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- Origin and early evolution of eukaryotes
- Reticulated evolution in eukaryotes 
- Genomic and phenotypic evolution in yeast pathogens (Candida)
- Host-microbiome interactions 
- Phylogenomics applied to study of biodiversity and phenotypic transitions 
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DO NOT MISS THE FOREST FOR THE TREE
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363 bird genomes 8



Eme and Ettema (2018) 9



Why care about gene family evolution?

- Gene repertoires encode the phenotypic potentials of a given organism
- Changes in gene content or gene functions underlie phenotypic evolution
- Gene family evolution can reveal how the current diversity of molecular and 

biological functions has evolved
- Genes can be regarded as evolutionary units that evolve (in part) 

independently from the species tree  
- Genes retain footprints of past evolutionary events
- Functional annotation of genes requires an evolutionary insight 
- Co-evolution of gene families reveal functional interactions  
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But……what is a gene?
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A modern definition:

A piece of DNA or RNA which codes for a molecule that has a function
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But……what is a gene function?
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Is difficult to formalize 
functional annotations. 
Attempts include E.C. 
numbers, GO terms, etc

Most annotations are indirect

They are far from optimal, 
but better than nothing
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From genome to gene content: gene prediction

- De novo 
- Homology-based
- RNAseq based
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From genome to gene content: gene prediction

- De novo 
- Homology-based
- RNAseq based

Still an issue!
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Variation of gene content across species
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A gene family: 

A set of genes with shared ancestry (homologs)

Gene families have hierarchical evolutionary 
relationship (best represented by a tree)

Members of a gene family can be orthologs or 
paralogs between them

An orthologous group is a (or part of) a gene family

Gene families evolve by duplication and loss (birth 
and death)
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But

- Genes also evolve by 
reticulate evolution (HGT 
and Hybridization)

- Genes also evolve by 
fusion and fission
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But how they originate in the first place?

Every newly sequenced genomes has predicted “orphans” for which 
no homolog can be found:

- Spurious predictions?
- Undetected homology? 
- Newly emerged gene? 
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Why genes duplicate?

Spontaneous duplications are common due to:

- DNA breaks and repair: unequal crossing over, replication slippage, ectopic 
recombination

- Retrotranscription  
- Mobile elements
- Aneuploidies, Polyploidies  

They are common, but the most common outcome of duplication is degeneration 
(loss) of one of the duplicates
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According to this model, gene duplicate retention is associated to 
functional change



31



Gene sequence encode protein (or RNA) structure, and its (dynamic) 
physico-chemical properties, which in turn perform some activity (in a given 
context)

32



33
The overwhelming majority of functional annotations are based on this 
concept



One family one function?
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If sequence changes, structure and function may 
or may not change. 

Mutation, drift, and selection govern this process  
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If duplications promote functional genes, and paralogs are the result of duplications, 
we expect them to diverge in function. 
The orthology conjecture: orthologs, as compared to paralogs, are more likely to 
share function
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Questioning the orthology conjecture
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Gabaldón, Koonin (2013)
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Functional divergence through speciation 



Conclusions 

- Orthologs (slightly?) more likely that paralogs to share function
- One function per gene family?: not totally, variation over a common theme 

(e.g. transporter with different substrate affinities)
- Broadly defined functions probably conserved, specific functions more 

variable. 
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Gene trees can inform on functional shifts 
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Maximum likelihood 
methods provide not only 
a topology and branch 
length, but also a 
hypothesis of sequence 
evolution along the tree
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Nonsynonymous and synonymous substitutions are expected to be 
subject to selection to different degrees
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We can use branch-site models to compute rates
for each branch (i.e. to detect lineage specific selection)
(e.g. PAML)  



Can we predict change of function?

DIVERGE2= compare sub-alignments of different clades that 
differ radically in specific domains
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Probably group 2a and group 2b, perform different functions
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Gabaldón and Huynen 2007
Prediction: B17.2L has a function that is linked to Complex I (co-evolution) but likely  Very different 
from what B17.2 (never identified as a subunit, large sequence divergence different constraint) 
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You can also model co-evolution between 
sequences
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You can also model co-evolution between sequences
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You can also model co-evolution between sequences
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You can even reconstruct ancestral sequences
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Conclusions

- Gene trees and their underlying alignments provide a plethora of information 
that can be exploited for different purposes. 

- Most such analysis have been used in particular case-studies 
- But large computing capacities, automated pipelines and more efficient 

algorithms enable to scale up such analyses .
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Break?
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How to study gene family evolution at genomic 
scales?

1) Model gene family content across a 
species tree

2) Reconstruct gene (family) phylogenies and 
compare them with the species tree 
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Variation of gene content across species
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A gene family: 

A set of genes with shared ancestry (homologs)

Gene families have hierarchical evolutionary 
relationship (best represented by a tree)

Members of a gene family can be orthologs or 
paralogs between them

An orthologous group is a (or part of) a gene family

Gene families evolve by duplication and loss (birth 
and death)
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Models for gene family evolution:
Model family gene numbers as quantitative traits 
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Felsenstein (2005)



Models for gene family evolution
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Models for gene family evolution
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- Allows different rates in different branches and across families
- Models gene annotation errors 



How to study gene family evolution?

1) Model gene family content across a species 
tree

2) Reconstruct gene (family) phylogenies 
and compare them with the species tree 

66



Gene trees 
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Tree collections can be interrogated to:

● Find families that show a particular topology
● Detect and date duplication events
● Genes that have accelerated evolutionary 

rates at a particular lineage (positive/relaxed 
selection)

● Detect families expanded at particular 
lineages

● Detect 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 



Approaches

Interrogate gene trees independent of species tree

Compare gene trees and species tree: reconciliation, species-overlap

Co-estimate gene trees and species trees: GeneRax, ALE
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Approaches

Interrogate gene trees independent of species tree

Compare gene trees and species tree: reconciliation, species-overlap

Co-estimate gene trees and species trees: GeneRax, ALE
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Approaches

A) Family centric approach (Most used)

Build gene families by a blast-based clustering approach (e.g. Orthofinder)

Then make a gene tree per family

B)   Gene centric approach (PhylomeDB)

Take a seed genome, for every gene find homologs with blast,  reconstruct a gene 
tree per gene (multiple gene trees per family are possible)
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Finding optimal granularity 
might be tricky
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How many families?
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How many families?
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How many families?
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How many families?
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Orthogroups are useful but

- Bad name choice (= gene family, and it contains paralogs)  
- A 1-dimensional projection of a hierarchical relationship based on indirect 

measure of that hierarchy (blast-based distance)
- Nested relationships, must be defined at each taxonomic level
- …  
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Homologous sequences aligned in forward and reversed (head or tail 
approach), and each of them with three different algorithms: 2 x 3 = 6 
different alignments
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A consensus is built from the 6 
different alignments (M-Cofee)

TrimAl trims based on 
a consistency score
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Tree collections can be interrogated to:

● Find families that show a particular topology
● Detect and date duplication events
● Genes that have accelerated evolutionary 

rates at a particular lineage (positive/relaxed 
selection)

● Detect families expanded at particular 
lineages

● Detect 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 
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In Drosophila, kelch protein is involved in the organization and morphology of the ovarian ring channel.

A particularity of pea aphids is a complex life cycle with reproductive polyphenism and extensive differences in 
ovarian morphology between the different female morphs. 

Is the kelch family expansion in aphids related to such diversity?

94



95

Probable ancestral WGD(s) in the ancestor of aphids



Gene loss also drives adaptation
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- Complex I was lost 8 independent times in fungi
- Other genomic changes correlate with CI loss
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Beyond duplication and loss

- Selection and recombination can explain anomalous gene trees
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Convergent evolution
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Convergent evolution

101Cactus                    Euphorbia
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Parallel evolution
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Escape from adaptive conflict 

105

Gene with two functions in conflict 



Escape from adaptive conflict 
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Gene with two functions in conflict 



Escape from adaptive conflict 
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Gene with two functions in conflict 
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Escape from adaptive conflict



Concerted evolution (gene conversion)
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Reticulate (non-vertical) gene evolution
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Conclusions:

- Genome-wide analyses of gene trees provide 
useful information to trace the evolution of 
genes, species, and traits

- Gene trees and species trees provide distinct 
information 

- Now is computationally feasible to massively 
look at gene evolution: more powerful 
computers, new algorithms, data is there

 117



Challenges:

- Gene family definition in the context of domain shuffling, and alternative 
splicing is unresolved

- Scalability is compromised, well-thought designs in taxonomic focus and 
genome choice are more important as data accumulates 

- Genome annotation and the lack of common ground is a growing 
problem

- Functional interpretation is limited due to poor and non-specific 
annotations

- Green computing considerations: shall we recompute all once a new 
genome is added (e.g. ensembl, OMA) 
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THANKS
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