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Molecular phylogeny 

• Fragments of 16SrRNA gene for different species 
• Strong similarities, but also differences 
• Differences reflect divergent evolutionary history 
• “Edit path” between sequences => evolutionary history of 

organisms 
G. Olsen lecture notes MCB 340 



You are 

here 

Last Universal  
Common Ancestor ? 







The Tree of Life 

• The existence of the tree shows that all life on Earth is 
related. 
– The root of the “big tree” is about 3.5-3.8 billion years ago. 

 
• Why can’t we see further back in time? 

– Is it because of lack of phylogenetic resolution? 
– Or is there a fundamental reason that we lose the scent of 

life? 
 

• The existence of a tree is not mandatory.   
– It arises from the vertical descent of individual lineages, 

genes being transferred to successive generations with 
variation. 



Darwinian evolution = population 
genetics 

• Origin of species 

• Change in frequency of gene alleles in a population 

 

• But what was the character of evolution before the 
Last Universal Common Ancestor? 
– No species 

– No genes 

– What drives the evolution of complexity? 

– Why was life’s early stages so fast? 

– How are those processes manifested and connected 
with evolution today? 



Darwinian evolution = population 
genetics 

• Origin of species 

• Change in frequency of gene alleles in a population 

 

• But what was the character of evolution before the 
Last Universal Common Ancestor? 
– No species 

– No genes 

– What drives the evolution of complexity? 

– Why was the process of evolution in early life so fast? 

– Is this process manifested and connected with 
evolution today? 
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Are there more general modes of 
evolution than vertical Darwinian 

evolution today? 



Horizontal gene transfer 

Microbes can do this … but what happens 
when they all do it? 



Gene transfer between host and virus 

 

Hill, PlosBiol (2006) 

Sullivan et al. , PlosBiol (2006) 

PsbA gene 
acquired by 
phage 

Phylogeny of psbA gene in cultured 
cyanobacteria and cyanophages 19 



Is there a benefit to microbes of viruses? 

“Therefore, mounting evidence indicates that host-like genes acquired by 
phages undergo a period of diversification in phage genomes and 
serve as a genetic reservoir for their hosts. Thus, a complex picture of 
overlapping phage and host gene pools emerges, where genetic 
exchange across these pools leads to evolutionary change for host 
and phage. Fully understanding the mechanisms of microbial and 
phage coevolution clearly requires an improvement in our ability to 
quantify horizontal gene transfer at the whole and partial gene level 
and in our ability to accurately estimate the relative fluxes into and 
out of these pools.”  (Sullivan et al. 2006) 

 
Yes: microbe-phage interactions create a global reservoir of 

photosynthetic genes, benefiting both microbes and phages. (E. 
Anderson (1966), N. Anderson (1970), S. Sonea (1988, 2001), M. Syvanen (1984) 
& many others, including L. Villareal, Weinbauer, Ochman, Lawrence, Groisman, 
Hatfull, Hendrix, Brussow …) 

 

Take-home message: the “Cloud” was invented 
3-4 billion years ago by microbes 
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Patterns in the  
genetic code 
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Code still evolving 

(slightly).   
 

Recent changes, may 
involve modern 

translation machinery, 
so mechanism may be 

different from that 
before last common 

ancestor. 
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Degeneracy 
 

Met & Trp are 
only amino acids 
with one codon 

 
Sonneborn (1965), Woese 
(1965), Zuckerkandl and 

Pauling (1965) 
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Clustering 
 

Amino acids not 
scattered randomly 
but occur in blocks 
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Hydrophobicity 
 

Most hydrophobic amino 
acids are Phe, Leu, Ile, 

Met and Val. 
 

Most hydrophilic amino 
acids are His, Gln, Asn, 

Lys, Asp, Glu. 
 

Amino acids with 
complementary anti-
codons tend to have 

opposite hydrophobicity. 
 

Woese (1965), Volkenstein 
(1966) 



Polar requirement 

• Polar requirement is a counterplay between two 
tendencies of amino acids 
– Polar interaction of ring N on bases with polar part of 

amino acid 
– Non-polar interaction between organic parts of base 

with amino acid 

 
• In 1965-1966 Carl Woese and colleagues devised 

a way to quantify the chemical properties of 
amino acids, and called their measure “polar 
requirement” 



Polar requirement 
• Woese et al (1966) 

document interactions 
between amino acids and 
bases to see if these had 
influenced the code. 

• Explored chromatography 
of amino acids in water-
pyridine mixtures. 
– Separation not sufficient 

evidence – amino acids 
could just be moving with 
water 

– Explore trend of motion of 
amino acids with water 
concentration! 

• RM measures mobility of 
amino acid 

• Polar requirement is slope 
of log RM vs. Mole % H2O 
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Amino acids with shared 
doublet have similar “polar 

requirement” – a 
quantification of amino 
acid-pyridine affinity. 

 
(Woese et al. 1966) 



The genetic code is not just universal … 
it’s nearly optimal in minimizing errors 



Optimality of the code 

• Does the genetic code minimise errors? 
– Point mutations tend to substitute similar amino 

acids? (Sonneborn 1965) 

– Errors in translation tend to substitute similar 
amino acids? (Woese 1965) 

 

• How can we explore such issues, when we 
have only one universal code? 
– Computer simulation!  (Alff-Steinberger 1969) 



Simulated genetic codes 

• Permute labels – new codes with same pattern of degeneracy 
• 20! ~ 1018 possible codes 
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Simulated genetic codes 
• Basic idea: generate by Monte Carlo simulation a large 

number of simulated genetic codes 

 

• For each code, score the effect of point substitutions in 1st, 
2nd & 3rd codon positions, summed over the whole code 

 

• Plot a histogram 
of the scores obtained 

 

• Compare with the 
canonical genetic  
code 

Knight Ph.D thesis (2001) 



Simulated genetic codes 
Naïve expectation – current 

code is frozen accident 
Actual result – current code is 

not a frozen accident 
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Optimality of the genetic code with respect to 
the polar requirement 

Freeland and Hurst 1998 



Optimality of the genetic code with respect to 
the polar requirement 

• Haig and Hurst (1991) simulated 10,000 genetic codes. 
– Only 2 were better than the genetic code in minimising errors 

 

• Freeland and Hurst (1998) simulated 1,000,000 genetic codes 
– Weight transition and transversion differently 

• Transitions: purine-purine (A,G); transversion: purine-pyridine (U,C)  

 

• Butler et al. (2007) extended the analysis to show that the probability 
of finding a more optimal code than the canonical one is (26 ± 1.6) x 
10-7 

– Also developed a theoretical measure based on the radial correlation 
function of amino acid in water-pyridine mixtures 

– This computational polar requirement gives an optimality probability of 
(19 ± 4) x 10-8  



Mechanisms for evolution of the genetic 
code 



The puzzle 

• The genetic code is a “complex trait”. 

• The genetic code has evolved. 

• Yet, it is universal … Why isn’t there a diversity of codes? 

• Is the universality accidental or is it there for a deep reason?  

• What does it tell us about early evolution? 

 

• Suggestion: The code is special because it is an “innovation-
sharing protocol” 

 
– Translation is a unique cellular function, part of the “operating system” 

of the cell. 

 



How can a code evolve? 

 http://wesclark.com/a

m/spy_game.html 

http://xtremzik1.free.fr/Po

chettes/Austin_Powers-

front.jpg 



How can a code evolve? 

• Only a single 
message 

 

AUGUUUCAG

GAAUAA 

Phe Gln Glu  



How can a code evolve? 

• Change (evolve) the 
code => message is 
garbled 

AUGUUUCAG

GAAUAA 

E = Mc2  ??  



How can a code evolve? 

AUGUUUCAG

GAAUAA 

Prob(Phe Gln Glu) = 0.9  
 



How can a code evolve? 

AUGUUUCAG

GAAUAA 

Prob(Phe Gln Glu) = 0.9  

• Probabilistic code book 
– Statistical proteins (Woese 1965) 

• Code book and message can coevolve! 
– Non-zero probability that correct message will 

be interpreted, because there is not a single 
message but an ensemble or probability 
distribution of messages 

– Refinement of code and greater accuracy 
demanded for translation 



Selection pressure influences code dynamics 

VS. 



Competition between innovation-sharing protocols 

http://alt1040.com/uploads/bill-gates-1983.jpg 

http://www.henno.com/jobs.jpg 

• Community with access to 
the broadest range of 
innovations has an 
evolutionary advantage  





Popularity contest 

• Genetic code is not just one more trait, it is an innovation-
sharing protocol. 

• The more users a code has, the more beneficial traits are 
discovered and distributed 

• Organisms having more popular codes are 
– more protected against invasions from organisms having different 

codes 

– more likely to invade other niches 

• The most popular code wins 
– Not the most optimal code! 

• Universality is the only stable solution 



Three mechanisms for universality 

• Evolutionary scenario 
combining the three 
mechanisms  
– Competition between 

innovation-sharing 
protocols 

– HGT of protein coding 
regions 

– Genetic exchange of 
translational 
components 

• Model based on work 
of Ardell and Sella 
(2002), but with HGT, 
tRNA population 
dynamics. 
 
 



Simulations of code evolution 



Coevolution model 
• Asexual population 

 

• Phenotype of individuals is distribution of proteins 
– Fitness is a function of the phenotype 

 

• Proteins obtained by translating genome with code, with errors 

 

• Individual reproduction rate function of fitness 

 

• Messages change faster than codes: 
– Quasi-static equilibrium: codon usage equilibrates to code 

– Mutate code 

– Mutant code with higher fitness than existing code with existing message can 
invade the population 

 

• Hence, code can evolve due to selection at the phenotype! 



What do we measure? 
• We are trying to understand the universality 

and optimality of the genetic code, so need 
proxies for these characteristics. 

 

• Optimality: reflects “error-minimization” 
aspects of the code. 
– Average amino acid distance between 

neighbouring codons 
 

• Universality: how many codes present in the 
population, and how different are they? 
– Average distance between codes in the simulation 



Evolution of code quality 
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Evolution of code distances 

HGT leads to universality 
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Implications for  
early life 

Polar requirement sees further back 
in time than sequence phylogeny 



Is the polar requirement special? 

• Knight (2001) 
tested for 
optimality for a 
variety of other 
amino acid 
properties 

 

• Hydropathy (side 
chain 
hydrophibicity) 
doesn’t work, for 
example. (Haig & 
Hurst 1991). 



• Polar requirement & Grantham polarity are 
free amino acid properties – hence prebiotic 
– Canonical code always optimal 

 
• Early peptide/Modern peptide 

– Canonical code virtually never optimal 
 

• Optimality of polar requirement suggests 
genetic code is a relic of very early life! 

Is the polar requirement special? 



The phase diagram of life … 

… as inferred from the collective 
dynamics of innovation-sharing 

protocols 
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notion of phylogeny 

Community varies in 
descent, not individual 
organismal lineages 



Predictions and future work 

70 



Experimental predictions 
• Collective phase may explain the origin of genes, viruses, gene 

transfer agents 
• Density of HGT events may show near-transitional behavior 
• Map density of HGT events onto the ribosomal phylogenetic 

tree  
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Windows on the progenote 

• Underlying idea: look at core cellular machinery that will be 
most reflective of collective effects 
– Amino-acyl-tRNA synthetases, the least conserved elements of 

translational machinery 
– Rich structure: two classes, complex relatedness groups 
– Deviations from canonical phylogenetic pattern of rRNA, 

elongation factors, transcriptional machinery 

• Evidence for ancient HGT events?   
• Action plan: comparative phylogenomics of these ancient 

proteins to look for HGT events, map out the density of 
these correlated to rRNA phylogeny; extend to other 
proteins; attempt to understand the order in which 
transitions of evolutionary structure took place 



Breakdown of the progenote state and the 
transition to vertical evolution 

• Theory suggests that a progenote state is an 
inevitable feature of the growth of complexity.  
Why does it break down to vertical evolution? 
 



Breakdown of the progenote state and the 
transition to vertical evolution 

• Two “last common ancestors” to characterize 
and compare! 
 



Breakdown of the progenote state and the 
transition to vertical evolution 

Action plan 
 
• Theoretical models of the instabilities of evolving 

communities of innovation-sharing organisms 
analyzed as a “pattern formation” in gene space 

• Search for components of cells that have not 
crossed the Darwinian threshold.  Such processes 
would be more amenable to change, e.g. 
incorporation of functional homologs from 
different domain.  We will try this experimentally, 
e.g. interchangeability of sliding clamps between 
bacteria and Archaea. 

– Comparison with components that are more 
rigid and frozen in (e.g. ribosome itself). 

– Characterize the diversity of mechanisms for 
translation, transcription, replication using 
bioinformatics. 

• Characterization of the core cellular machinery of 
last common ancestor of Eukaryotes and Archaea.  
Comparison with bacteria. 

• Theory suggests that a progenote state is 
an inevitable feature of the growth of 
complexity.  Why does it break down to 
vertical evolution? 
 



Big Questions 

• What are the universal principles governing evolving matter 
and the existence of the phenomenon of life?  

 
• What evolutionary dynamics allowed life to go from 

nothing to LUCA in < 1 billion years? 
 

• Is there evidence for the progenote state embedded in 
genomes? 
 

• How did the progenote state break down > 3.8 billion years 
ago? 
 

• What determines the speed of evolution? Collective 
effects? Environmental stress?  



Conclusions 

• The genetic code is universal and optimal in the 
sense of minimizing errors 

 

• These properties do not follow from vertical 
Darwinian evolution but can be the outcome of a 
collective phase of life (the progenote) 

 

• Other remnants of this state are likely buried in 
ancient genomes 

 

 



  

• One of two new research groups joining NASA Astrobiology Institute (NAI)  

 

BIG QUESTIONS:  

• Why does life exist?   

• How does it arise in different environments and planets?   

• How did life evolve before there were genes, species, individual 

organisms and cells?  Clearly not Darwinian! 

• What was the nature of evolution at this early time? 

 

BIG ANSWERS 

• Build a “Hubble telescope for genes”, exploring deep evolutionary time 

• Seek signatures of early collective states of life occurring before 

individual organisms on earth 

 

• Highly diverse research team includes fields of microbiology, geobiology, 

computational chemistry, genomics, physics and engineering.  This research 

could only be done at UIUC. 

• Significant outreach component - new middle school teacher partnership, web-

based video series, massive online open astrobiology course (pending 

Coursera inclusion). 

 

Institute for Universal Biology 


