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Ana, homo, ortho, para and other logies 

Bioinformatics 



Evolutionary scenarios 

!  The shaded tree represents the history of the species, the thin black tree the history of the 
sequences.  

!  We dispose of similar sequences, and we assume that they diverge from some common 
ancestor (either by duplication, or by speciation). 

!  Mutational events occur during their evolution: substitutions, deletions, insertions. 
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Similarity and homology 

!  The similarity between two sequences can be interpreted in two alternative 
ways :  

"  Homology: the two sequences diverged from a common ancestor. 
"  Convergent evolution: the similar residues appeared independently in the two 

sequences, possibly under some selective pressure.  
!  Inference 

"  In order to claim that two sequences are homologous, we should be able to trace 
their history back to their common ancestor.  

"  Since we cannot access the sequence of all the ancestors of two sequences, this 
is not feasible.  

"  The claim that two sequences are homolog thus results from an inference, based 
on some evolutionary scenario (rate of mutation, level of similarity, …).  

"  The inference of homology is always attached to some risk of false positive. 
Evolutionary models allow to estimate this risk, as we shall see. 

!  Homology is a Boolean relationship (true or false): two sequences are 
homolog, or they are not.  

"  It is thus incorrect to speak about “percent of homology”. 
"  The correct formulation is that we can infer (with a measurable risk of error) that 

two sequences are homolog, because they share some percentage of identity or 
similarity.  



Concept definitions from Fitch (2000) 
!  Discussion about definitions of the paper 

"  Fitch, W. M. (2000). Homology a personal view on 
some of the problems. Trends Genet 16, 227-31. 

!  Homology 
"  Owen (1843). « the same organ under every variety 

of form and function ». 
"  Fitch (2000). Homology is the relationship of any two 

characters that have descended, usually with 
divergence, from a common ancestral character. 
•  Note: “character” can be a phenotypic trait, or a site at a 

given position of a protein, or a whole gene, ...  

"  Molecular application: two genes are homologous if 
diverge from a common ancestral gene.  

!  Analogy: relationship of two characters that have 
developed convergently from unrelated ancestor.  

!  Cenancestor: the most recent common ancestor 
of the taxa under consideration 

!  Orthology: relationship of any two homologous 
characters whose common ancestor lies in the 
cenancestor of the taxa from which the two 
sequences were obtained. 

!  Paralogy: Relationship of two characters arising 
from a duplication of the gene for that character. 

!  Xenology: relationship of any two characters 
whose history, since their common ancestor, 
involves interspecies (horizontal) transfer of the 
genetic material for at least one of those 
characters.  

Analogy 
Homology 

Paralogy 
Xenology or not  
(xeonologs from paralogs) 

Orthology 
Xenology or not 



Exercise 

!  On  the basis of Fitch’s definitions (previous slide), qualify 
the relationships between each pair of genes in the 
illustrative schema. 

"  P  paralog 
"  O  ortholog 
"  X  xenolog 
"  A  analog 

#  Orthologs can fomally be defined as a 
pair of genes whose last common 
ancestor occurred immediately before a 
speciation event (ex: a1 and a2). 

#  Paralogs can fomally be defined as a 
pair of genes whose last common 
ancestor occurred immediately before a 
gene duplication event  (ex: b2 and b2'). 
Source: Zvelebil & Baum, 2000 
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Exercise 

!  Example: B1 versus C1 
"  The two sequences (B1 and C1) were obtained from taxa B 

and C, respectively.  
"  The cenancestor (blue arrow) is the taxon that preceded the 

second speciation event (Sp2). 
"  The common ancestor gene (green dot) coincides with the 

cenancestor 
!  -> B1 and C1 are orthologs 

#  Orthologs can fomally be defined as a 
pair of genes whose last common 
ancestor occurred immediately before a 
speciation event. 

#  Paralogs can fomally be defined as a 
pair of genes whose last common 
ancestor occurred immediately before a 
gene duplication event.  

#  Source: Zvelebil & Baum, 2000 
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Exercise 

!  Example: B1 versus C2 
"  The two sequences (B1 and C2) were obtained from taxa B 

and C, respectively.  
"  The common ancestor gene (green dot) is the gene that just 

preceded the duplication Dp1.  
"  This common ancestor is much anterior to the cenancestor 

(blue arrow).  
!  -> B1 and C2 are paralogs 

A1 AB1 B1 B2 C1 C2 C3
A1
AB1
B1
B2
C1 O
C2 P
C3

#  Orthologs can fomally be defined as a 
pair of genes whose last common 
ancestor occurred immediately before a 
speciation event. 

#  Paralogs can fomally be defined as a 
pair of genes whose last common 
ancestor occurred immediately before a 
gene duplication event.  

#  Source: Zvelebil & Baum, 2000 



Solution to the exercise 

!  On  the basis of Fitch’s definitions (previous slide), qualify 
the relationships between each pair of genes in the 
illustrative schema. 

"  P  paralog 
"  O  ortholog 
"  X  xenolog 
"  A  analog 

A1 AB1 B1 B2 C1 C2 C3
A1 I
AB1 X I
B1 O X I
B2 O X P I
C1 O X O P I
C2 O X P O P I
C3 O X P O P P I
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Non-transitivity of the orthology relationship 
!  In the figure 

"  B and C are orthologs, because their last common 
ancestor lies just before the speciation 
A -> B + C 

"  B1 and B2 are paralogs because the first event that 
follows their last common ancestor (B) is the duplication  
B -> B1 + B2 

!  Beware ! These definitions are often misunderstood, even in 
some textbooks. Contrarily to a strong belief, orthology can be 
a 1 to N relationship.  

"  B1 and C are orthologs, because the first event after their 
last common ancestor (A) was the speciation A -> B + C 

"  B2 and C are orthologs because the first event after their 
last common ancestor (A) was the speciation A -> B + C 

!  The orthology relationship is reciprocal but not transitive. 
"  C <-[orthologous]-> B1 
"  C <-[orthologous]-> B2 
"  B1 <-[paralogous]-> B2 Orthologs are sequences whose last 

common ancestor occurred 
immediately before a speciation event. 

Paralogs are sequences whose last 
common ancestor occurred 
immediately before a duplication event. 
(Fitch, 1970; Zvelebil & Baum, 2000) 



Inferring orthology / paralogy by phylogenetic inference 

!  To assess whether a pair of homologous genes are orthologs or paralogs, the 
most suitable method is to reconcile molecular and species trees. 

"  In Ensembl and EnsemblGenomes, orthology/paralogy is inferred by phylogenetic tree 
reconciliation. 

"  However, this may become complex: When the number of species increases, 
computing time increases quadratically or worse. 

"  In 2014, EnsemblGenomes contains >10,000 Bacteria, but the orthology/paralogy is 
established for 123 of them only. 



Inferring orthology / paralogy by reciprocal best hits 
!  Fallback approach: use heuristics that 

approximate the solution.  
"  The most commonly used method: bidirectional 

best hits (BBH), also called reciprocal best hits 
(RBH). 

!  Let us assume 
"  Genome A contains 4000 protein-coding genes. 
"  Genome B contains 5000 protein-coding genes 

!  Procedure 
"  BLAST each protein of proteome A (query) against 

each protein of proteome B (database). 
"  For each protein, identify best hit from A in B. 
"  Note: the best hit is the hit with the lowest E-value. 
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B1 
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B5000 

… 
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… 

… 

… 

E-value 

1.2e-112 

2.3e-25 



Inferring orthology / paralogy by reciprocal best hits 
!  Fallback approach: use heuristics that 

approximate the solution.  
"  The most commonly used method: bidirectional 

best hits (BBH), also called reciprocal best hits 
(RBH). 

!  Let us assume 
"  Genome A contains 4000 protein-coding genes. 
"  Genome B contains 5000 protein-coding genes 

!  Procedure 
"  BLAST each protein of proteome A (query) against 

each protein of proteome B (database). 
"  For each protein, identify best hit from A in B. 
"  BLAST each protein of proteome B (query) against 

each protein of proteome A (database). 
"  For each protein, identify best hit from B in A. 
"  Note: the best hit is the hit with the lowest E-value. 

Proteome A Proteome B 

A1 

A27 

A2 

… 

A4000 

… 

A134 

… 

A2341 

… 

B1 

B82 

B2 

… 

B5000 

… 

B1599 
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… 

… 

E-value 

3.4e-101 

1.1e-47 

1.1e-7 



Inferring orthology / paralogy by reciprocal best hits 
!  Fallback approach: use heuristics that 

approximate the solution.  
"  The most commonly used method: bidirectional 

best hits (BBH), also called reciprocal best hits 
(RBH). 

!  Let us assume 
"  Genome A contains 4000 protein-coding genes. 
"  Genome B contains 5000 protein-coding genes 

!  Procedure 
"  BLAST each protein of proteome A (query) against 

each protein of proteome B (database). 
"  For each protein, identify best hit from A in B. 
"  BLAST each protein of proteome B (query) against 

each protein of proteome A (database). 
"  For each protein, identify best hit from B in A. 
"  Identify bidirectional best hits. 
"  Note: scores may differ depending on the BLAST 

direction. 
!  Advantages 

"  Scales up with large number of species. 

!  Limitations 
"  May miss a large number of true orthologies. 
"  Intrinsic conceptual flaw: BBH is by definition a 1-

to-1 relationship, whereas true orthology is n-to-n. 
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Inferring orthology / paralogy by reciprocal best hits 
!  For some proteins, there may be no reciprocal 

best hit. 
!  In this figure, arrow widths are proportional to the 

significance of the hit (lower E-values are 
thicker). 

!  Bidirectional best hits 
"  For A27, the best hit is B1599. 
"  For B1599, the best hit is A27. 
"  A27 and B1599 are thus BBH. 
"  Same reasoning for A134 and B82. 

!  Protein without BBH 
"  For A2341, the best hit is B1599. 
"  But for B1599, the best hit is A27. 
"  There is thus no BBH for A2341. 
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Conceptual problem with the RBH/BBH approach 
!  Let us come back to the schematic example: 

"  B and C are orthologs, because their last common 
ancestor lies just before the speciation 
A -> B + C 

"  B1 and B2 are paralogs because the first event that 
follows their last common ancestor (B) is the duplication  
B -> B1 + B2 

!  Beware ! These definitions are often misunderstood, even in 
some textbooks. Contrarily to a strong belief, orthology can be 
a 1 to N relationship.  

"  B1 and C are orthologs, because the first event after their 
last common ancestor (A) was the speciation A -> B + C 

"  B2 and C are orthologs because the first event after their 
last common ancestor (A) was the speciation A -> B + C 

!  The orthology relationship is reciprocal but not transitive. 
"  C <-[orthologous]-> B1 
"  C <-[orthologous]-> B2 
"  B1 <-[paralogous]-> B2 

!  Consequences 
"  The strategy to search reciprocal best hits (RBH) is 

thus a simplification that misses many true orthologs (it is 
essentially justified by pragmatic reasons).  

"  The commonly used concept “clusters of orthologous 
genes (COG)” is thus an aberration. 

Orthologs are sequences whose last 
common ancestor occurred 
immediately before a speciation event. 

Paralogs are sequences whose last 
common ancestor occurred 
immediately before a duplication event. 
(Fitch, 1970; Zvelebil & Baum, 2000) 



Limitations of the BBH approach to infer orthology 
!  Concepts 

"  Best hit (BH) 
"  Reciprocal (RBH) or bidirectional (BBH) best hit. 

!  Problem 1: non-reciprocity of the BH relationship, which may result from various effects 
"  Multidomain proteins -> non-transitivity of the homology relationship 

•  Detection: no paralogy 
"  Paralogs in one genome corresponding to the same ortholog in the other genome 
"  Non-symmetry of the BLAST result (can be circumvented by using dynamical 

programming, e.g. Smith-Waterman) 
!  Problem 2: unequivocal but fake reciprocal best hit 

"  Duplication followed by a deletion 
"  Two paralogs can be BBH, but the true orthologs are not present anymore in the 

genome (due to duplication). 
"  Ex: Hox genes 

!  Conceptual problem: intrinsically unable to treat multi-orthology relationships 
"  Ex: Fitch figure: B2 is orhtolog to both C2 and C3, but only one of these will be its Best 

Hit. 
!  Conclusion: the analysis of BBH is intrinsically unable to reveal the true orthology 

relationships 



How to circumvent the weaknesses of RBH ? 

!  Solutions to the problems with RBH 
"  Domain analysis: analyse the location of the hits in the alignments 

•  Resolves the problems of gene fusion (two different fragments of a protein in 
genome A correspond to 2 distinct proteins of genome B) 

"  Analysis of the evolutionary history : full phylogenetic inference + reconciliation of the 
sequence tree and the species tree 
•  Resolves the cases of multiple orthology relationships (n to n) 
•  Does not resolve the problems of differential deletions after regional duplications 

"  Solving the problem of regional duplications followed by differential deletion 
•  Analysis of synteny: neighbourhood relationships between genes across genomes 
•  Analysis of pseudo-genes: allows to infer the presence of a putative gene in the 

common ancestor 
•  This is OK when the duplication affects a regions sufficiently large to encompass 

multiple genes.  
!  These solutions require a case-by-case analysis -> this is not what you will find in the 

large-scale databases.  

!  Resources:  
"  EnsEMBL database 
"  SPRING database 



Criteria for genome-wise detection of orthologs 

!  Criterion for detecting paralogy 
"  Two genes from a given species 

(e.g. C) are more similar to each 
other than to their best hit in 
genome B. 

!  Pairs of orthologous genes 
"  BeT (Best-scoring BLAST hit) 

•  Insufficient to infer orthology 
"  Bidirectional best hit (BBH) 

•  Better approximation 
•  Discuss the problem of gene loss  

!  Clusters of orthologous genes 
(COGs) 

"  Triangular definition of COGs 
(Tatusov, 1997) 

"  KOG: euKaryotic Orthologous 
Groups 
•  Question: is there any interest of 

defining a new term for 
eukaryotes ?  

!  To discuss 
"  theoretical weakness of the COG 

concept, since orthology is NOT 
a transitive relationship.  

"  Pragmatic value of the concept 

Figure from Tatusov, 1997 



Comparative genomics  
Genome and proteome sizes 



Some milestones 
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Mb Kb % % % %

Bactérie
Mycoplasma genitalium Mycoplasma 1995 0.6  481 1.2 90 10 Small genome (intracellular)
Haemophilus influenzae 1995 1.8 1 717 1.0 86 14 First bacterial genome sequenced
Escherichia coli Enterobacteria 1997 4.6 4 289 1.1 87 13

Levures
Saccharomyces cerevisiae Baker's yeast 1996 12 6 286 1.9 72 28 First eukaryote genome

Animaux
Caenorhabditis elegans Nematod worm 1998  97 19 000 5 27 73 First metazoan genome
Drosophila melanogaster Fruit fly 2000  165 16 000 10 15 85
Ciona intestinalia  174 14 180 12
Danio rerio Zebrafish 1 527 18 957 81
Xenopus laevis Amphibian 1 511 18 023 84
Gallus gallus Chicken 2 961 16 736 177
Ortnithorynchus anatinus Ornithorhynchus 1 918 17 951 107
Mus musculus Mouse 2002 3 421 23 493 146
Pan troglodytes Chimp 2 929 20 829 141
Homo sapiens Human 2001 3 200 21 528 149 2 98 46 28 Draft version in 2001
1000 génomes humains > 2008 Project announced Jan 2008

Plantes
Arabidiopsis thaliana 2001  120 27 000 4 30 70 First plant genome sequenced
Oryza sativa Rice  390 37 544 10
Zea mais Maize 2 500 50 000 50 50 Nb of gene is an approximation
Triticum aestivum Wheat 16 000 Hexaploid genome
Lilium 120 000
Psilotum nudum 250 000



Gene numbers as a function of genome sizes 

!  In prokaryotes, the 
number of genes 
increases linearly with 
genome size 

!  In eukaryotes, this is 
not the case: the 
genome size increases 
faster than the number 
of genes 



Gene numbers as a function of genome sizes (log-log plot) 

!  Beware: the axes are 
logarithmic. 

!  This plot represents the 
same data as the 
previous one, but in 
logarithmic scale, in 
order to see Mammals 
as well.  



Gene spacing 

!  Gene spacing increases 
considerably with the 
complexity off the 
organisms.  

!  Note: the X axis si 
logarithmic, not the Y 
axis -> the increase 
seems grossly 
exponential. 



Proportion of intergenic regions 

!  Beware: the X axis is 
logarithmic. 

!  The proportion of intergenic 
regions increases with the 
complexity of an organism. 

!  In addition (not shown 
here), introns represent an 
increasing fraction of the 
genome. 

!  For example, the exonic fraction 
represents <5% of the human 
genome. 



Protein size versus genome size 

!  Protein sequences are 
shorter in prokaryotes 
than in eukaryotes. 

!  Among eukaryotes, the 
increase in genome 
size is not correlated to 
an increase in protein 
size 

"  higher eukaryotes 
have a much larger 
genome than fungi, 
without increase in 
protein size 



Comparative genomics methods 
Phylogenetic profiles 



Phylogenetic profiles reveal groups of functionally related genes 

!  In 1999, based on the 16 genomes available at that time, Pellegrini et al. propose a method called phylogenetic profiles 
"  For each protein of the reference organism, detect all orthologs in a set of other genomes (phylogenetic profiles of 

occurrence). 
"  Detect groups of co-occurring proteins: similar profiles of presence / absence across proteomes. 

!  Today, this method can be applied to several thousands of genomes. Its power increases with the number of genomes. 

!  Pellegrini et al. Assigning protein functions by comparative genome analysis: protein phylogenetic profiles. Proc Natl Acad Sci USA (1999) vol. 96 (8) pp. 4285-8 



Phylogenetic profiles 
!  Approach 

"  For each protein of the reference organism (e.g. E.coli), orthologs are searched in all the 
sequenced genomes. 

"  Each gene is characterized by a profile of presence/absence in all the sequenced genomes 
"  Groups of genes having similar phylogenetic profiles are likely to be functionally related 

!  Note 
"  This approach is not properly speaking “phylogenetic”, since there is no attempt to retrace 

the phylogeny (history of descent) of the proteins. 
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16127995 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16127996 1 0 0 1 1 1 1 1 1 1 1 1 0 1 0 0 1 1 1 0 1 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1
16127997 1 0 0 1 1 1 1 1 1 0 1 1 0 1 0 0 1 1 1 0 1 0 0 0 1 0 0 1 1 1 0 0 0 0 0 0
16127998 0 0 0 0 1 0 0 1 1 0 0 1 0 1 0 0 0 0 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1
16127999 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16128000 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 1 1 0 0 1 0 0 0 1 0 1 0 0 1 1 1 1 0
16128001 0 1 1 0 0 1 1 0 1 1 0 0 0 0 0 0 1 1 1 1 0 0 1 0 0 1 0 1 1 1 0 1 1 0 0 1
16128002 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0
16128003 1 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 1 1 0 0 0 0 1 0
16128004 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16128005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
16128006 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16128007 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16128008 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
16128009 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
16128010 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0



Phylogenetic profiles reveal groups of functionally related genes 

!  The phylogenetic profile table 
indicates the presence/absence of 
genes (one row per gene) in a set of 
genomes (one column per cross-
species comparison). 

!  Reference organism: Escherichia coli 
K-12 substrain MG1665 

!  Query genomes 
"  Selected 154 Bacteria among 

2065 (1 species for each group 
at depth 5 of the taxonomic tree, 
to avoid redundant genomes). 

"  Reference genome contains 
4322 CDS. 

!  Ortholog identification: BLAST BBH 
"  Max expect: 1e-10 
"  Min identity: 30% 
"  Min length: 50 
"  At least one non-E.coli ortholog 

(BBH) found for 1994 genes. 
!  Analysis done 2013-05-02 



Heatmap of phylogenetic profiles for Escherichia coli K-12 MG1665 
!  Phylogenetic profiles can 

be visualized as a 
heatmap, with one row per 
gene, and one column per 
organism. 

!  We can apply clustering  
"  on rows, to regroup 

genes having similar 
profiles; 

"  on columns, to 
regroup organisms 
having similar genes 
in the whole genome. 

"  The heatmap remains 
however difficult to 
interpret. 

31 



Co-occurrence network extracted from phylogenetic profiles 
!  Co-occurrence network extracted from 

phylogenetic profiles 
"  Reference organism: Escherichia 

coli K-12 MG1665 
"  Query genomes 

•  154 Bacteria (among 2065) 
•  Selected 1 species for each 

group at depth 5 of the 
taxonomic tree, to avoid 
redundant genomes. 

"  Similarity metrics: hypergeometric 
significance 

!  Resulting network 
"  1433 nodes (genes) 
"  20728 edges 

!  For a discussion about network 
inference parameters, see  

"  Ferrer et al. A systematic study of 
genome context methods: 
calibration, normalization and 
combination. BMC Bioinformatics 
2010 11:493 (2010) vol. 11 (1) pp. 
493 
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Co-occurrence network extracted from phylogenetic profiles 

!  Groups of inter-connected genes are 
generally involved in a common function. 

"  eut  ethanol utilisation  
"  men  menaquinol-8 biosynthesis 
"  cit  citrate metabolism 
"  phn  phosphonate metabolism 

!  These groups of genes appear clustered 
on the co-occurrence network, because 
they are either present together,  or 
absent together in genomes. 
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Clusters of co-occurring genes reveal pathways 

!  Phylogenetic profiles reveal a group of 
co-occurring genes whose name starts by 
“men”.  

!  The product of these genes catalyse 6 
among 10 reactions of the superpathway  
“menaquinol-8 biosynthesis I”. 

!  Phylogenetic profiles revealed the 
associations between these genes 
without any indication of their function. 

!  http://ecocyc.org/ECOLI/NEW-IMAGE?type=PATHWAY&object=PWY-5838&detail-level=2&detail-level=1 34 



Discovering pathways from clusters of co-occurrence genes 

!  Rather than comparing the 
co-occurrence cluster to 
annotated pathways, we 
can run a pathway 
extraction algorithm to 
identify metabolic pathways 
that can be catalysed by 
clusters of co-occurring 
enzymes. 

!  Pathway extraction tool: http://neat.rsat.eu/ 
!  Method 

"  Faust and van Helden. Predicting metabolic pathways by sub-network extraction. Methods Mol Biol (2012) vol. 804 pp. 107-30 
"  Faust et al. Prediction of metabolic pathways from genome-scale metabolic networks. BioSystems (2011) vol. 105 (2) pp. 109-21 
"  Faust et al. Pathway discovery in metabolic networks by subgraph extraction. Bioinformatics (2010) pp.  35 



Filtering out the hubs 

!  The network inferred from phylogenetic profiles generally contains a large clump of genes, in which it is 
difficult to distinguish specific clusters. 

!  One approach is to filter out the “hubs” of this network: discard genes whose degree (number of links to 
other genes) exceeds a given threshold. 

!  The network becomes more “readable”, but we probably loose a part of meaningful information.  
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Gene fusions 
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!  In 1999, two groups propose a method to 
predict functional interactions between 
genes based on cross-genome 
identification of gene fusions. 

"  Marcotte et al., Science, 1999 
"  Enright et al., Nature, 1999 

!  Marcotte et al. Detecting protein function and protein-protein interactions from genome sequences. Science (1999) vol. 285 (5428) pp. 751-3 
!  Enright et al. Protein interaction maps for complete genomes based on gene fusion events. Nature (1999) vol. 402 (6757) pp. 86-90 38 



Gene fusion – principle of the method 

!  Principle: identify in a query genome (Q) 
pairs of genes (A,B) which match non-
overlapping segments of a single gene 
(C) in a reference genome (R). 

!  Enright et al. Protein interaction maps for complete genomes based on gene fusion events. Nature (1999) vol. 402 (6757) pp. 86-90 39 

Source: Enright (1999) 



Examples of gene fusions 

!  Marcotte et al. illustrate the relevance of gene fusions by discussing a few 
selected examples.  

!  Marcotte et al. Detecting protein function and protein-protein interactions from genome sequences. Science (1999) vol. 285 (5428) pp. 751-3 40 



Inferring groups of functionally related genes from gene fusions 

!  Marcotte et al. further show that groups of fused genes (Fig B, D) are functionally linked. 
!  They show two examples of gene groups coding for the enzymes of specific metabolic pathways (A, C). 
!  This opens the perspective to guess the function of unknown genes based on their fusion with genes of 

known function (method called “guilty by association”). 

!  Marcotte et al. Detecting protein function and protein-protein interactions from genome sequences. Science (1999) vol. 285 (5428) pp. 751-3 41 



Can gene fusions predict physical interactions between proteins ? 

!  In their original publication, Marcotte et al. also propose to consider gene fusions as predictions of 
physical interactions between the proteins coded by these genes.  

!  They develop a model for the evolution of protein-protein interactions, based on transient interactions 
between domains in single-protein produced by fused genes.  

!  This model is rather speculative, and is not supported by the results of their own study. 
!  It is now agreed that gene fusions can generally reveal functional interactions, but that only a fraction of 

these would also involve physical interactions between gene products.  

!  Marcotte et al. Detecting protein function and protein-protein interactions from genome sequences. Science (1999) vol. 285 (5428) pp. 751-3 42 



Gene fusion analysis 

!  It is quite frequent to observe that 
two genes of a given organism 
are fused into a single gene in 
another organism. 

!  Fusions between more than 2 
genes are occasionally observed. 

!  Fused genes are likely to be 
functionally related. 

Query genome 

E.coli     5 components 

Yeast    1 composite 

Reference genomes 

A B C D E 

C^D^A^B^E 

Query genome 

E.coli     2 components 

B.subtilis     1 composite 

Reference genomes 

H.pylori     1 composite 

A B 

A^B  

References 
Marcotte, et al. (1999). Science 285(5428), 751-3.   
Marcotte, et al. (1999). Nature 402(6757), 83-6.   
Enright, et al.  (1999). Nature 402(6757), 86-90.   



Operons and directons 



Predicting operons in Bacterial genomes 

!  In Bacterial genomes, genes are organized in operons (poly-cistronic 
transcription units): a single mRNA contains a series of coding sequences. 

!  Operons thus contain groups of co-expressed genes, which are frequently (but 
not always) functionally related. 

45 



Phylogenetic footprints 



Significant dyads in promoters of lexA orthologs in Bacteria 

!  When all the bacterial promoters are 
analyzed together, the program dyad-
analysis detects most of taxon-specific motifs 
discussed before, and the feature-map 
highlights their taxon-specific locations. 

!  This illustrates the robustness of the method: 
the motifs can be detected even if present in 
a subset of the sequences only.  

!  The significance is however lower when all 
sequences are analyzed together than with 
the taxon-per-taxon analysis. 

47 
Janky, R. and van Helden, J. Evaluation of phylogenetic footprint discovery for predicting bacterial 
cis-regulatory elements and revealing their evolution BMC Bioinformatics 9, 37 (2008). 
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