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Population Genetics:

• “The Science of Population Genetics deals with Mendel’s laws and other
Genetic principles as they apply to entire populations of organisms”

Hartl & Clark

• “Population Genetics also includes the study of various forces that result in
evolutionary changes in species through time.“

• Link between Phenotype and Genotype through 

– Genetic Drift

– Mutation

– Natural Selection

– Gene Flow

• Pleonastic as γένος in Greek means kind; line of descent; origin, creation
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Gene Mapping

• Literally: 

– “The process of determining the relative positions of 
genes on a chromosome (or another piece of DNA) 
and the distances between the genes in linkage units 
or in physical units.”

• Gene is actually 

– “a unit of heredity that is transferred from a parent to 
offspring and is held to determine some 
characteristic of the offspring.”

• So, by extension

– Finding a genetic location associated with a specific 
phenotype

• And even

– Identifying variants and their physical location, 
associated with a disease
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Mutation

• The human genome is made of 3 billion base pairs present in each cell 

• There are about 50 trillion cells in an adult.

 150 sextillion (1021) base pairs in an adult

• Mutations are changes in the DNA sequence of a cell's genome.

– Caused by “external” events: 
• radiation, viruses, transposons and mutagenic chemicals,

– Errors occurring during meiosis or DNA replication

• These mutations may have an effect or not overall at the genomic level

– Less than 1.5% of the Human Genome is used to code proteins

Ý A large part of the genome has no known use

• In Genetics, only changes happening during meiosis will get a chance to be transmitted 

to the offspring

• There are large consistent variant types: Duplications, Deletions, Inversions

ï 3 main categories of small variants used as genetic markers: SNP, InDel, STR (MS)
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Marker types:

• SNP:
– Single Nucleotide Polymorphism: a one base variation in the DNA sequence

ACGTGCAATGATGT

ACGTGCTATGATGT

– High density: found about once in every 1000 bases

– Usually 1 unique mutation event occurs and is transmitted with a corresponding Minor Allelic Freq. (MAF)

– Can result in a single amino acid change : missense / non-synonymous mutation:
• The 17th nucleotide of the gene for the beta chain of hemoglobin found on C11

GAG -> Glutamic acid -> OK

GTG -> Valine -> Sickle-cell disease

• Neutral / quiet mutation: 

– The new amino acid has very similar chemical properties-> the protein may still function normally

• Microsatellite:
– Short Tandem Repeats, usual length of 2 bases

TATATATATATATATA

TATATATATA

TATATATATATATATATATATA

– Potentially high mutation rate

– Tens of thousands are available across the genome

• InDel:

– Short stretch Insertion/Deletion in the DNA sequence

ACGTGCAATGATGT

ACGTGCATGATGT

– Event occurs only once

– Most of the time non-functional, but a 3bp drop in CFTR provokes Cystic fibrosis
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Mutation Fixation

• To be of interest in our study mutations needs to be transmitted through generations

– Advantageous mutation:
• Can provide a selective advantage by mean of fitness to its environment

• So it will take over in a fixed size population

– Deleterious mutation
• Will speed the extinction of the mutation

– Neutral mutation 
• Has a probability inverse to the size population to avoid extinction, unless it couples with a 

advantageous mutation (biologically or physically)

– The mutation was beneficial at some point, but a change of environment can turn 
it into a risk susceptibility:

• Diabetes appears linked to the ability to store fat which was an advantage when food 
was scarce, but is a problem in food-rich societies

– The mutation is beneficial in some context, but increases risk for another 
disease:

• Sickle cell anemia protects against Malaria
– Higher frequency in region at-risk for Malaria

– But exists in all ethnicities
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Genetic Drift

• Genetic diversity is dynamic 

– Fixation of alleles to reach Hardy-Weinberg equilibrium…

– Until another event occurs to perturb this equilibrium

• Isolation will prevent recovery from loss of alleles

• Isolation can lead to change of allele frequency in population

• Inversely in a closed population a variant might be over-represented 

compared to other populations

• Such effect are very visible in isolated population such as islands, or valleys:

– Carnitine Transporter Deficiency (CTD) in the Faroes Islands

– Hardy-Weinberg Equilibrium

– Population bottleneck

– Founder effect
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Hardy-Weinberg Equilibrium

• Homozygotes and heterozygotes genotype counts should follow a specific 
distribution:

– genotypes as a function of the frequency of the alleles of the markers:
• Frequency(A)=p

• Frequency(B)=q

• For a SNP, carrying B corresponds to not carrying A

Ý p=1-q

– Test by c2 (1 df) or Fisher Exact test on the cases and the controls separately
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AA AB BB

Observed nAA/(nAA+nAB+nAB) nAB /(nAA+nAB+nAB) nBB /(nAA+nAB+nAB)

Expected p2 2.p.q q2

p = 1 - q p2 2.p.(1-p) (1-p)2

• With a  sufficient large, randomly mating population the allele frequencies 

will tend to remain constant from one generation to the other

• UNLESS the equilibrium is perturbed by e.g. migration, mutation or selection



Population Bottleneck

• Population is suddenly reduced by some random external event

– The selection of surviving alleles is random, non-genetic

– Reduces the diversity of the genetic pool

– Even if not wiped out some alleles may become under threat as a result
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Founder effect

• A subgroup from original population is created

• The subgroups is not representative of the original population

• So if isolated, the 2 groups can diverge 

– Source of potential speciation
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• Afrikaner population has an unusually 

high frequency of the Huntington Disease 

gene mutation,. 

The Dutch settlements in South Africa 

1652-1795 and 1802-1806. 



Genetic Variation

• Maintenance of the Genetic Variation:

• Classical hypothesis:

– Mutation are rare and essentially harmful. In time, they are falling 
against negative selection

• Balance hypothesis:

– Genetic variation is abundant and diversity is maintained through 
positive selection

• Neutral theory:

– Most of the variants have little or no significant effect on the 
organism’s fitness.
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Natural Selection

• Charles Darwin’s 200th anniversary

• Might help clear the misinterpretation of his theory from the Origin of Species:

“Survival of the strongest”

• There are 2 parts to its theory:

– Selection of the fittest:
• To its environment

• Can be exogenous

– Sexual selection
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Fitness

• Variation in traits

– Some brown beetle get green.

• Differential reproduction.

– Since the environment can't support unlimited population growth, 

not all individuals get to reproduce to their full potential. In this 

example, green beetles tend to get eaten by birds and survive to 

reproduce less often than brown beetles do.

• Heredity.

– The surviving brown beetles have brown baby beetles because 

this trait has a genetic basis.

• End result:

– The more advantageous trait, brown coloration, which allows the 

beetle to have more offspring, becomes more common in the 

population. If this process continues, eventually, all individuals in 

the population will be brown.

If you have variation, differential reproduction, and heredity, you will have 

evolution by natural selection as an outcome

5/25/10 SMGC, Doha 14Jean-Baptiste Cazier http://evolution.berkeley.edu



Sexual selection

• Selection can happen not due to the environment in general,

• But specifically to give an advantage in the transmission of the 

genes

“As a propagandist the cock behaves as though he knew that it was 
advantageous to impress the males as the females of his species, and 
a sprightly bearing with fine feathers and triumphant song are quite as 

well adapted for war-propaganda as for courtship.”

R.A. Fisher, 1930
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Gene Flow

• Gene flow correspond to the physical migration of external individuals 

carrying specific alleles into a new group

• This can create or enrich the genetic diversity of the visited population
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Neanderthal Gene Flow

Possible scenarios of genetic mixture involving Neandertals. 

1. Gene flow into Neandertal from other archaic hominins, 

here collectively referred to as Homo erectus. This would 

manifest itself as segments of the Neandertal genome with 

unexpectedly high divergence from present-day humans. 

2. Gene flow between late Neandertals and early modern 

humans in Europe and/or western Asia. We see no 

evidence of this because Neandertals are equally distantly 

related to all non-Africans. However, such gene flow may 

have taken place without leaving traces in the present-day 

gene pool.

3. Gene flow between Neandertals and the ancestors of all 

non-Africans. This is the most parsimonious explanation of 

our observation. Although we detect gene flow only from 

Neandertals into modern humans, gene flow in the reverse 

direction may also have occurred. 

4. Old substructure in Africa that persisted from the origin of 

Neandertals until the ancestors of non-Africans left Africa. 

This scenario is also compatible with the current data.
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So ?

• Population genetics leaves us with a very diverse human population,

– Genetically, 

– Epigenetically

• The diversity helps fitting optimally with the environment

• But just partially.

• So we have to be aware of this diversity when studying the genetic impact 

– Variants may not have the same frequencies

– Variants may not have the same effect:
• Gene x Environment interaction

• Gene x Gene interaction

• We can make use of this diversity to perform gene mapping

– Enrichment of gene pool

– Admixture

– …
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Lactase persistence

a) distribution of lactase persistence

b) 13910*T distribution 

c) lactase persistence frequency predicted from -13910*T distribution,
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Gene-culture coevolution between cattle milk 

protein genes and human lactase genes

C. Ingram et al, 2008 Human Genetics

A Beka Pereira et al, 2003 Nature



Genotype and Phenotype

• Linkage

– Markers provide a coarse coverage of the genome to identify regions linked to 

specific phenotype

– Localize a disease variant by linkage to a locus using pedigree information 

comparing the recombination fractions

• Association

– Have a very precise coverage to localize more accurately functional mutations

– The patients are unrelated, i.e. related only by the single mutation many 

generations back
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Linkage Disequilibrium (LD)

• 2 separate single point mutations should not be correlated:

– They occur independently of each others,

– At each meiotic event, the chromosomes are shuffled by recombination

• However, there is a link between some markers due to the lineage 

and the closeness of the mutation events
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Linkage Disequilibrium (LD)

• 2 separate single point mutations should not be correlated:

– They occur independently of each others,

– At each meiotic event, the chromosomes are shuffled by recombination

• However, there is a link between some markers due to the lineage 

and the closeness of the mutation events
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Pair-wise measures of LD

• There are different ways to measure LD:
– Lewontin’s |D’|

• Reflects how many recombination events have occurred between 2 
bi-allelic markers

– Statistical association R2, square of the correlation coefficient

• Value between 0 (not correlated) and 1 (equivalent)

• Designed for bi-allelic markers, SNPs or InDels, but is 
easily extended to MicroSatellites

• However neither measure is fully informative by itself
ÝOften both measures are used simultaneously
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Lewontinôs |Dô|

• Reflects how many recombination events have occurred between 2 SNPs

• Value between 0 (independent) and 1 (no recombination) 

• Independent of frequencies of the 2 markers

• Limitations:

– Only values of 0 and 1 can easily be interpreted

– Does not reflect the differences in frequency between the SNPs
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δ = pABpab - pAbpaB

δmax = min[p.bpA.- p.Bpa.]   if δ>0
= min[pA.p.B- pa.p.b]   if δ<0

A a Total

B pAB paB p.B= pAB + paB

b pAb pab p.b= pAb + pab

Total pA.= pAB + pAb pa.= paB + pab

|D'| = |δ| / δmax



Statistical Association: R2

• R2, square of the correlation coefficient

– Value between 0 (not correlated) and 1 (equivalent)

– Reflects directly how much one marker covers the other

• Perfect for association studies and proxy definition

– Limitations:

• Does not discriminate between recombination and drift
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R2= (pABpab - pAbpaB)2/(pA.pa.p.Bp.b)

A a

B pAB paB p.B= pAB + paB

b pAb pab p.b= pAb + pab

pA.= pAB + pAb pa.= paB + pab



LD and distance

Å LD between markers is driven by 
recombination and drift 

Ý LD is stronger with nearby markers
Smith, A.V, et al (2005) Genome Research,.

• But, nearby markers can be in region of 
high recombination or highly mutated

• Comparing markers must be done both 
in term of physical distance and LD
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Pairwise disequilibrium coefficients (r2) for one window in the

genome. Tan circles denote the observed values. Green line

denotes the average of observed values. Red line denotes the

curve resulting from the fitted model, which models the decay of

linkage disequilibrium as a function of the per base-pair population

recombination rate, 4N{rho}, and the distance between markers dij

(see Methods). The example refers to marker pairs in the window

from 2–3 Mb on chromosome 3.



LD blocks

• LD block is a  “buzzword”

• Its definition varies with usage and person

• Across the genome one can observe LD blocks of 
various size and “intensity”

• Markers in LD seem attached to each other for 
some underlying reason:

– Genes involved in DNA and RNA 
metabolism, response to DNA damage and 
the cell cycle are preferentially located in 
regions of strong LD

• Does high LD reflects that the region is highly 
protected for very important genes ? 

– Genes involved in immune responses and 
neurophysiological processes are more often 
located in regions of low LD
Å Does low LD implies the region is unstable for very 

adaptive genes ? 
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Other measures of LD

• The LD is not the same across the 
genome:

– There are hotspots of recombination
• Kong A et al (2002) A high-resolution recombination 

map of the human genome Nat Genet. ;31(3):225-6. 

• Myers S et al (2005) A fine-scale map of 
recombination rates and hotspots across the 

human genome. Science.310(5746):247-8.

– The hotspots are not random:
• PRDM9 links to a 12-bp motif to have a local 

effect on recombination hotspot
Myers et al, (2010) Science

• Average values across windows

– The HapMap consortium (2005) Nature

• Can be different across populations
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plotting the fitted r2 value for SNPs separated by 30 kb.



The HapMap Project

• The International HapMap Project is a multi-country effort to identify and catalog genetic similarities and 
differences in human beings. Using the information in the HapMap, researchers will be able to find genes that 
affect health, disease, and individual responses to medications and environmental factors. 

• All the data generated and analysis are available on line: http://www.hapmap.org

• The goal of the HapMap is to compare the genetic sequences of different individuals to identify chromosomal 
regions where genetic variants are shared. 

– CEU: 30 triads of Caucasian Europeans from Utah

– YRI: 30 triads of Yoruban from Ibadan (Nigeria)

– JPT: 45 independent Japanese from Tokyo

– CHB: 45 independent Chinese from Beijing

• Hapmap I generated 1,890,000,000 genotypes across the genome for these 270 samples
– Excellent source of information to study the human diversity

– It has given a complete new approach to association studies
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Populations CEU CHB+JPT YRI

Total Non-Redundant 3,904,218 3,936,482 3,846,092

Total QC+ SNPs 4,871,127 4,881,441 4,774,448

Total Genotyped SNPs 6,838,923 6,799,238 6,798,546



Tagging SNPs

• Because of LD, long haplotypes can be 
captured by a subset of markers

• Some markers are not in LD with any 
other markers and cannot be covered

• The HapMap project provided a 
baseline for the selection of optimal 
tagging SNPs for common variants

• Tagging varies across populations
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The number of proxies per SNP in the ENCODE data as a function of the threshold for correlation (R2).



Imputing Accuracy

One of the Three One, Two, or All Three
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Genotype-imputation accuracy across worldwide human populations.

Huang L et al (2009) Am J Hum Genet. 

The markers and haplotypes identified in the Hapmap project can be 

used as a reference to infer the probable genotypes at a given place 

knowing its nearby neighbors 

• Requires high enough density scaffolding to built on


