
Population genomics20-02-2009 António Rodrigues; Bruno Santos / 59

Population Genomics

1

António Rodrigues (PDBC 2008) 
Bruno Santos  (PDBC 2008) 



Population genomics20-02-2009 António Rodrigues; Bruno Santos / 59

Contents

2

2 1000 genome project

1 Motivation and Introduction

New generation sequencing methods3

4 Assembly: Overview and Example

5 Applications: 
Sequencing of single individuals
Population Genomics and Geography



Population genomics20-02-2009 António Rodrigues; Bruno Santos / 59

Motivation and Introduction

• The sequencing of the reference human genome was the 
capstone for many years;

• Understanding genetic diversity may reveal new insights 
into disease and drug response;

• Genomic size should be positive correlated to the 
complexity of the organism;

• The Human Genome contains about 6gigabases;
• Human genome is 200 times larger than yeast but 200 

times smaller than Amoeba dubia;
• This C-Paradox is now solved;
• Only less than 5% of human genome is coding sequence, 

repeats constitute more than 50% of the genome;
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1000 Genomes Project

• International research consortium will sequence the 
genomes of at least 1000 people from around the world;

• Create the most detailed and medically useful pictures of 
human genome variation;

• Any two humans are more than 99% equal at genetic level;
• Variation may explain indivual differences in susceptibility to 

diseases, responses to drugs or reaction to enviromental 
factors;

• The HapMap project and related has already discovery 
more than 100 regions of the genome containing genetic 
variations associated with common human diseases. 
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Scientific goals

• Produce a catalog of variants present at 1% or greater 
frequency in the human population;

• Down to 0.5 percent or lower within genes;
• Increase sensitivity of disease discovery by 5 fold across 

the genome and 10 fold within gene regions;
• Provide better understanding of very rare genetic 

diseases (<1 in 1.000 people);
• Understand contribution of common variants  to most 

common diseases like diabetes and heart diseases;
• Identify SNP but also large differences like rearragements, 

deletions or duplications
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Project Set-up

• First Phase (3Pilot studies expected to take 2 years):
– Sequencing the genomes of two nuclear families (both 

parents and adult child) at average deep coverage of 20;
– Sequencing of 180 people at low coverage that averages 2 

passes of each genome;
– Sequecing exons of about 1.000 genes in 1.000 people;
– Deliver 8.2 billion bases per day, more than 2 human per 

24h;
• At full speed this project will generate more sequences in two 

days than at was added to public databases for all the past 
year;

• In total will generate 6 trillion DNA bases, 60 fold more 
sequence data than has ever been deposited in public 
databases;
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• The first thousand samples will come from those used for 
the HapMap and will needed to be extended;

• No medical or personal information will be collected;
• Only the population from the sample came from is known;
• Among the populations are:

– Yoruba in Ibadan, Nigeria
– Japonese in Tokyo;
– Chinese in Beijing;
– Utah residents with ancestry

from northen and western Europe;
– Luhya in Webuye, Kenya;
– Maasai in Kinyawa, kenya;
– Toscany, Italia;

The sample

• Guajari Indians in 
Houston;

• Chinese in metropolitan 
Denver

• People of Mexican 
ancestry in Los Angels;

• People of African ancestry 
in the southwestern United 
States;
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Technology

• Sequencing of the reference
human genome took many
years and was done using
BAC clones;

• Produced a single contiguous
stretch of high quality
sequence (<1error per 40.000
bases) 

• Since then sequencing have
moved to WGS;

• The primary data production
has relied in the same type of
capillary sequencing
instruments as for HGP;
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New players in the market

• Invention and commercial introduction of several 
revolutionary approaches to genome sequencing;

• 100-next generation sequencing-related manuscripts have 
appear;

• Improved genome sequencing timing and costs;
• Three platforms for massively parallel DNA sequencing 

read production are in reasonable widespread:
– Roche 454/FLX sequencer;
– Illumina/Solexa Genome Analyzer;
– Applied Biosystems SOLiD;

• Two new are announced:
– Helicos Heliscope;
– Pacific Biosciences SMRT.
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Roche/454 FLX Pyrosequencer
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Roche/454 FLX Pyrosequencer
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Roche/454 FLX Pyrosequencer

• Cannot properly interpret long stretches (>6) of 
the same nucleotide;

• Prone to base insertion and deletion during base 
calling;

• Substitution errors are rarely encountered;

• 400-600 million high-quality, filter-passed bases 
per run;

• Average length of reads = 400 bases;

• 1 million high-quality reads per run;
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Illumina Genome Analyzer
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Illumina Genome Analyzer

• Sequencing by 
synthesis solves 
problem with 
homopolymers;

• Permits discrete read 
lengths of 25-35bp;

• 1~3 Gb of data per 
run;

• 2.5 Gb of high quality 
data;
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Applied Biosystems SOLiD 3 Sequencer
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Applied Biosystems SOLiD 3 Sequencer

• Greater than 99,94% 
accuracy due to the 2 base 
encoding;

• Over 20 gigabases per 
run;

• Can sequence an human 
genome for $10,000;

• Read length can now go to 
50 bp or 2x50bp.

<
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Assembly: Overview
Repeats |

Richness of repeats in Eukaryotes poses great challenges 
for fragment assembly

These repeats can cause misassembles specially when 
using whole genome shotgun (WGS) methods

Repeats can:
-Be missed and left as gaps
-May be collapsed
-Cause misjoin of nonadjacent fragments 
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Assembly: Overview
Assembly process |

To sequence long DNA molecules a shot gun strategy is 
adopted

This involves breaking the target DNA sequence in 
overlapping fragments, we obtain short pieces of DNA 
called reads

Based on the overlap regions the reads must be put 
together in order to reconstruct the original genome, 
this is done by an automated computer program called 
assembler
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Assembly: Overview
Assembler |

‘Overlap-layout consensus’ paradigm

Two steps: overlap step & layout step, it might also 
involve a scaffolding step

Contigs: overlapping reads
Read coverage :(ratio between the length of the reads 
and the length of the genome)
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Assembly: Overview
Assembly problems |

Different copies of repeats are very similar this can 
originate pseudo-overlaps

Pseudo-overlaps may cause:
- base-calling errors: 
Repeats are mistakenly placed

- false rearrangements
Large-scale rearrangements of DNA segments
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Assembly: Overview
Assembly problems |

Repeats in 
the genomes 
poses 
problems for 
the assembly 
of fragments

Two repeat 
copies can 
be collapsed
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Assembly: Overview
Assembly problems |

Three repeats can cause a misassembling of the 
inner segments
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Assembly: Overview
Assembly problems |

Two inverted repeat copies can cause a misassembled 
sequence
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Assembly: Overview
Repeat masking |

Repeat masking: detect and not to assemble repeats

Remaining reads from unique regions are assemble 
into contigs (unitigs)

Repeats databases can be used to detect and mask 
known repeats, otherwise statistical methods can be 
used

These contigs are grouped into scaffolds with order 
and orientation (some assemblers contain this 
scaffolding step). 
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Assembly: Overview
Scaffolding step |

This process involves a scaffolding step
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Assembly: Overview
Repeat graph |

Not all repeats can be detected and masked

Different approaches are needed: Eulerian path 
approach

Eulerian path approach: represent repeats using a 
repeat graph

Eulerian path approach: a path that visits each edge 
in the graph once and only once
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Assembly: Overview
Repeat graph |

Repeat graph example
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Assembly
Repeat resolution with Doubled-Barreled Data |

The repeat graph can be highly complex

The shotgun strategy can be improved using double-
barreled sequencing

double-barreled sequencing: it is done by obtaining 
pairs of reads (mate-pairs) separated by a medium-
insert clone
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Assembly
Overlap-consensus layout |

Masked read can fill the gaps of the scaffold. This is done 
using the mate pairs
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Assembly: Overview
Repeat graph |

Within the repeat graph framework, double-barred data 
can be used to eliminate some repeat edges
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Assembly: Algorithm
Velvet |

Velvet: algorithms for de novo short read assembly using 
de Bruijn graphs
Each read is represented as a node and each overlap 
between appropriate nodes

Euler assembler adopts a different approach and uses 
Bruijn graph. 

Bruijn graph: elements are organized around k-mers, 
words of k nucleotides. Reads are mapped as paths 
through the graph. 

These algorithms manipulates Bruijn graphs to 
both eliminate errors and resolve repeats
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Assembly: Algorithm
Bruijn graph |

Each node N represents a series of overlapping k-mers

Adjacent k-mers overlap by k-1 nucleotides

Marginal information of a k-mer is its last nucleotide

The final nucleotides are the sequence of the node s(N)

Each node N has an attached twin node Ñ which has 
reverse complement k-mers to handle opposite strands

Nodes are connected by a directed ‘arc’
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Assembly: Algorithm
Velvet |

The last k-mer of an 
acrs’s origin node 
overlaps with the 
first of its 
destination node

The block are 
symmetric therefore 
an arc from A to B 
implies a symmetric 
arc from ~B to Ã
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Assembly: Algorithm
Construction |

Hash table that associates k-mers with read

This representation is called ‘roadmap’

Erroneous data create three type of structures:

Tips

Bubbles

Erroneous connections
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Assembly: Algorithm
Error removal – Tour Bus error correction |

‘Bubbles’ can be solved 
using an algorithm called 
‘Tour bus’

It uses a Dijkstra-like 
breadth-first search

Sequences are extracted 
from the paths and are 
aligned. If they are similar 
they are merged
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Assembly: Algorithm
Repeats short read pairs  – Breadcrumb algorithm |

Long contigs are joined by several paired reads

Nodes that are paired both to A or B are marked
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The future was yesterday

• Levy, S. et al. The Diploid Genome Sequence of an 
individual Human. PloS Biology (2007)

• Wheeler, D. A. et al. The complete genome of an 
individual by massively parallel DNA sequencing.
Nature (2008)

• Wang, J. et al. The diploid genome sequence of an 
Asian individual. Nature (2008)
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Craig Venter Genome

• Produced from ~32 million random DNA fragments;

• Sequenced by Sanger technology;

• Assembled into 4,528 scaffolds, comprising 2,810 bases 
of contiguous sequences;

• Approximately 7,5-fold coverage;

• Projected developed over a 10-year period.
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Craig Venter Genome

• The two current versions of human genome are a 
composited derived from haploids of numerous donors;

• Both versions almost exclusively report DNA variation in 
the form of SNP;

• Smaller-scale (<100 bp) insertion/deletion sequences
• Large-scale structural variants also contribute to human 

biology and disease;
• The initial draft of genomes provide an excess of 2.4 

million SNPs;
• With current SNP-based genome wide association studies 

rely on population data and therefore can be 
uninformative or misleading
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Craig Venter itself

• J. Craig Venter
• Born on 14 October 1946;
• Caucasian male;
• Personal, medical and prototypic traits data were 

collected;
– Has 2 brothers, 1 sister and one biological son;
– His father died at age 59 of sudden cardiac arrest;
– There are documented cases of chronic disease in 

family such as hypertension and ovarian and skin 
cancer;

– Genealogical records can be traced back to 1821 
(paternal) and the 1700s (maternal in England)

• No obvious chromosomal abnormalities. 
40



Population genomics20-02-2009 António Rodrigues; Bruno Santos / 59

Building the genome

• Assembled with a modified version of celera assembler;
• Improving coverage and improving assembler resulted 

in 68% decrease in the number of gaps within scafolds;
• Resulted in 4,528 scafolds;
• Genomic variation was observed by two approches:

– Heterozygous alleles within diploid genome;
– Comparison between HuRef and NCBI version 36 

human reference assembly;
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Genomic variation

42
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Genomic variation
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Genotype to phenotype

• 17% of the coding genes encode differential proteins.
• 44% of genes at least 1 heterozygous variant in the 

UTR or coding region;
• Almost half of the genes could have differential states; 
• Donor is heterozygous in the polymorphic trinucleotide 

repeat located in the Huntington disease;
• The donor is heterozygous for variants in alleles 

associated with cardiovascular diseases that present a 
lower risk of this disease;

• Have also been found novel changes for which 
biological implications are unknown;

• Inconsistencies between detected genotypes were also 
found, should have lactose tolerance.
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Conclusions

• 44% of the annotated genes have at least 1, or often 
more, alterations within them;

• 78% of the variants detected are SNPs;
• The remaining 22% non-SNPs account for 74% base 

variants;
• Copy number variation also shown variation within the 

genome;
• A minimum of 0,5% variation exists between two haploid 

genomes;
• The repeat regions were ignored so a very large may 

escaped from the analysis;
• Further family sampling would be required to determine 

the relevance between genotype and phenotype.
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James D. Watson Genome

• Published 6 months after;

• Sequenced using 454 FLX sequencer;

• 24,5 billion bases created, resulting in 93,2 million reads 
aligned to the reference genome sequence;

• Reference genome was then covered to an average of 7.4 
fold coverage;

• Cost less than US$1million compared to the US$100 
spent with Craig Venter;

• Completed in two months;
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James D. Watson Genome
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Asian Individual

• Sequenced using Solexa/Illumina;

• Paired-end libraries were used;

• Read length average of 35base pairs;

• 3.3billion reads were collected;

• 117.7 Gigabases;

• Aligned to the NCBI genome with SOAP (87.4% of data);

• 36x fold coverage.
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Asian Genome

49
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Genomic Variation

• The asian individual was estimated to share alleles at 
94.12% with the Asian, 4.12% with the European and 
1.76% with the African population;

• Assuming an infinite-site model of neutral mutations 
and equilibrium of mutation and drift;

• Chinese effective population estimated to be 5,700;
• Same analysis applied to the CV and JW gives 3,300.
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Genotype to Phenotype

• Surveyed 1,495 alleles of 116 genes described in OMIM 
and identified one heterozygous recessive mutation for 
deafness disorder;

• Complex phenotypes identified several genotypes 
associated with tobacco addiction and Alzheimer's 
disease;

• The individual is a heavy smoker;

• The donnor contains 9 (56.3%) of the 16 identified 
Alzheimer's disease risk alleles;

• With the lack of family history information is not possible 
to infer family history in this disease. 
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Population Genomics: Example
Genes and European geography |

To what extend populations within continental regions 
exist as discrete genetic clusters or as a genetic 
continuum?

How precisely one can assign an individual to a 
geographic location based on genetic information 
alone?

High-throughput genotyping technologies with dense 
geographic samples can shed light on unanswered 
questions regarding human population structure



Population genomics20-02-2009 António Rodrigues; Bruno Santos / 5953

Population Genomics: Example
Genes and European geography |

It was used genetic information of 3 192 European 
individuals

Individuals were genotyped at 500 568 loci

The geographic location was assigned according to the 
individual’s grandparents origin, otherwise it was used 
the self-reported country of birth

-SNPs with low scores were removed
-Individuals from outside Europe
-Individuals with grandparents from more than one 
origin were also removed
-Remove individuals with SNPs in high linkage 
disequilibrium
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Population Genomics: Example
Genes and European geography |

The analysis were focused on data from 197 146 loci in 
1 387 individuals

Principal component analysis was used to produce 2-
dimensional visual summary

The structure of this plot has a notable resemblance to 
the geographic map of Europe:
-Large structures like the peninsula
-Small structures like the French, German and Italian 
speaking groups of Switzerland and Ireland and UK
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Population Genomics: Example
Genes and European geography |

The results are consistent with the theoretical 
expectation for model where genetic similarity decays 
with distance (not discrete well-differentiated 
populations)

PC1 is correlated with the NNW-SSE direction. This is 
consistent with the proposed demographic history of 
Europe (Genetic diversity also decreases)

50% of the individuals can be placed within 310 km of 
their reported origin
90% within 700 km
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Population Genomics: Example
Genetic and geographic structure |

Large dots 
represent 
median values 
for each country
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Population Genomics: Example
Genetic distance and geographic distance |

Genetic distance correlated with genetic correlation



Population genomics20-02-2009 António Rodrigues; Bruno Santos / 5958

Population Genomics: Example
Accuracy of predictions |

Performance 
decreases for 
populations with 
smaller sample 
sizes
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END
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Questions ?
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