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Bioinformatics and Evolutionary Bioinformatics and Evolutionary 

Genomics:Genomics:  
Genome Evolution in terms of Gene Genome Evolution in terms of Gene 

ContentContent  



Gene Content EvolutionGene Content Evolution  



What about HGT / genome sizes?What about HGT / genome sizes?  
Genome trees based on gene content:Genome trees based on gene content:  
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Genome trees based on gene contentGenome trees based on gene content  
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Presence / absence matrix: Presence / absence matrix: 



Genome trees based on gene content are remarkably similar to Genome trees based on gene content are remarkably similar to 
consensus on ToLconsensus on ToL  

C. pneumoniaeC. pneumoniae  

C. C. trachomatistrachomatis  

M. tuberculosisM. tuberculosis  M. pneumoniaeM. pneumoniae  
M. genitaliumM. genitalium  

B. subtilisB. subtilis  

T. pallidumT. pallidum  

T. maritimaT. maritima  

B. burgdorferiB. burgdorferi  

P. horikoshiiP. horikoshii  

M. thermoautotrophicumM. thermoautotrophicum  

A. fulgidusA. fulgidus  

M. jannaschiiM. jannaschii  

S. cerevisiaeS. cerevisiae  

C. elegansC. elegans  

A. aeolicusA. aeolicus  

E. coliE. coli  

H. influenzaeH. influenzae  
R. prowazekiiR. prowazekii  

H. pylori H. pylori   2669526695  

Synechocystis sp.Synechocystis sp.  

H. pylori H. pylori   J99J99  

A. pernixA. pernix  100100  
100100  

100100  100100  

100100  

100100  

100100  

100100  

100100  

9898  

9393  
8989  

6969  

8888  

0.10.1  

9797  

ProteobacteriaProteobacteria  

EukaryaEukarya  

EuryarchaeotaEuryarchaeota  

SpirochaetalesSpirochaetales  100100  



Presence / absence of genesPresence / absence of genes  
Gene content  co-evolution.  (The easy case, few genomes. ) 

Genomes share genes for phenotypes they have in common 

Differences between gene  

Content reflect differences in 

Phenotypic potentialities 



ThreeThree--way comparisonsway comparisons  

Huynen et al., 1998, FEBS Lett 



Convergence in functional classes of gene content in small Convergence in functional classes of gene content in small 
intracellular bacterial parasites intracellular bacterial parasites   

Zomorodipour & Andersson  FEBS Letters 1999 



Although we can, qualitatively, interpret the variations in shared gene content in terms 
of the phenotypes of the species, quantitatively they depend on the relative 
phylogenetic positions of the species. The closer two species are the larger fraction of 
their genes they share. 
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CoCo--evolving modulesevolving modules  



CoCo--occurrence of genes across occurrence of genes across genomes as prediction genomes as prediction 
for interaction / associationfor interaction / association  

••  i.e. two genes have the i.e. two genes have the 
same presence/ absence same presence/ absence 
pattern over multiple pattern over multiple 
genomes:genomes:  

••AKA AKA phylogeneticphylogenetic  profilesprofiles  

••NB complete genomes NB complete genomes 
absence absence --> needed for > needed for 
absenceabsence  

••Correction for Correction for 
phylogeneticphylogenetic  signal needed  signal needed  
→ events→ events  

b 



Predicting function of a disease gene protein with Predicting function of a disease gene protein with 
unknown function, unknown function, frataxinfrataxin, using co, using co--occurrence of occurrence of 

genes across genomes / genes across genomes / phylogeneticphylogenetic  profilesprofiles  

• Friedreich’s ataxia 

• No (homolog with) known function 



Predicting function of a disease gene protein with unknown function, Predicting function of a disease gene protein with unknown function, 
frataxinfrataxin, using co, using co--occurrence of genes across genomesoccurrence of genes across genomes  

• Friedreich’s ataxia 

• No (homolog with) 
known function 

FrataxinFrataxin  has cohas co--evolved with evolved with hscAhscA  and and hscBhscB  indicating indicating 
that it plays a role in ironthat it plays a role in iron--sulfur cluster assemblysulfur cluster assembly  



Iron-Sulfur (2Fe-2S) cluster in the Rieske protein 



Prediction: 

~Confirmation: 





• If two genes have a “significantly” similar 
presence/absence pattern which is different 
from the phylogenetic signal, than their 
proteins are likely to interact / be in the same 
process/pathway 

• This pattern can be created by independent 
loss and/or horizontal gene transfer (of 
operons) 

 



COG0021
COG0213
COG2820

ribose phosphate metabolism (not cohesive at all)ribose phosphate metabolism (not cohesive at all)    

COG0707
COG0769
COG0770
COG0771
COG0773
COG0796
COG0812
COG1181

peptidoglycanpeptidoglycan  biosynthesis pathway (highly cohesiveness, far from perfect)biosynthesis pathway (highly cohesiveness, far from perfect)  

HoweverHowever  

Very few functional modules are perfect; limited cohesiveness; functional units vs 
evolutionary units 

Why? 



Fokkens and Snel PLoS Comp Biol 2009 

If the phyletic patterns of two 
proteins are highly similar 
they tend to interact, but the 
reverse is not generally true!  
 
~50% of modules (such as 
protein complexes) do not 
have highly similar phyletic 
patterns. 
 
This seems to not  only 
depend on dataset, noise in 
orthology detection, or noise  
in module definition 



Explaining Explaining discordant discordant phyleticphyletic  patterns patterns 
of proteins that interactof proteins that interact  

• Many cases stories and a few large scale 
studies 

 

• (we could also just say that evolution is 
flexible and proteins change function; which I 
am not going to argue with but (A) 
conservation of interaction and (B) this is a 
“just so”, non testable explanation ) 



Tracing the evolution of Tracing the evolution of NADH:ubiquinoneNADH:ubiquinone  oxidoreductaseoxidoreductase  (Complex I of the (Complex I of the 
oxidative oxidative phosphorylationphosphorylation), from 14 subunits (Bacteria) to 46 subunits (Mammals) by ), from 14 subunits (Bacteria) to 46 subunits (Mammals) by 

comparative genome analysiscomparative genome analysis  

Bacteria: 14 subunits 

Algae: 30 

Fungi: 37 

Mammals: 46 

Plants: 30 

Gabaldon et al, J. Mol. Biol 2005 



Reconstructing Complex I 

evolution by mapping the 

variation onto a phylogenetic 

tree. After an initial “surge” in 

complexity (from 14 to 35 

subunits in early eukaryotic 

evolution) new subunits have 

been gradually added and 

incidentally lost. most other loss 

is large scale 



In the eukaryotic evolution of Complex I, new subunits have been added “all over” the 
complex 

Gabaldon et al, J. Mol. Biol 2005 



Reconstructing Complex I evolution 

by mapping the variation onto a 

phylogenetic tree. After an initial 

“surge” in complexity (from 14 to 35 

subunits in early eukaryotic 

evolution) new subunits have been 

gradually added and incidentally 

lost., most other loss is large scale 

Complex I loss is not always 

“complete”, S.cerevisiae and 

S.pombe have retained 1 and 3 

proteins 



Phylogeny of a “remaining” complex I  protein in Phylogeny of a “remaining” complex I  protein in pombepombe  

“The “The Complex I assembly protein CI30 has been duplicated in the Fungi. Complex I assembly protein CI30 has been duplicated in the Fungi.   

This can explain the presence of a CIA30This can explain the presence of a CIA30--homolog in  Complex Ihomolog in  Complex I--less less S.pombeS.pombe””  

Gabaldon et al, J. Mol. Biol 2005 

? 



Why the accumulation: a neutral Why the accumulation: a neutral 
explanation explanation   

How to falsify? 

Science. 2010 Nov 12;330(6006):920-1. 
Cell biology. Irremediable complexity? 
Gray MW, Lukes J, Archibald JM, Keeling PJ, Doolittle WF. 
 

fixation of neutral or slightly deleterious features as a general and unavoidable 
source of complexity in taxa with small populations  

http://www.sciencemag.org/content/330/6006/920/F1.large.jpg
http://www.ncbi.nlm.nih.gov/pubmed?term="Gray MW"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Lukes J"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Lukes J"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Lukes J"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Archibald JM"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Keeling PJ"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Doolittle WF"[Author]


e.g. e.g. NeurosporaNeurospora  mitomito--TyrRSTyrRS  

• Neurospora mitochondrial genome encodes several introns 
which require a tyrosyl tRNA synthetase (TyrRS) to splice. 

• “to compensate for structural defects acquired by the 
intron sequences “ 

• BUT Introns with defects arising -> negative selection 
• ? Reverse:  first binding  (fortuitously or for reason 

unrelated to splicing)—> accumulation of mutations in the 
intron that inactivate splicing, if TyrRS not bound. 

•  Because the compensatory / suppressive activity exists 
before mutation “presuppression,”  

• the protein dependence by the intron could be selectively 
neutral (or slightly disadvantageous 
 



“Constructive neutral evolution”“Constructive neutral evolution”  

• Suggested that many taxon specific subunits 
(taxon specifc proteins that are a subunit in a 
complex) are regulatory subunits 

 

• Hypothesis: neutrally added but necessary 
subunits could have been appropriated as 
regulatory subunits? 

 



• Kinase 

• Regulates growth 

• Mutations of TOR1 components involved in Cancer 

TOR 
LST8 

Raptor 

TOR1 complexTOR1 complex  



Evolution of TOREvolution of TOR  

TOR 
LST8 

Raptor 



Does evolution of TOR make more sense if we Does evolution of TOR make more sense if we 
consider the whole network of interactions: consider the whole network of interactions: 

TOR2 complexTOR2 complex  
• TOR2 is involved in rearrangement of cytoskeleton 

 

TOR 
LST8 

Rictor 
TOR 

LST8 

Raptor 



Raptor or Rictor Raptor or Rictor 

TOR 
LST8 

Rictor 

Raptor 



? Taxonomic subunit constructive neutral 
evolution ? 



Considering triangles of interactions Considering triangles of interactions 
instead of pairs: a instead of pairs: a complementaritycomplementarity  

scorescore  



A substantial fraction of the “others” A substantial fraction of the “others” 
has a high has a high complementaritycomplementarity  scorescore  



TOR1 

TOR2 

LST8 Raptor 

Rictor 

Gene duplications are important in Gene duplications are important in 
evolution and function of TOR evolution and function of TOR 

complexes complexes   

Gene duplication of the tor kinase 
in Sacceromyces cerevisiae,  
chytrid fungi, oomycetes, poplar. 
 
In yeast molecular biology 
demonstrated specialization 
 
Why in some species this happens 
and others not? 



Other forms of coOther forms of co--evolutionevolution  

• Speed/rate of evolution 

 

• Acceleration after loss of binding partner 

 

• Compensatory mutations, co-evolving 
residues: old problem, never solved, now 
maybe possibly in reach thanks to evfold (?), 
not applied to study evolution yet 



NonNon--orthologous gene orthologous gene 
displacement/analogous proteinsdisplacement/analogous proteins  

  
 

• First systematic analysis on M.genitalium 
(Koonin et al., Trends Genet. 1997) 

 

 

  





The opposite of coThe opposite of co--occurrence:occurrence:  
antianti--correlation / complementary patterns: predicting correlation / complementary patterns: predicting 

analogous enzymesanalogous enzymes  

A B A B 

Genes with complementary phylogenetic profiles could have a similar biochemical 

function. 



Complementary patterns in thiamin Complementary patterns in thiamin 
biosynthesis predict analogous biosynthesis predict analogous 

enzymesenzymes  



Prediction of analogous enzymes is Prediction of analogous enzymes is 
confirmedconfirmed  



Asymmetric functional/metabolic Asymmetric functional/metabolic 
relations explain nonrelations explain non--similar presence similar presence 

absence patterns absence patterns   

Asymmetric relationships between proteins shape genome evolution. 
Notebaart RA, Kensche PR, Huynen MA, Dutilh BE. 
Genome Biol. 2009 Feb 12;10(2):R19.  
 

http://www.ncbi.nlm.nih.gov/pubmed/19216750
http://genomebiology.com/2009/10/2/R19/figure/F3


http://genomebiology.com/2009/10/2/R19/figure/F1
http://genomebiology.com/2009/10/2/R19/figure/F2


Domains Domains vsvs  proteins?proteins?  

“interaction domain of TSC2?” 

But why the innovation? Regulatory subunit / neutral accumulation of taxon 
specific subunits / constructive neutral evolution? 

TSC1 
TSC2 



• Explaining the evolution of genes stimulates a better / 
more focused discussion on what we mean by gene 
function(al) relationship 
 
 

• The more/better HTP functional data, the better for 
studying genome evolution 
 

• Many different plausible, interlocking, reasons for 
disrupted co-occurrence across genomes of interacting 
proteins; (role of duplication least systematically 
researched?)   
 
 
 


