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(Recent) history of genetics
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Science 291, 1304-1351 (2001) 

Sequencing of the Human Genome
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• ~3.3 billion bases (A, C, G, T)
• ~20,000 protein-coding genes, many non-coding RNAs (~2% of 

the genome)
• Annotation ongoing – the initial sequencing in 2001 is still being 

refined, assembled and annotated, even now – hg38
• Variation (polymorphism) present within humans

– Population-specific
– Cosmopolitan

The Human Genome – 2019 
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ATGGAACGA(G/C)AGGATA(T/A)TACGCACTATGAAG(C/A)CGGTGAGAGG

 Single nucleotide polymorphisms (SNPs)
 Common SNPs are defined as > 5% in at least one population
 Abundant in genome (~50 million and counting)

 Repeats of DNA (long, short, complex, simple), insertions/deletions
 A small fraction of SNPs and other types of variation are very or 

slightly deleterious and may contribute by themselves or with 
other genetic or environmental factors to a phenotype or disease

Types of polymorphisms
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Different mutation rates at the nucleotide level

 Size of haploid genome : 3.3X109 nucleotides

 80 new mutations per haploid genome per generation.  

 Assume 2% of genome under natural selection

 About 1.6 new deleterious mutations in each gamete

 Most of these deleterious mutations are recessive

Mutation type Mutation rate
(per generation)

Transition on a CpG 1.6X10-7

Transversion on a CpG 4.4X10-8

Transition out of CpG 1.2X10-8

Transversion out of CpG 5.5X10-9

Substitution  (average) 2.3X10-8

Insertion/deletion (average) 2.3X10-9

Mutation rate (average) 2.4X10-8

Nachman & Crowell, Genetics 156:297-304 (2000)

Transition: purine to purine
Transversion: purine to pyrimidine

A and G are purines
C and T are pyrimidines
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Confusing terminology, SNPs versus mutations

 Germline versus somatic
 Inherited versus acquired

 Common versus rare germline
 Common variants are generally called ‘polymorphisms’

 However, all polymorphisms started as germline mutations (de novo
mutations)

 Singletons or exceedingly rare SNPs??
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Most SNPs are rare

(n = 67,135,025 SNPs from 1000 Genomes)
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Adapted from Reich et al. Nat Genet (2003)

Estimated number of common SNPs in the 
human genome as a function of their minor allele frequency

106

2X106

3X106

4X106

5X106

6X106

7X106

0

Minor Allele Frequency (MAF)

Estimated 
number
of SNPs

>5% >10% >15% >20% >25% >30% >35% >40% >45%
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 Vast majority are “silent”
 No known functional change

 Alter function of gene product
 Change sequence of protein

 Alter gene expression/regulation
 Promoter/enhancer
 mRNA stability
 Small RNA binding sites
 Disrupt CpG site

SNPs & function
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 Loss of function – premature stops, frame-shifts
 Splice variants
 Amino acid changes
 SNPs in regulatory regions
 Structural variants
 ??
 There are tools that help predict which variants might be important

Which variants contribute to disease?
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Mapping Genetic Susceptibility
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Very few candidate genes panned out
• Underpowered studies?
• Bad guesses?

Candidate Pathway
Biological Plausibility

Candidate Genes
Biological Plausibility
Genetic Markers

Candidate SNP
Functional Data

Pre 2001    ~2004

Trajectory of the Genetics of Cancer Susceptibility
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Technological advances + community efforts 
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Genome Wide 
Association  
Studies (GWAS)

Candidate Pathway
Biological Plausibility

Candidate Genes
Biological Plausibility
Genetic Markers

Candidate SNP
Functional Data

Trajectory of the Genetics of Cancer Susceptibility (2)

Pre 2001    ~2004               2006
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 Somewhat randomly-distributed SNPs are genotyped as “markers” 
 Capitalize on phenomenon known as linkage disequilibrium (non-

random association of alleles at different loci)
 “Agnostic”

GWAS
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Basic principle of genetic association studies in 
unrelated individuals
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Regional Sequencing
GWAS & Linkage

Exome
Sequencing

Whole Genome
Sequencing

Genome Wide 
Association  
Studies (GWAS)

Candidate Pathway
Biological Plausibility

Candidate Genes
Biological Plausibility
Genetic Markers

Candidate SNP
Functional Data

Pre 2001    ~2004               2006 2010

Trajectory of the Genetics of Cancer Susceptibility (3)
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125,748 exomes 15,708 whole genomes

https://gnomad.broadinstitute.org/

https://gnomad.broadinstitute.org/
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 Genome-wide association studies – use LD to find SNPs associated 
with a trait or disease. 
 Most GWAS “hits” intergenic

 Most associations relatively weak (OR ~ 1.2) with common SNPs

 Culprit probably a variant in a regulatory region?
 Exome sequencing studies – sequence the protein-coding regions of 

the genome
 Rare variant of strong effect

Examples: Genetic studies
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 Target-gene(s) sequencing to study only a particular gene or set of 
genes
 Example: BRCA1/BRCA2

 Regional sequencing of a contiguous part of a chromosome
 Example: GWAS follow-up

 Whole genome sequencing
 Look everywhere in the genome; structural variation detection

Examples: Genetic studies, continued



29

Golden Helix: A Hitchhiker's Guide to Next Generation Sequencing
http://gettinggeneticsdone.blogspot.com/2011/05/golden-helix-hitchhikers-guide-to-next.html

Generate high-quality raw 
sequences

Reassemble reads to so 
they represent underlying 
biology more closely

Enable hypothesis 
generation and testing 
tailored to specific scientific 
questions

DATA

INFORMATION

KNOWLEDGE & 
UNDERSTANDING

(HOPEFULLY)

NGS Data Analysis: Like panning for gold



30Data management and quality assurance along the WHOLE process is the key to success!

The Hidden 
Truth

Our Discovery

Have we got the TRUE 
variants?

Have we got ALL the right 
variants?

Variant 
Validation

Functional 
Studies

Larger-population 
Follow up

Are we really discarding only dirt and not gold?

Sequencing

Mapping

Variant Calling

Filtering

Association

“Data Cleaning”: A Process of Information Losing
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 Computational requirements
 Sequence data storage (many terabytes of data)

 Raw trace base calling and genomic mapping

 Variant detection and annotation

 In silico functional prediction

 Libraries of in-house and public variation – when to use and how?

Other Challenges
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 Study design – laboratory point of view is also important
 Case / control
 Distribute cases and controls evenly on each plate

 Perform same assay on cases and controls

 Genetic ancestry is important

More things to consider
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Population Structure (Admixture)
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Many SNPs have different allele frequencies in different 
populations
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https://www.npr.org/sections/health-shots/2019/09/06/755402750/how-should-scientists-access-to-health-databanks-be-managed

“The philosophy is 
straightforward: The more easily 
smart people can see the data, 
the more likely they are to make 
discoveries that can benefit us 
all.”

https://www.npr.org/sections/health-shots/2019/09/06/755402750/how-should-scientists-access-to-health-databanks-be-managed
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 Technological advances and community efforts have allowed for many 
ways to affordably approach our questions of disease 

 Multiple technologies and assays are available in order to best explore 
biological questions

 There are ever-growing issues in analyzing and storing large datasets
 Study design from a laboratory point-of-view is (and always will be) 

important
 Data sharing is important for the advancement of science

Conclusions
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