0.013) but negative outside genes (−0.087 in maize and −0.25 in

teosinte, P≈ 0 for both comparisons). These observations suggest
that diversity in genes is not evolving neutrally, but instead is
reduced by the impacts of selection on linked sites.

Demography of maize domestication. We next estimated a
demographic model of maize domestication (Fig. 2). To minimize
the impact of selection on our estimates25, we only included sites
>5 kb from genes. The most likely model estimates an ancestral
population mutation rate of θ = 0.0147 per base pair (bp), which
translates to an ancestral effective population size of Na≈ 123,000
teosinte individuals. We estimate that maize split from teosinte
≈15,000 generations in the past, with an initial size of only ≈5%
of the ancestral Na. After its split from teosinte, our model posits
exponential population growth in maize, estimating a final
modern effective population size of Nm≈ 370,000. Although our
model provides only a rough approximation of migration rates, we
included migration parameters during demographic inference
because omitting these could bias our population size estimates.
We observe that maize and teosinte have continued to exchange
migrants after the population split, with gene flow from teosinte
to maize estimated to be Mtm = 1.1 × 10−5 ×Na migrants per
generation, and from maize to teosinte Mmt = 1.4 × 10−5 ×Na
migrants per generation.

Because our modest sample size of fully sequenced individuals
has limited power to infer recent population expansion, we inves-
tigated two alternative approaches for demographic inference. First,
we utilized genotyping data from more than 4,000 maize
landraces26 to estimate the modern maize effective population
size. Because rare variants provide the best information about
recent effective population sizes27, we estimate Ne using a
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Figure 1 | Genetic diversity in maize and teosinte. a,b, Mean pairwise diversity π ± 1 s.d. in maize (a) and teosinte (b). c,d, Tajima’s D in 1 kb windows from
genic and non-genic regions of maize (c) and teosinte (d).
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Figure 2 | Estimated demographic history of maize and teosinte.
Parameter estimates for a basic bottleneck model of maize domestication.
See Methods for details.
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Sequencing Data

Chimp A C A G C T

Chromosome SNP 1 SNP 2 SNP 3 SNP 4 SNP 5 SNP 6
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4 A C G A C T
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Chromosome SNP 1 SNP 2 SNP 3 SNP 4 SNP 5 SNP 6
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1 C A T T C G A A G C G A T C A G G C T A T A

2 C A T T T G A G A C G A T C A G G C T A T A

3 C G T T T G A G A C G A T T A G G C C A T A

4 C A T T C G A G A C G A T C A G G C T A T A

outgroup T A C C C A G G A G A T A C G C A T T T A T

= non-coding
= synonymous
= nonsynonymous

Site-Frequency Spectrum

* * * * * * * * * * * * * * **

* - Substitution between 
species



Site-Frequency Spectrum
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Excess of rare 
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The Effect of Negative Selection

Chromosomes in 
a population



The Effect of Negative Selection

Deleterious 
mutations will 
arise in the next 
generation

Chromosomes in 
a population with 
standing variation

Negative selection: 
the action of 
natural selection 
purging deleterious 
mutations.
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Site-Frequency Spectrum

Excess of rare 
mutations
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The Effect of Population Growth
Chromosomes in 
a population with 
standing variation

Population Growth: 
introduction of new 
(rare) variants.
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Majority of human genetic 
variation is rare

Class Fraction of variants < 1%
Missense 92.6%

Synonymous 88.5%
Non-coding 82.3%

Variants with frequency <1%
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Observed Effect of Selection
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Site-Frequency Spectrum
The proportion of SNPs at each frequency in 
a sample of chromosomes.
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Site-Frequency Spectrum
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Population Genetics

• Imagine a population of diploid individuals

P Q R
• Principles of random mating:

• Any two individuals are equally likely to mate and 
reproduce to populate the next generation.

• Either chromosome is equally likely to be passed on.
35



Hardy-Weinberg 
Principle

Godfrey H. Hardy:
1877-1947

Wilhelm Weinberg:
1862-1937
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Hardy-Weinberg 
Principle

Godfrey H. Hardy:
1877-1947

Wilhelm Weinberg:
1862-1937• Assumptions:

• Diploid organism

• Sexual reproduction

• Non-overlapping generations

• Only two alleles

• Random mating

• Identical frequencies in 
males/females

• Infinite population size

• No migration

• No mutation

• No natural selection

• Conclusion 1:
Both allele AND genotype frequencies will 
remain constant at HWE generation after 
generation...  forever!

P=p2 

Q=2p(1-p) 
R=(1-p)238



Hardy-Weinberg Principle

• Imagine a population of diploid individuals

P = 0.81

Q = 0.18

R = 0.01
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Hardy-Weinberg Principle

• Imagine a population of diploid individuals

P = 0.5

R = 0.4

Q = 0.1
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• Conclusion 2: A single round of random mating will return the 
population to HWE frequencies!

p = P +Q/2 = 0.55

2p(1� p) = 0.495
p2 = 0.3025

(1� p)2 = 0.2025

A A A a a a
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Hardy-Weinberg 
Principle

Godfrey H. Hardy:
1877-1947

Wilhelm Weinberg:
1862-1937• Assumptions:

• Diploid organism

• Sexual reproduction

• Non-overlapping generations

• Only two alleles

• Random mating

• Identical frequencies in 
males/females

• Infinite population size

• No migration

• No mutation

• No natural selection
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Hardy-Weinberg Equilibrium
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Hardy-Weinberg Equilibrium

43 Graham Coop



• Hardy-Weinberg Equilibrium requires many 
assumptions, all of which are routinely violated in 
natural populations.

• Nevertheless, the vast majority of variants are in HWE.

• Deviations almost always due to technical artifacts!

• Natural selection changes the expected allele frequency 
in the next generation.

• But drift still acts in finite populations!

Summary
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