
Introduction to phylogeny,
Orthology and Paralogy

Toni Gabaldón
Centre for Genomic Regulation (CRG), Barcelona

(tgabaldon@crg.es)
http://gabaldonlab.crg.es

mailto:tgabaldon@crg.es








A brief primer on phylogenetics and tree reconstruction 



A phylogenetic tree

A branching diagram (bipartite graph) showing the inferred 
evolutionary relationships among various biological species or 
other entities (e.g sequences) based on similarities and 
differences in their physical and/or genetic characteristics.





A phylogenetic tree is a hypothesis of how 
things* are related through evolution

* species, genes, ….   







A phylogenetic tree is a hypothesis of how 
things* are related through evolution

How we find our best hypothesis:
- data (i.e. sequences)

- a “model” of how this type of data evolve

- a way to assess how good our hypothesis is as 
compared to other possible hypotheses 



Phylogenetic approaches:

Distance methods (NJ, UPGMA)

Maximum Parsimony

Probabilistic Methods (Maximum Likelihood, Bayesian 
Inference, including coalescence methods)



Neighbor Joining

Based on the current distances matrix calculate the matrix Q 
2. Find the pair of taxa in Q with the lowest value. 
Create a node on the tree that joins these closest neighbors.
3. Calculate the distance of each of the taxa in the pair to this new node.
4. Calculate the distance of all taxa outside of this pair to the new node.
5. Start the algorithm again, considering the pair of joined neighbors as a
 single taxon and using the distances calculated in the previous step



Maximum Parsimony

Finding the tree with that implies the minimal number of changes along its branches.



So, how to find the best tree?

Exhaustive search: make ALL trees first, and then see which one best fits the data
(you need an optimality criterion) 

Heuritisc search: Try to find a way to find an optimal tree (hopefully the best) 
without testing them all. You also need an optimality criterion and you are
 not guaranteed to find the best, but you save time.
  

Different software differ in searching
heuristics



Probabilistic methods render themselves for testing 















Models can be very complex to capture different 
processes, increasing the number of parameters

- i.e. fast and slow evolving sites 

Models can be specificly made for specific groups 
of sequences 

- i.e. for mitochondrially encoded proteins

Model choice can influence results. 



Each model would indiuce a different likelihood landscape





Bayesian Inference
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  Richard Owen. 



  

Homology

“the same organ in different animals under every variety of form and function" R. Owen
→ organs in two species are homologous only if the same structure was present in their 
last common ancestor. Homology → common ancestry



  



  



  

Important: Similarity and Homology

Similarity and homology are often confused. e.g. 

“the sequences are  50%  homologous”,  “these  two 
 sequences  are  highly  homologous”

Why is this incorrect? 

Where does the confusion comes from?



  



  



  

Alignment scores are sums of residue  pairing scores 
according to a scoring Matrix 



  



  



  



  



  

From homology to orthology

• Homologs are sequences derived from a common 
ancestor...

• What are then orthologs?.... and paralogs?



  

Are these sentences correct?

 - Orthologs are homologous genes that have the same function

-  Orthologs are homologous genes in different species, while 
paralogs are homologous genes in the same species

-  The ortholog is the most similar sequence among the homologs in 
another species

-  If gene A is orthologous to gene B, and gene B is orthologous to 
gene C, then A and C are orthologous to each other. 

- Orthologs are genes that do not duplicate and, when they exist, 
they are always present in single copy

- After a duplication, the orthologous copy is the one that keeps the 
function of the ancestral gene



  

Fitch W.M.

Distinguishing homologous from 
analogous proteins.

Syst. Zool. 1970; 19: 99-113



  

Original definition of orthology and paralogy by Walter Fitch (1970, 
Systematic Zoology 19:99-113):

"Where the homology is the result of gene duplication so that both 
copies have descended side by side during the history of an 
organism, (for example, alpha and beta hemoglobin) the genes 
should be called paralogous (para = in parallel). 

Where the homology is the result of speciation so that the history 
of the gene reflects the history of the species (for example alpha 
hemoglobin in man and mouse) the genes should be called 
orthologous (ortho = exact)."



  



  

Corollary:

 Orthology definition is purely on evolutionary terms (not 
functional, not synteny…)

 There is no limit on the number of orthologs or paralogs that a 
given gene can have (when more than one ortholog exist, there 
is nothing such as “the true ortholog”)

 Many-to-Many orthology relationships do exist (co-orthology)

 No limit on how ancient/recent is the ancestral relationship of 
orthologs and paralogs

 Orthology is non-transitive (as opposed to homology)



  

Orthology relationships can be complex, and intricate



  

Why predicting orthology is important?

 Important implications for phylogeny: only sets of 
orthologous genes are expected to reflect the underlying 
species evolution (although there are many exceptions)

 The most exact way of comparing two (or more) genomes in 
terms of their gene content. Necessary to uncover how 
genomes evolve.

 Implications for functional inference: orthologs, as compared 
to paralogs, are more likely to share the same function 



  

Why predicting orthology is important?

 Important implications for phylogeny: only sets of 
orthologous genes are expected to reflect the underlying 
species evolution (although there are many exceptions)

Where the homology is the result of speciation so that the history 
of the gene reflects the history of the species (for example alpha 
hemoglobin in man and mouse) the genes should be called 
orthologous (ortho = exact).



  



  

Tree from orthologous dataset: 



  

Tree from non-orthologous dataset: 



  

Tree from non-orthologous dataset: NOT a SPECIES TREE 

Speciation node

Duplication node



  

                 Seems easy, but it’s not* 

*at least not always. 



  

The hidden paralogy problem

Complex duplications and loss patterns 
can result in paralogous genes being 
recovered as putative orthologs by most 
methods, resulting in faulty phylogenetic 
relationships. 

This problem is exacerbated following 
whole genome duplication events, usually 
followed by massive differential gene loss. 

Annotation problems and fragmented 
genomes could result in similar patterns.

Increasing taxonomic coverage is one 
approach to aleviate this problem .  



  



  

Even if you get a truly orthologous dataset.

Orthologus genes are not guaranteed to reflect the 
species tree!



  



  

Incomplete lineage sorting



  

Incomplete lineage sorting in the primate lineage:



  

Gene conversion
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Introgression / Hybrization



  



  

Why predicting orthology is important?

 Important implications for phylogeny: only sets of 
orthologous genes are expected to reflect the underlying 
species evolution (although there are many exceptions)

Yes, orthologs are useful to retrieve species trees.

However, even if you have the orthologs, getting the species tree 
is not straightforward. 



  

Why predicting orthology is important?

 Important implications for phylogeny: only sets of 
orthologous genes are expected to reflect the underlying 
species evolution (although there are many exceptions)

 The most exact way of comparing two (or more) genomes in 
terms of their gene content. Necessary to uncover how 
genomes evolve.

 Implications for functional inference: orthologs, as compared 
to paralogs, are more likely to share the same function 
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Gene content Gene content  co-evolution.  (The easy case, few genomes. ) co-evolution.  (The easy case, few genomes. )

Genomes share genes for phenotypes they have in commonGenomes share genes for phenotypes they have in common

Differences between gene Differences between gene 
Content reflect differences inContent reflect differences in
Phenotypic potentialitiesPhenotypic potentialities
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L. innocua (non-pathogen) L. monocytogenes (pathogen)
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L. innocua (non-pathogenic)L. monocytogenes (pathogenic)

Genes involved in pathogenecity 
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More than two genomes



  

Why predicting orthology is important?

 Important implications for phylogeny: only sets of 
orthologous genes are expected to reflect the underlying 
species evolution (although there are many exceptions)

 The most exact way of comparing two (or more) genomes in 
terms of their gene content. Necessary to uncover how 
genomes evolve.

 Implications for functional inference: orthologs, as compared 
to paralogs, are more likely to share the same function 

REALLY???, IS THIS TRUE IF SO, WHY IS THAT?



  

After duplication: diversify or die (neofunctionalization or subfunctionalization models)



  



  



  



  



  Gabaldón and Koonin (2013) Nat. Rev. Gen. 



  

Questions about this part?
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Classical approach:  phylogenetic inference

- Build a gene tree
- Compare to the species tree
- Infer duplications and speciation events
- Assign orthology and paralogy relationships accordingly

Obvious!





Going genome-wide scale: 
Everything must be done automatic and “blind”





Gabaldón, T. Genome Biology 
(2008)

a) Best bidirectional hits
b) COG, MCL-clustering approach
c) InParanoid
d) Tree reconciliation
e) Species-overlap (PhylomeDB)





Best bidirectional hit (BBH), Best reciprocal hits (BRH) 



Best bidirectional hit (BBH), Best reciprocal hits (BRH) 



Best bidirectional hit (BBH), Best reciprocal hits (BRH) 

BBH!







In-paranoid: improved BRH to detect in-paralogs as well. Works well at the pairwise level.



Note:

Definition of in- and out-paralogues require the specification of a 
given speciation-node of reference  





Clustering methods produce: orthologous groups

Equivalent to the earlier concept of sub-family 

Orthologous groups = Group of sequences derived from a single 
gene in a common ancestor. They may include orthologs and in-
paralogues.

Each orthologous group has implicit the specification of an ancestral 
species of reference ( a speciation node). 



How many orthologous groups? 3 at the level of vertebrates, 1 at the level of chordates





The definition of a reference ancestral species is just an 
approximation to the inherently hierarchical nature of gene 
family evolution: and is thus incomplete.

To alleviate this, many databases define orthologous groups at 
various hierarchical levels (e.g Metazoa, Vertebrates, 
Mammals, Primates)  





Methods based on phylogeny where not used at a 
large scale due to limitations in computational 
power (phylogenetics is costly).

However, these has changed recently, fast 
pipelines and algorithms are available:

Ensembl trees, PhylomeDB, TreeFam, etc..







Reconciliation algorithm.

(Hard reconciliation) Resolve any incogurence between gene tree and 
species tree by introducing the minimal number of gene duplicatios and 
losses.

(Soft reconciliation) Allow incongruences below a given support value  
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Species ovelap algorithm.

It does not require a species-tree but needs to know the species to which 
The genes belong
In essence can be seen as a reconciliation with an unresolved species tree

For every node in the gene tree evaluate whether the daughter partitions 
share any species. If the overlap (number of species shared over total 
number of species ) is higher than the given threshold. Inpute a 
duplication at that node.  
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Benchmark on YGOB (Genome alignments and synteny information)



Our pipeline:

Salvador-Capella et al
 Bioinformatics (2009).

http://trimal.cgenomics.org

Huerta-Cepas et al.
Nucleic Acids Res. (2008)

www.phylomedb.org

Pipeline described in Huerta-Cepas et al NAR (2011)

ETE: Environment for
Tree Exploration
ete.cgenomics.org



The set of homologous 
Sequences are aligned by 3 different aligners 
in forward and reverse modes (Head or Tails 
approach)

 

Http://trimal.cgenomics.com 

http://trimal.cgenomics.com/


The set of homologous 
Sequences are aligned by 3 different aligners 
in forward and reverse modes (Head or Tails 
approach)

A consensus is buit

Http://trimal.cgenomics.com 

http://trimal.cgenomics.com/


The set of homologous 
Sequences are aligned by 3 different aligners 
in forward and reverse modes (Head or Tails 
approach)

A consensus is buit

The consensus is trimmed (trimAl)
based on:

  - consistency across the 6 alignments
  - gap content

 

Http://trimal.cgenomics.com 

http://trimal.cgenomics.com/


The set of homologous 
Sequences are aligned by 3 different aligners 
in forward and reverse modes (Head or Tails 
approach)

A consensus is buit

The consensus is trimmed (trimAl)
based on:

  - consistency across the 6 alignments
  - gap content

 

Http://trimal.cgenomics.com 

http://trimal.cgenomics.com/


Our pipeline:

Salvador-Capella et al
 Bioinformatics (2009).

http://trimal.cgenomics.org

Huerta-Cepas et al.
Nucleic Acids Res. (2008)

www.phylomedb.org

Pipeline described in Huerta-Cepas et al NAR (2011)

ETE: Environment for
Tree Exploration
ete.cgenomics.org



Www.phylomedb.org 

http://Www.phylomedb.org/




These phylomes can now be interrogated in many ways

- Families that show a particular 
topology
-Detect and date duplication events

- Genes that have accelerated 
evolutionary rates at a particular lineage
(positive/relaxed selection)

- Families expanded at particular 
lineages

- Footprints of horizontal gene transfer, 
lineage sorting, gene conversion and 
other evolutionary processes

- Search for co-evolving genes

- predict functional properties

- across-species prediction of orthology 
and paralogy 

- 



Pryszcz et. al. (NAR, 2011)





A plethora of methods for ortholog prediction

http://questfororthologs.org 

http://questfororthologs.org/


¿With over 30 orthology databases, based on various methods, 
which ones to choose?

- Different taxonomic focuses
- Different methodologies 
- Different outputs (pairwise relationships, groups, etc)
- Different interfaces
- Different accuracies (how to benchmark this?)



Final warnings:

Most methods assume the complete, fully (and correctly) annotated genome 
for each of the compared species is available.

Deserve special considerations:

- Working with highly fragmented/incomplete genomes or transcriptomes

- Working with bacteria (pangenome concept, rampant HGT)

  



The “boundaries” of the orthology concept

Where the homology is the result of gene duplication so that both 
copies have descended side by side during the history of an 
organism, (for example, alpha and beta hemoglobin) the genes 
should be called paralogous (para = in parallel).
 
Where the homology is the result of speciation so that the history of 
the gene reflects the history of the species (for example alpha 
hemoglobin in man and mouse) the genes should be called 
orthologous (ortho = exact)."



The “boundaries” of the orthology concept

Where the homology is the result of gene duplication so that both 
copies have descended side by side during the history of an 
organism, (for example, alpha and beta hemoglobin) the genes 
should be called paralogous (para = in parallel).
 
Where the homology is the result of speciation so that the history of 
the gene reflects the history of the species (for example alpha 
hemoglobin in man and mouse) the genes should be called 
orthologous (ortho = exact)."

GENE, SPECIATION, DUPLICATION



Can we accomodate orthology to evolutionary processes 
other than speciation and duplication?

Ohnologs, Xenologs, Homeologs 



Ohnologs, Xenologs, and Homeologs



Ohnologs, Xenologs, and Homeologs



Ohnologs, Xenologs, and Homeologs



Can orthology be defined beyond genes?

In principle, the concept can simply be extrapolated to any 
loci that involves through duplication and speciation, but 
where to set the level of resolution?

Domains?
Single nucleotides?





And what about the species boundary?

Two alleles of the same gene segregating in a population are 
diverging from each other (they are clearly homologs) but 
there is no speciation event separating them, they are still 
“the same gene in the same species”.. however, they can 
diverge and even change their chromosomal location

This can be particularly problematic in microbial organisms 
(pan/core genome, rampant gene flow, etc).   



Questions? 
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