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Rebooting the Human Genome*

”
The Human Genome Project was one of mankind’s greatest

triumphs. But the official gene map that resulted in 2003, known
as the “reference genome,” is no longer up to the job.“

(Antonio Regalado, MIT Technology Review, June 3, 2015)

*https://www.technologyreview.com/s/537916/rebooting-the-human-genome
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Abstract

Manydisciplines,fromhumangeneticsandoncologytoplantbreeding,microbiologyandvirology,commonlyfacethechal-
lengeofanalyzingrapidlyincreasingnumbersofgenomes.Incaseof Homosapiens,thenumberofsequencedgenomeswill

approachhundredsofthousandsinthenextfewyears.Simplyscalingupestablishedb
suffcientforleveragingthefullpotentialofsuchrichgenomicdatasets.Instead,novel
tionalmethodsandparadigmsareneeded.Wewillwitnesstherapidextensionofcomp
sub-areaofresearchincomputationalbiology.Inthisarticle,wegeneralizeexistingde
genomeasanycollectionofgenomicsequencestobeanalyzedjointlyortobeusedasa
availableapproachestoconstructandusepan-genomes,discussthepotentialbenef
ologiesandreviewopenchallengesfromthevantagepointoftheabove-mentionedb
exampleforacomputationalparadigmshift,weparticularlyhighlightthetransitionfr
genomesasstringstorepresentationsasgraphs.Weoutlinehowthisandotherchalle
mainstranslateintocommoncomputationalproblems,pointoutrelevantbioinforma
problemsincomputerscience.Withthisreview,weaimtoincreaseawarenessthatajo
genomicscanhelpaddressmanyoftheproblemscurrentlyfacedinvariousdomains.
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Introduction

In1995,thecompletegenomesequenceforthebacterium
Haemophilusinfluenzaewaspublished[ 1],followedbythese-

quencefortheeukaryoteSaccharomycescerevisiaein1996[ 2]and
thelandmarkpublicationofthehumangenomein2001[3, 4].
Thesesequences,andmanymorethatfollowed,haveservedas
‘referencegenomes’,whichformedthebasisforbothmajorad-
vancesinfunctionalgenomicsandforstudyinggeneticvari-
ationbyre-sequencingotherindividualsfromthesamespecies

[5–8 ].Theadventofrapidandcheap‘next-generation’sequenc-
ingtechnologiessince2006hasturnedre-sequencingintoone

ofthemostpopularmoderngenomeanalysisworkflows.Asof
today,anincrediblewealthofgenomicvariationwithinpopula-
tionshasalreadybeendetected,permittingfunctionalannota-
tionofmanysuchvariants,anditisreasonabletoexpectthat
thisisonlythebeginning.
Withthenumberofsequencedgenomessteadilyincreasing,
itmakessensetore-thinktheideaofa‘reference’genome

[9,10].Suchareferencesequencecantakeanumberofforms,
including:

• thegenomeofasingleselectedindividual,
• aconsensusdrawnfromanentirepopulation,
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What is a Pan-Genome?

Term pan-genome popularized in microbiology in 2005.

Definition (gene-based pan-genome)

The pan-genome of a species (or other taxonomic unit) is the
union of all sets of genes across all individuals.

one genome

genes
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Pan-Genome Definition

“... and use the term pan-genome to refer to any collection of
genomic sequences to be analyzed jointly or to be used as a
reference. These sequences can be linked in a graph-like structure,
or simply constitute sets of (aligned or unaligned) sequences.
Questions about efficient data structures, algorithms and statistical
methods to perform bioinformatic analyses of pan-genomes give
rise to the discipline of computational pan-genomics.”

Notes

Not restricted to taxonomic units

Not restricted to full genomes

Not tied to graphs

Intentionally intersects with metagenomics, comparative
genomics, and population genetics
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(High-Level) Goals of Computational Pan-Genomics

completeness: containing all functional elements and enough
of the sequence space to serve as a reference for the analysis
of additional individuals,

stability: having uniquely identifiable features that can be
studied by different researchers and at different points in time,

comprehensibility: facilitating understanding of the
complexities of genome structures across many individuals or
species,

efficiency organizing data in such a way as to accelerate
downstream analysis.
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Approaches I

ACCCGCTCCTGCCCCGCGTCTGGAGTTCCAAATAAGGCTTGGAAATTT ACCCGCTCCTGCCCCGCGTATTATATTCCAACTCTCTG

C CCAAATAAG CTTGGAAATTTACCCGCTCCTGCCCCGCGTCTGGAGTTCTATTATATT CAACTCTCTG

G ACAAATAAG CTTGGAAATTTACCCGCTCCTGCCCCGCGTCTGGAGTTCTATTATATT CAACTCTCTG

ACCCGCTCCTGCCCCGCGTCTGGAGTTCCAAATAAGGCTTGGAAATTT

C

G

ACCCGCTCCTGCCCCGCGTATTATATTC

C

A

CAACTCTCTG

CAAATAAG

CAAATAAG

CTTGGAAATTT

CTTGGAAATTT

ACCCGCTCCTGCCCCGCG

ACCCGCTCCTGCCCCGCG

TCTGGAGTTC

TCTGGAGTTC

TATTATATT

TATTATATT

CAACTCTCTG

CAACTCTCTG

------------------

------------------

(a) Unaligned sequences

(b) Multiple sequence alignment

(c) De Bruijn graph

CAAA AAAT AATA ATAA TAAG CTTG TTGG GGAATGGA GAAA

AATT

AAAT

ATTT

AAGG

AAGC

AGGC GGCT GCTT

AGCC GCCT CCTT

Haplotype 1

Haplotype 2

Haplotype 3

Haplotype 1

Haplotype 2

Haplotype 3
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Approaches II

CTTGGAAATTTACCCGCTCCTGCCCCGCGTCTGGAGTTC TATTATATT

C

T

CAACTCTCTGACCCGCTCCTGCCCCGCGCAAATAAG

C

G

CTTGGAAATTT TCTGGAGTTCCAAATAAG

C

G

ACCCGCTCCTGCCCCGCG TATTATATT

C

T

CAACTCTCTG

(d) Acyclic sequence graph

(e) Cyclic sequence graph

Haplotype 1
Haplotype 2
Haplotype 3
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Approaches III

A TGC

(f) Li-Stephens model

Haplotype 1

Haplotype 2

Haplotype 3

A TGC A TGC A TGC A TGC A TGC A TGC A TGC A TGC

A TGC A TGC A TGC A TGC A TGC A TGC A TGC A TGC A TGC

A TGC A TGC A TGC A TGC A TGC A TGC A TGC A TGC A TGC
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Course Objectives

Understand Pan-Genomics concepts and appreciate the
limitations of linear reference genomes,

Learn to build corresponding analysis pipelines in the VG
framework,

We focus on putting you in a position to design (and debug)
pipelines tailored to your use case,

Some of the practicals address serious research questions
(that we do not completely solve in class), the aim is rather to
give you the tools to attack them.
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Getting to know each other

What is your background?

What are your expectations?

Which data / use cases do you work on (or will work on)?

15



Practicals

This is a hands-on course. We collect practicals in this git
repository: https://github.com/GTPB/CPANG19

We add new practicals for each day in the course of this week

Practicals are a starting point for exploring what VG can
do. So please don’t only copy paste commands, but try to
understand their meaning, modify them, etc.

Help each other

Present your results in class

Don’t hesitate to send pull requests ;)
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Applications
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Application Domain: Microbes

Pan-genomics at the gene level: established workflows and
mature software are available

For a number of microorganisms, pan-genome sequence
data is already available

Microbial pan-genomes support comparative genomics
studies (especially given horizontal gene exchange)

Genome-wide association studies (GWAS) for microbes is
an emerging field
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Application Domain: Metagenomics

Metagenomics: set of genomic sequences co-occurrence in
an environment

Questions: taxonomic composition of the sample, presence
of certain gene products or whole pathways, and
determining which genomes these functional genes are
associated with.

Pan-Genome data structures present the chance to reveal
common adaptations to the environment as well as
co-evolution of interactions.
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Application Domain: Viruses

Reliable viral haplotype reconstruction is not fully solved

Patient’s viral pan-genome → diagnosis, staging, and
therapy selection

Virus-host interactions: pan-genome structure of a viral
population to be directly compared with that of a susceptible
host population
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Application Domain: Plants

Large-scale genomics projects completed / under way:
Arabidopsis thaliana, rice, maize, sorghum, and tomato

Plant genomes are large, complex (containing many repeats)
and often polyploid

Having a pan-genome available for a given crop that includes
its wild relatives provides a single coordinate system to
anchor all known variation and phenotype information
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Application Domain: Human Genetic Diseases

Numerous genes have been successfully mapped for rare
monogenic diseases

Common diseases ← GWAS ← imputation ← catalogs of
human genome variation, their linkage disequilibrium (LD)
properties

Pan-Genomics can help to achieve this, especially in difficult
genomic regions

23



Application Domain: Cancer

Improved detection of somatic mutations, through
improved quality of read mapping to polymorphic regions

Somatic pan-genome describing the general somatic
variability in the human population, → accurate baseline for
assessing the impact of somatic alterations.

Vision: personal cancer pan-genome to be built for each
tumor patient: single-cell data, haplotype information,
sequencing data from circulating tumor cells and DNA, etc.
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Application Domain: Phylogenomics

Computational pan-genomics: rapidly extract evolutionary
signals, such as gene content tables, sequence alignments of
shared marker genes, genome-wide SNPs, or internal
transcribed spacer (ITS) sequences

Move beyond only using the best aligned, and most well
behaved residues of a multiple sequence alignment (often
used in “traditional” phylogenomics)
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Operations on Pan-Genomes

Sample 1 Sample 2 Sample n

DNA reads

Assembled contigs/
whole genome

ATAAGGACCCGCTC

Assembled contigs/
whole genome

ATAAGCACCCGCTC

Construct

Store

Restore

Pan-genome
Another

Pan-genome

Compare

Annotate Simulate

Assembled contigs/
whole genome

ATAAGGACCCGCTC

Reference genome

ATAAGGACCCGCTC

Sample n+1

Map

ACCCGCTGGAAATTT
32M2D16M

Alignment

Variant calling / Phasing

Update

Known variants

ATAAGGACCCGCTC

ATAAGCACCCGCTC

Haplotypes

ATAAGGACCCGCTC

ATAAG- ACCCGCTC

Novel variants

Visualize Retrieve

ATAAGGACCCGCTC

ATAAG- ACCCGCTC

Haplotypes

ATAAGGACCCGCTC

ATAAG- ACCCGCTC

Haplotypes

Abstract datatype

Operation Operation output

Operation input Set

Groups multiple inputs/outputs

Pan-genome related data formats

Other data formats

Database

Data processing

Legend

Variants

ATAAGGACCCGCTC

ATAAG- ACCCGCTC

ATAAGCACCCGCTC

DNA reads DNA reads DNA reads

Annotation

ACCCGCTGGAAATTT

Gene 1

Visualization

CAAATAAG CTTGGAAATTT ACCCGCTCCTGCCCCGCG TCTGGAGTTC TATTATATT

C
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