
Multiple Whole 
Genome Alignments

Christophe Dessimoz

Q

Reviews in
Computational Biology

May 23rd, 2011



Outline
• Background/Motivation

• Genome evolution

• Previous reviews

• Objectives of whole genome alignment

• Recent developments

• Benchmarking



Genome Evolution
• “Mutations”

• Inversions
• (Retro-)Transpositions
• Losses
• Lateral gene transfer
• Duplications (short segment, whole genome)
• ....

• “Branching”

• Speciation events



Krzywinski et al. Circos: an information aesthetic for comparative genomics. Genome Research (2009) vol. 19 (9) pp. 1639-45

Human vs. Dog



Previous Reviews
• General survey of 

alignment at protein 
and genome levels

• Brief survey of objectives
• Survey of methods

Annual Review of Genomics 
and Human Genetics
2007, 8:193-213

• Brief survey of objectives
• Survey of methods
• Benchmarking
• Applications



In this review

• Discuss the (sometimes conflicting) 
objectives of genome alignments.

• Illustrate these objectives with recent 
methodological developments.

• Show that inconsistent objectives 
complicates validation/comparison of 
methods.



Alignment objectives
• In the absence of duplication, usually

homologous characters

• Else, not so obvious, because no 1:1 relation 
between genomes:

Margulies et al. Analyses of deep 
mammalian sequence alignments and 

constraint predictions for 1% of the 
human genome. Genome Research 

(2007) vol. 17 (6) pp. 760-74

• Especially if >2 genomes



CBRG

DLIGHT: LGT Detection Using Pairwise Distances in a Statistical Framework

Conclusion

Evolutionary Relations

• Pairwise evolutionary

relation

• orthologs

• paralogs

• xenologs

• Family of orthologs:

no paralogs
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Lateral gene transfer• Orthologs:
through speciation

• Paralogs:
through duplication

• Xenologs:
through lateral 
transfer

Two genes (or characters) are homologs if they have a 
common ancestor. 

Main Subtypes

Refining Homology



Alignment Objectives
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74Align orthologs to a reference genome: define a reference 
genome; map each of its character to at most 1 orthologous 
character in each “target” species

e.g. Ensembl, Vista

TBA

Align 1-to-1 orthologs e.g. Mauve

Align 1-to-1 positional orthologs (“monotopoorthologs”)
e.g. Mercator/MAVID

Identify a more general structure (“threaded blocksets”, graphs)
e.g. ABA, TBA, Enredo

Do something else (unspecified)
e.g. VPG Ancestral Align, M-GCAT



Threaded Blocks
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A-Bruijn Graph

SH3

SH2

Pkinase

Partial
Order

Alignment

A-Bruijn
Graph

(simplified)

A-Bruijn
Graph
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Enredo Graph

Paten et al. Enredo and Pecan: genome-wide mammalian consistency-based 
multiple alignment with paralogs. Genome Research (2008) vol. 18 (11) pp. 1814-28



Cactus Graphs

wikipedia Paten et al. Cactus graphs for genome 
comparisons. Journal of computational biology 

(2011) vol. 18 (3) pp. 469-81



Typical Approach
• Multiple whole-genome alignment is in most 

formulations NP-hard. Cannot be solved exactly.

• Typical (heuristic) approach:

1. Identify “anchors” (a.k.a.“seeds”, conserved 
short sequences) across genomes

2. Use anchors to map co-linear homologous 
segments across genomes

3. Align co-linear segments (efficiently)
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An approximate phylogeny of genome comparison tools over the past 30 yearsFigure 1
An approximate phylogeny of genome comparison tools over the past 30 years. Tracing the growth in related glo-
bal genome comparison tools over the past 30 years.
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ClustalW (1994)

T-COFFEE (2000)

Muscle (2004)

PipMaker (2000)

AVID (2003)
LAGAN (2003)
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OWEN (2002)

ProbCons (2004)
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GLASS(2000)
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MUMmer v3.0 (2004)

Collinear

Multiple 

Rearrangements

POA (2004)

ABA (2004)

Mauve (2004)
M-GCAT (2005)

EMAGEN (2004)
Collinear

Closely related

Rearrangements

ACANA (2006)

DCA (1998)

MULTIZ (2004)

Progressive

MGA(2002)

GATA (2005)
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Some Tools Published Lately



Enredo
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“joining”

“annealing”

Genome Point Anchor
(non-overlapping)

Segment in “green” genome
between GPA F and I



Enredo
Heuristics on Graph:

Limits disruptive effect 
of transposable elements 

and repeats

Limits disruptive effect 
of retrotransposed genes

Limits disruptive effect 
of short tandem repeats

Paten et al. Enredo and Pecan: genome-wide mammalian consistency-based 
multiple alignment with paralogs. Genome Research (2008) vol. 18 (11) pp. 1814-28



Pecan

Batzoglou. The many 
faces of sequence 

alignment. Briefings in 
Bioinformatics (2005) 

vol. 6 (1) pp. 6-22

Consistency-based alignment of long co-linear segments

Consistency Constrained
Alignment

Transitive
Anchoring



Vista “Ancestral Align”

Shuffle LAGAN
highest scoring

1-monotonic map
w.r.t. 1st genome (blue)

Dubchak et al. Multiple whole-genome alignments without a reference organism. Genome Research (2009) vol. 19 (4) pp. 682-9

CHAOS
local alignments

(akin to BLAST)

Shuffle LAGAN
highest scoring

1-monotonic map
w.r.t. 2nd genome (red)



Vista “Ancestral Align”

➙



Benchmarking
Simulation

Statistical tests, information criteria
e.g. null hypothesis: sequences are unrelated

If for all bipartitions, H0 is rejected, conclude that 
the sequences are homologous

Surrogate measures
e.g.

conservation of exon structure (synteny, strand, order)
different substitution patterns @3rd codon (in exons)

coverage: e.g. % of total length aligned

“known” features of specific dataset (e.g. ALU seqs only in 
primates, ancestral repeats in all mammals, few 
rearrangements in X chromosome)



Benchmarking
Simulation

Statistical tests, information criteria

Surrogate measures



Challenges
• Simulation: genome evolution is hard to model 

“realistically”. Strongly dependent on model assumptions.

• Surrogate measures: indirect, only test some aspects. 
Surrogates must be reliable.

• Statistical tests/criteria: merely rejecting null hypothesis 
may not be so informative. Difficult to rank methods. 
Dependent on model assumptions.

• The methods often differ in their (implicit or explicit) 
objectives
➙ comparison difficult or misleading



Examples

“We use the COG [41] identifier to determine if two or 
more genes from distinct genomes are orthologous.”

“Our results show that a very significant fraction of 
the COG groups include non-orthologs: using 
conservative parameters, the algorithm detects non-
orthology in a third of all COG groups.”



(Human-Mouse)

Apples vs.
Oranges?
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Dubchak et al. Multiple whole-genome alignments without a reference organism. Genome Research (2009) vol. 19 (4) pp. 682-9



Conversely....

Paten et al. Enredo and Pecan: genome-wide mammalian consistency-based 
multiple alignment with paralogs. Genome Research (2008) vol. 18 (11) pp. 1814-28
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Conclusion

• Multiple whole genome alignment is an 
active area of research, fueled by 
sequencing revolution.

• Whole genome aligners can differ 
considerably in the objectives they pursue.

• This complicates benchmarking (an already 
difficult problem)


