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High-throughput genotyping 
becomes available & affordable

2



Sequence-based technologies



Diversity at Multiple Scales
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Variety is the spice of life

• We are all different! Our uniqueness comes from genes inherited 
from parents, and environment (diet, education, social/family 
experiences).
• Mutations are spontaneous changes in DNA.
• Mutations are the source of genetic variation across individuals.
• Without mutations there would be no variation, no evolution.
• Different types of mutations: a substitution of one letter for another; 

deletion/insertion/duplication of a single letter or block of letters.



Review of Molecular Genetics

• The human genome refers to all of the basic 
biological material that is transmitted from 
parents to offspring
• There are 23 pairs of chromosomes: 22 are 

autosomal, and the 23rd pair contains the sex 
chromosomes (X and Y)
• In each pair, one copy is inherited from the 

mother and one from the father. Females: 2 X, 
males: X and Y



DNA

• Each chromosome is composed of long 
strands of DNA.
• A DNA molecule is two very long (3 billion) 

sequences of complementary letters.
• There are four DNA bases: thymine (T), 

adenine (A), guanine (G) and cytosine (C) 
DNA is double stranded: A-T, C-G



Genetic Marker

https://www.genome.gov/

SNP
allele
genotype
allele frequency



Types of Genetic Variants

• Single nucleotide polymorphism (SNP): occur commonly throughout the 
genome, and are cost effective to genotype in large numbers (millions) in 
GWAS ~0.751 SNPs per kb.

• Indels: extra base pairs (between 1 and 1000) can be inserted/deleted in 
between two specific base pairs.

• Variable number of tandem repeats (VNTR): specific DNA sequences that 
are repeated immediately adjacent to each other a variable number of 
times. Microsatellites consist of small sequences (1-6) which are repeated.

• The number of repeats can vary widely from one person to the next, 
therefore they are used often in forensic DNA and paternity testing; also in 
linkage mapping.

• Structural variants: duplications, deletions, inversions, translocations

• CNV (copy number variants): large insertions/ deletions
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Human Genome Project & HapMap Project 



The HapMap is valuable by reducing the number of SNPs required to examine 
the entire genome for association with a phenotype from the 10 million SNPs 
that exist to roughly 500,000 tag SNPs.



Genetic Models

• A genetic model describes the relationship (usually probabilistic) 
between an individual’s genotype and their phenotype or trait.
• Trait Y: affection status – affected (Y=1) and unaffected (Y=0)
• Quantitative phenotypes: BMI, height, cholesterol
• An individual’s genotype: the combinations of two alleles (`mother’ 

and `father’ copies)
• For a bi-allelic locus: two possible alleles/forms A/a
• Three possible genotypes AA (homozygous), Aa (heterozygous), aa 

(homozygous)



Penetrance 

• The genetic model can be deterministic (i.e. the genotype determines 
the phenotype exactly – in Mendelian diseases).
• Most often, it is probabilistic, the genotype influences the probability 

of disease: P(Y|G)=penetrance function



Simple disease models – Binary traits

• Y binary trait.
• D, d are the two alleles at a disease locus; D is the risk allele.
• If the genetic locus has no effect on disease then
• P(Y=1|dd)=P(Y=1|Dd)=P(Y=1|DD)
• Dominant: P(Y=1|DD)=P(Y=1|Dd)=1, P(Y=1|dd)=0
• Recessive: P(Y=1|DD)=1, P(Y=1|Dd)=P(Y=1|dd)=0
• These deterministic models only hold rarely for simple Mendelian 

diseases. More realistic are stochastic models with reduced 
penetrance and phenocopies.



Binary traits (continued)

• Reduced penetrance: probability is less than 1 above.
• Phenocopy means probability P(Y=1|dd)>0 (disease can be caused by 

a different genetic locus than the one under consideration)
• Additive if the penetrance of the heterozygous genotype is midway 

between the two homozygous genotypes.
• The codominant model is the most general, and makes no 

assumption on the three penetrance.



Quantitative traits

• For quantitative traits: a natural choice for the penetrance function is 
a normal density with a mean depending on the genotype.
• A more general way to relate the phenotype to the genotype is by 

using a generalized linear model (GLM)
• !(# $ % = '( + '*%
• For binary traits g is logistic function
• For quantitative trait g is identity function
• X (the coded genotype) reflects the mode of inheritance
• Test for genetic effect +(: '* = 0 ('*=effect size).





Genotype Coding X



Linkage and association
• The range of detection of genetic effects is determined by 

recombination events.
• DSL and marker locus



Linkage analysis

• Disease-mapping 
approaches that use the 
joint transmission of 
affection status and 
alleles at the marker 
locus to localize disease 
genes
• !: recombination 

fraction
• Null hypothesis: ! = 1/2

(no linkage)





Genetic markers and marker maps
• Cross over P0= P(zero cross-overs)
• Recombination !=P(recombination occurs between two loci)

• Mather’s law ! = #$%&
'

• Haldane: transform ! into a distance measure











Direct counting



Association Test

• Codominant, recessive, and dominant models



Codominant test

• Standard two DF Pearson chi-square test of independence for a 2 by 3 
table.
• The term codominant implies that all three genotypes can have 

different associated phenotypic risks.



Test for recessive and dominant MOI



Additive genetic model

• Pcases: A allele frequency in cases
• Pctrls: A allele frequency in controls

• Test Statistic: 

• The tests differ in how the variance of the estimated allele 
frequencies is calculated; the alleles test requires that HWE holds 
under H0, but the trend test does not.



Allele test



Trend test





Which mode of inheritance should we 
assume for testing?
• We can estimate power for any test under any assumed model. Since the true 

model is generally not known, a natural question to ask is: Which test is best 
under a wide range of possible models?
• Of course the power of a test will always be best if we choose the test for the 

true model, but some general principles do apply. 
• First, the dominant test and trend test are highly correlated, and give similar 

results in most cases, regardless of underlying model, especially when the minor 
allele frequency is low. 
• Second, the recessive test has low power unless the true model is recessive. 

Third, the codominant test performs almost as well as the test which uses the 
true model for analysis, and is only slightly out-performed by the MAX test. 
• In practice, the tests of choice are generally the codominant or the trend test. 



Genome Wide Association Studies
• A genome-wide association study is an approach that involves rapidly scanning markers across the complete 

sets of DNA, or genomes, of many people to find genetic variations associated with a particular disease. 



Manhattan Plot
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Overview



Kruglyak, 2008, Nature Reviews Genetics, 9:314-318 



Genome-wide Association Studies

•Genome-wide association studies are systematic, well-powered surveys to 
explore the relationships between sites of common genome sequence variation 
and disease predisposition on a genome-wide scale.
•The implementation of such studies requires meticulous attention to all stages of 
the experimental process, from the ascertainment of the samples through to 
analysis and interpretation of the findings. There is considerable potential for a 
wide variety of errors and biases to result in spurious associations if precautions 
are not taken.
•Extensive replication of positive findings remains the best guarantee against 
erroneous claims of association. The demand for large-scale replication is leading 
to extensive international collaborations between groups.



Kruglyak, 2008, Nature Reviews Genetics, 9:314-318 



Statistical challenges

• Genotype calling
• Quality Control
• Genotype imputation
• Association Analysis
• Post-GWAS analysis



Genotyping Arrays



Genotyping

• The arrays contain probe sets to interrogate the two alleles for all the 
SNPs. The alleles are conventionally referred to as allele A and allele B.
• The technology involves synthesizing 25mer oligonucleotide probes 

corresponding to a perfect match for the allele A sequence (PMA) and to 
a perfect match for the allele B sequence (PMB).
• In addition, a mismatch probe is synthesized for each allele (MMA and 

MMB) to detect non-specific binding.



Classification 

• Unsupervised learning
• Supervised learning



Genotype Imputation



Visualization of GWAS data



Genetics of Complex Diseases

• Complex diseases occur as a result of many genomic variants, paired with environmental influences (such a 
diet, sleep, stress and smoking). 

https://www.genome.gov/



Personal Genomics

Cheek-swab kit
23ANDME

Ø Breakthrough of the Year 2007

Ø Pandora’s box

Visscher P., et al., The American Journal of Human Genetics , 2017



Statistical Challenges in Genetic Studies

• Association test
• Population stratification
• Risk prediction

• ANOVA
• Causal inference
• Categorical data analysis
• Survival analysis
• Network analysis
• High dimensional data analysis
• Clustering analysis
• …
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