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What is genomics? 
• A genome is the complete set 

of DNA in an individual 

•  The field of genomics seeks to: 
•  Sequence genomes  

•  Different species 
•  Different individuals within a species 

•  Understand what genomes do 
•  Understand how genomes evolve 
•  Link changes in the genome to 

diseases and other traits 



DNA – a quick primer 
• DNA consists of long chains of 

“nucleotides” 
•  Adenine (A) 
•  Guanine (G) 
•  Cytosine (C) 
•  Thymine (T) 

•  Information is contained in the 
order of nucleotides 



Genes and genomes 
• Genes are contiguous stretches of DNA that encode 

proteins 
• Proteins carry out many key processes 

•  E.g., enzymes responsible for digestion; insulin; neurotransmitters 
• So, when we want to understand genome function, we are 

often interested in genes 
 
 



DNA – a quick primer 
• DNA consists of long chains of 

“nucleotides” 
•  Adenine (A) 
•  Guanine (G) 
•  Cytosine (C) 
•  Thymine (T) 

•  Information is contained in the 
order of nucleotides 
•  Triplets of nucleotides encode 

amino acids 
•  Proteins are sequences of amino 

acids 



The DNA code 



Gene content 
•  In E. coli (a bacterium), ~95% of the genome consists of 

genes 
•  Genome is ~4 million nucleotides (nt) long; contains ~4000 genes 

•  In humans, only ~1% of the genome consists of genes 
•  Genome is 3 billion nt; contains ~25 000 genes 
•  Remainder of the genome consists of regulatory sequences, “junk” 

DNA 
•  Ongoing debate about how much is junk 



What is genomics? 
• A genome is the complete set 

of DNA in an individual 

•  The field of genomics seeks to: 
•  Sequence genomes  

•  Different species 
•  Different individuals within a species 

•  Understand what genomes do 
•  Understand how genomes evolve 
•  Link changes in the genome to 

diseases and other traits 



What is genomics? 
•  In practice, genomicists: 

•  Sequence genomes 
•  Try to predict genome function 
•  Experimentally measure genome 

function (e.g., gene expression) 
•  Association genome variation with 

observable variation in traits 

…all of which are data-intensive 
tasks 
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DNA as the vehicle of 
inheritance 
•  1944 – Identification of DNA as the vehicle of inheritance 

• Since 1928, it had been known that the presence of dead, 
virulent Streptococcus pneumoniae could confer virulence 
to avirulent strains 

• Avery, MacLeod and McCarty (1944) showed that highly 
purified DNA was sufficient for this transformation 



The Avery-MacLeod-McCarty experiment 



A brief history of DNA 

•  1944 – Identification of DNA as the vehicle of 
inheritance 

Avery          MacLeod       McCarty 
 
Images: Wikipedia 



A brief history of dna 

•  1953 – Structure of DNA 
• Double helix 
• Crick, Watson, Wilkins, Franklin 



A brief history of DNA 

•  Monument to Wilkins in 
Pongaroa, New Zealand 

DNA sculpture at Clare 
College, donated by Watson 
(charlesjencks.com) 



A brief history of DNA 

•  1958 – Crick (and others) postulate the existence of a 
triplet code in DNA 

• Coined the term “Central Dogma” for the flow of 
information from DNA -> RNA -> Protein 



A brief history of DNA 

• DNA sequencing not developed until the mid- to 
late-1970’s! 

• Maxam and Gilbert: Sequencing via chemical 
degradation of DNA 

• Sanger sequencing: Published in 1977 – sequencing 
by synthesis 



Frederick sanger 

• Nobel prize in 1980 for 
sequencing (with Gilbert and 
Berg) 

• …this was his second Nobel 
prize (the first was in 1958 for 
work on protein structure, 
particularly insulin) 
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Limitations of Sanger sequencing 
•  The only game in town until the mid-2000s 

• A single “read” gives up to 800 nt of sequence 
• A single instrument generates 48 reads at a time 
• Not bad, but not “big” data 

 



The Human Genome Project 
•  The first human genome 

was sequenced by Sanger 
sequencing 

•  Took 10 years 
•  $3 billion budget 



Next-generation sequencing 

•  “Next-generation” sequencing refers to a 
variety of methods for generating large 
amounts of sequence data quickly 

-  Highly parallel: Thousands to billions of 
sequences collected simultaneously 

-  First product to market: 454 
-  Current market leader: Illumina 
-  Ion Torrent/Life Technologies making in-

roads 



Sequencing: Better than Moore’s 
law 



Illumina sequencing: instruments 

MiSeq      HiSeq      HiSeq X ($1000  
            human genome!)   



From short reads to genomes 
• NGS platforms generate millions of short (25 – 400 nt) 

reads 
•  HiSeq X: up to 6 billion reads of 150 nt each 

• Reads are unordered – we don’t know a priori how they fit 
together 

• Genome assembly is a major computational task 

• Reference-based assembly: Align reads to a high-quality 
genome from another individual, using sequence similarity 

•  de novo assebly: Use similarities between reads to build a 
genome, without a reference 



Reference-based assembly 

Reference genome 

Pool of unordered reads 



Reference-based assembly 

Reference genome 

Assembly: Map reads to the reference genome 



de novo genome assembly 

29 



What can we learn from genome 
sequences? 
• Often interested in genetic differences between 

individuals = mutations 
 
• Mutations can cause disease 
 
• Mutations can be responsible for adaptive traits, such as 

antibiotic resistance in bacteria 



Some data 



Some data 



Some data 
Reference  
Sequence 
 
Reads 

. or , : match 
to reference 
 
a/t/c/g: 
mismatch 
 
 
Blue: low qual 
 
 



What kinds of mutations can we detect? 

• Point mutations 
• Small insertion/deletions (indels) 

ATG CAC CTC GAG ACC CCC GAT TAG!
ATG CAC --- GAG ACC CCC GAT TAG!

 
 



Example – short indel 



What can we learn from genomic data – 
and how? 
• A number of idiosyncratic features – discrete nature; 

genealogy 
• Discrete 4-state data: A, G, C, T 
• And, in fact, typically a single datum is an alignment of a 

single genomic position between many individuals 
 
1 ! !A T T C G A G C A!
2 ! !A A T C G A G C A!
3 ! !A T T C C A G C A!
4 ! !A T T C G A G C A!

 



• A number of idiosyncratic features – discrete nature; 
genealogy 

• Discrete 4-state data: A, G, C, T 
• And, in fact, typically a single datum is an alignment of a 

single genomic position between many individuals 
 
1 ! !A T T C G A G C A!
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What can we learn from genomic data – 
and how? 



•  In a maximum-likelihood framework, we might ask: 
What parameters maximize the joint likelihood of the 
alignment? 
Parameters include: Mutation, base frequencies, 
genealogy (relatedness) 

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

 

What can we learn from genomic data – 
and how? 



Why does genealogy matter? 
• Genealogy introduces correlations into the data 
• Closely related individuals more likely to share a character 

state than distant relatives 



Why does genealogy matter? 
• Genealogy introduces correlations into the data 
• Closely related individuals more likely to share a character 

state than distant relatives 
A 

A             A              A    T     T 

A -> T 



Why does genealogy matter? 
• Genealogy introduces correlations into the data 
• Closely related individuals more likely to share a character 

state than distant relatives 
G 

C             C             G   G    G 

G -> C 



Statistical models for genomic data 
• Analysis of within-species variation makes use of the 

coalescent model 
•  Originally formulated in the early 1980s by Kingman 

• Analysis of between-species variation uses a variety of 
phylogenetic models 

•  In either case, parameter inference is computationally 
intensive (rich parameter space) 



Next-generation sequencing 

•  “Next-generation” sequencing refers to a 
variety of methods for generating large 
amounts of sequence data quickly 

• Genome assembly from NGS data is a 
computationally intensive task 

• Statistical inference from genomic data 
sets is also demanding and tricky 
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Rate of genome sequencing 
•  Tremendous increase in the number of genomes available 

in public databases 
• Efforts underway to sequence 100,000 prokaryotic 

genomes 

"Number of prokaryotic genomes and sequencing costs" by 
Estevezj - Own work. Licensed under CC BY-SA 3.0 via 
Wikimedia 



Not just bacteria… 
• Mammalian genomes are ≥2 billion nt in length 
• NCBI lists 160 mammalian genomes sequenced or in 

progress 

•  The Genome 10k project: Aims to sequence 10 000 
animal species – a “genomic zoo” 



Human variation 
•  The 1000 genomes project originally set out to fully 

sequence 1000 human genomes 
• Now at 2662 individuals from 26 worldwide populations 

 



Human variation 
•  The 1000 genomes project originally set out to fully 

sequence 1000 human genomes 
• Now at 2662 individuals from 26 worldwide populations 

• Sequences of first 1700 individuals have been made 
available through Amazon Web Services 
http://aws.amazon.com/1000genomes/ 

•  200Tb  
• Analysis tools available through EC2 



Population genomic projects  

• Other population genomic projects underway 

• Personal Genome Project (PGP): 
•  Goal is to sequence and make public the genomes of 100 000 

volunteers, along with medical records and other phenotypic data 
•  http://www.personalgenomes.ca 



Population genomic projects  

•  Faroe Islands: Aim to sequence entire population of 50 
000 

•  - In part to help diagnose genetic diseases 



Applications 
(1)  Evolution of infectious disease 

(2)  Variation in human mutation rates 



Applications 
(1)  Evolution of infectious disease 

• Pseudomonas aeruginosa 
-  Widespread bacterium 
-  Opportunistic pathogen 
-  ~80% of Canadian adults with cystic fibrosis (CF) 

carry long-term P. aeruginosa infections 
-  Over the course of chronic infection – 20+ years – 

pathogen population evolves 



P. aeruginosa in the CF lung 

Worlitzsch et al. 2002 JCI 



In vitro evolution of P. aeruginosa 
in a CF-like environment 
-  Palmer et al. (2007, J. Bacteriology) developed a 

synthetic medium that mimics the nutritional content of 
CF sputum (SCFM) 

-  Selection experiment in SCFM from a common ancestor 

Day 0:  
Isogenic culture 

1 ug/ml  
cipro 
 
No cipro 

Day 1 Days 2-8 

Assay fitness; identify 
resistance mutations 

12 x 

12 x 

Wong, Rodrigue and Kassen 2012, PLoS Genetics 



Rapid evolution of antibiotic 
resistance 



Identification of evolved mutations 

!  Illumina sequencing of all evolved lines 

!  Paired-end, 75-bp reads 

 



Identification of evolved mutations 
!  104 total mutations, 81 unique positions 

!  43 genes; 5 intergenic 

 



How prevalent is parallel evolution? 

Most genes are mutated in only one isolate 



Most genes are mutated in only one isolate 

A few genes hit often 

How prevalent is parallel evolution? 



How prevalent is parallel evolution? 

Many of the genes showing parallel 
evolution are known resistance genes 
-  gyrA and gyrB (encode target of 

ciprofloxacin) 
-  nfxB (encodes an efflux regulator) 



Genetic basis of phenotypic variation 
      WT            morA      morA 

      wspF               Pa14_56280                 nfxB 



Applications 
(1)  Evolution of infectious disease 

(2)  Variation in human mutation rates 



Applications: variation in human 
mutation rates 
• Kong et al. 2012 Nature 

-  To what extent do mutation rates vary between 
individuals? 

-  What determines this variation? 



Inference of mutation rates by 
sequencing of families 

Mutations present in 
offspring, but not 
parents, must be de 
novo mutations 



Inference of mutation rates by 
sequencing of families 
-  Sequenced 78 trios, 219 individuals in total 

-  Part of a large-scale population genomic effort in Iceland 
-  Whole-genome sequencing of at least 400 individuals 
-  SNP typing in ~40 000 



Inference of mutation rates by 
sequencing of families 
-  Average mutation rate of 1.2 x 10-8 / nucleotide / 

generation 



Inference of mutation rates by 
sequencing of families 
-  Paternal mutation rate correlates strongly with age 



What’s next? 
• More data! 

•  “Third-generation” sequencing platforms: Longer reads (up to 20 
000 nt) 

•  More individuals 
•  More complicated analyses 

•  E.g., as sample size increases, assumption of the Kingman coalescent 
break down 

• Ethical and social considerations 



Population and personalized 
genomics: Ethics and social concerns 
-  Privacy – who can/should know about an individual’s 

genetic risks 
-  Personal doctor? 
-  Insurance companies? 
-  Government? 
-  Employer? 

 



Population and personalized 
genomics: ethics and social concerns 
-  At an individual level, what are the consequences of 

knowing that you carry a risk allele for 
-  Diabetes 
-  Cancer 
-  Alzheimer’s 

-  In some cases, there are clear medical and behavioural 
interventions that can be made 

-  But not in others – e.g., Alzheimer’s 

 



Thank you! 


