
Natural selection on the molecular level



Fundamentals of molecular evolution

How DNA and protein sequences evolve?



Genetic variability in evolution
• Mutations 

• forming novel alleles 

• Inversions 

• change gene order 

• may impede recombination and fix a haplotype 

• Duplications 

• may involve genes or gene fragments 

• or entire chromosomes and genomes 

• the main source of evolutionary innovations 

• Horizontal gene transfer 

• including symbiotic events



Substitutions
• Why transitions are more frequent?


• there are more possible transversions


• observed ts/tv ratio from ~2 (nDNA) to 
~15 (human mtDNA)


• exception – plant mtDNA


• the ts/tv ratio varies significantly between 
lineages



Transitions and transversions

• Why are the transitions more frequent? 

• Selection hypothesis (transitions are more likely to be silent and neutral) 

• But: 

• transitions are more frequent in rRNA genes, pseudogees and noncoding 
regions 

• transitions are more frequent in 4-fold degenerate positions (codons like 
CUN – Leu)



Transitions and transversions

• Why are the transitions more frequent? 

• Mechanistic explanation – mutagenesis and repair mechanisms 

• Transitions are the result of: 

• tautomeric shift of bases 

• deamination (e.g. oxidative) 

• Transitions cause less distortion of the double helix structure 

• less likely to be detected and repaired by the MMR system



Modeling DNA evolution

• Ancestral sequence usually not available 

• The number of mutations has to be inferred from differences between present 
sequences 

• Requires correcting for multiple hits, particularly for more distant sequences



Calculating distance - multiple hit problem

ACGGTGC 

C  A   

GCGGTGA



Modelling sequence evolution

• Markov models – the state of generation n +1 depends only on the state of generation n 
and the rule set (character substitution probability matrix) 

• There are many models with varying complexity 

• Parameters may include: 

• multiple hits (Poisson correction) 

• different substitution probabilities for various mutations 

• different substitution probabilities for various ositions in sequence 

• nucleotide frequencies



DNA evolution -the simplest model (Jukes-Cantor)
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Other models

• Kimura (K80, two-parameter) - different probabilities for transitions and 
transversions 

• Felsenstein (F81), Hasegawa-Kishino-Yano (HKY85)  - different nucleotide 
frequencies (F81) + different probabilities for transitions and transversions 
(HKY85) 

• GTR (General Time Reversible, Tavare ‘86)



The GTR model

• Different probabilities for each substitution (but symmetrical, e.g. A→T 
= T→A) - 6 parameters 

• Different nucleotide frequencies - 4 parameters



The gamma distribution
• In simple models each position in sequence 

has the same substitution probability - 
unrealistic


• Different classes of substitution 
probabilities are modelled using the gamma 
distribution



On the level of the genetic code
• A mutation can: 

• change the codon to another codon encoding the same aa 

• synonymous 

• change the codon to a codon encoding a different aa 

• nonsynonymous 

• change the codon to a STOP codon 

• nonsens 

• cause a frameshift 

• change gene expression



Mutations and the natural selection
• We do not observe mutations 

• we observe differences between populations (species) 

• or intra-population variation (polymorphism) 

• Alleles formed by mutation are subject to selection 

• Allele frequencies can be changed by genetic drift 

• We observe mutations that are fixed entirely or partially (polymorphisms) in the gene pool



The fundamental question of molecular evolution

• What is the role of genetic drift and natural selection in shaping sequence variation? 

• intrapopulation (polymorphisms) 

• interspecific 

• The question concerns quantitative differences! 

• There is no doubt that evolutionary adaptations are a result of natural selection! 

• But, how many of the differences we observe are adaptive? 

• And which ones?



Selection or drift?
• Selectionism 

• the majority of fixed mutations were positively selected 

• most polymorphisms are maintained by selection  

• balancing selection, overdominance, frequency-based selection 

• Neutralism (Kimura, 1968) 

• the majority of fixed mutations were fixed by genetic drift (by chance) 

• the majority of polymorphisms are the result of drift 

• positively selected mutations are rare and are not significant for the quantitative analysis of molecular variation



Mutations and natural selection
• deleterious 

• s < 0 

• eliminated by selection (purifying/negative) 

• neutral 

• s ≈ 0 (more precisely, s ≤ 1/4N) 

• can be fixed or lost by genetic drift 

• beneficial 

• s > 0 

• fixed by positive selection (influenced by drift for small s)



Selectionism vs neutralism
• Selectionism:  

• most mutations are deleterious 

• most fixed mutations are beneficial 

• neutral mutations are rare (not more frequent than beneficial) 

• Neutralism 

• most mutations are deleterious or neutral 

• most fixed mutations are neutral 

• beneficial mutations are rare (much less frequent than neutral), but still important for adaptation



Selectionism vs neutralism

selectionism neutralism pan-neutralism

Neutralism is not pan-neutralism, nobody denies the selective importance of mutations!



Neutral theory - indications

• The rate of substitution and the degree of polymorphism are too high to be 
explained by selection alone 

• Constant rate of molecular evolution (molecular clock) 

• Less important sequences (pseudogenes, less important fragments of 
proteins) change faster than key functional sequences



The constant rate of molecular evolution
• Many sequences evolve at a constant rate 

• The rate varies for different sequences, but for the same sequence remains constant between lineages 

• Molecular clock

Amino acid differences for 
vertebrate globins



Drift and the rate of evolution

• Genetic drift is a random process, but its rate is equal over long time 

• Depends only on mutation rate (one fixed change per 1/µ generations) 

• For selection a constant rate only if the environment changes at a constant 
rate (unlikely) 

• The rate of adaptive changes is not constant



Molecular clock - the generation problem

• In the neutral model the fixation rate is: 

• Should be constant per generation 

• Different organisms have different generation times 

• The rate of evolution should not be constant over time 

• But that’s what was observed

2Nµ 1
2N

= µ



The constant rate of molecular evolution

Molecular clock seems to work in real time

Amino acid differences for 
vertebrate globins



The generation problem
• Generation time varies among different 

organisms 


• Why does the evolution rate remain 
constant?

~3 generations/year~0.03 generations/year



The near-neutral model

• The original neutral model concerns purey neutral changes (s = 0), which are rare 

• Mutations behave like neutral if: 

• Mutations with a small selection coefficient s will behave like neutral mutations in 
small populations 

• in large populations they will be subject to selection

s ≤ 1
4Ne



Near-neutral model
• There is a negative correlation between 

generation time and population size



The near neutral model

~3 generations/year~0,03 generations/year

Long generation time Short generation time

Less mutations per year More mutations per year

Small population (small Ne) Large population (large Ne) 

More mutations behave like 
neutral and are fixed by drift

More mutations are subject 
to selection

s ≤ 1
4Ne

Generation time and population size cancel each other, 
resulting in a constant rate (Ohta & Kimura,  1971).



The molecular clock

• Rate constant over time for proteins and nonsynonymous substitutions 

• In DNA,  

• for synonymous mutations 

• pseudogenes 

• some noncoding sequences  

• the rate depends on the generation time



Eveolutionary rate and 
function

Less important sequences 
(pseudogenes, less important 
fragments of proteins) change 
faster than key functional 
sequences



Redundancy in the code

2-fold degenerate 
site

4-fold degenerate 
site



Eveolutionary rate and 
function

Less important sequences 
(pseudogenes, less important 
fragments of proteins) change 
faster than key functional 
sequences



Evolutionary rate



Evolutionary rate

• Negative (purifying selection) is the main factor influencing the rate of evolution 

• in more important sequences a mutation is more likely to be deleterious (and eliminated by 
selection) 

• in more important sequences a mutation is more likely to be neutral (and may be fixed by drift) 

• mutations that don’t influence function will be neutral 

• pseudogenes 

• noncoding regions? 

• synonymous substitutions?



Neutralism - the current status

• A foundation that explains many observations 

• high DNA and protein polymorphism 

• molecular clock 

• many deviations, there is no global clock, local clocks can be found 

• slower evolution of more important sequences 

• It is a null hypothesis for testing for the positive selection at the molecular level!



Neutralism - the current status

• verified by sequencing, currently on the genomic scale 

• Kimura: 1968 – before DNA sequencing was invented!



Neutralism - the current status

• Smith & Eyre-Walker 2002 – 45% amino acid substitutions in Drosophila sp. 
fixed by selection 

• Andolfatto 2005 – between D. melanogaster and D. simulans postive selection 
responsible for: 

• 20% DNA substitutions in introns and intragenic sequences 

• 60% DNA substitutions in UTR sequences



Neutralism - the current status

• The main achievement of the neutral theory is the development of a mathematical 
frameworkto sudy the effects of selection and drift 

• Allowed to develop methods of testing for positive selection (using the neutral 
model as a null hypothesis) 

• A significant portion of the genome evolves according to the neutral model 

• a local molecular clock can usually be found



The ENCODE dispute
• ENCODE - Encyclopedia of DNA Elements 


• Many noncoding regions are transcribed


• are 80% of genome functional


• is there any “junk DNA”?


• If there’s no selection, there’s no 
function! 

• Traces of selection: 2-15% of genome



Testing selection



Poszukiwanie śladów działania doboru 

• Most sequences evolve in a constant, clocklike fashion 

• Deviation from the constant rate in a given lineage – lineage-specific selection

Constant rate Accelerated Slowed



Badanie doboru

• Assumption: synonymous mutations are neutral 

• Ka (dN) – number of nonsynonymous changes per number of nonsynonymous 
sites 

• Ks (dS) – number of synonymous changes per number of synonymous sites 

• Ka/Ks (ω) ratio is the measure of selection

ω=1 – purely neutral 
ω<1 – negative (purifying) selection 

ω>1 – positive selection



Testing for selection

• The ω rate is rarely larger than 1 globally for the entire gene (exceptions, e.g. MHC 
genes) 

• Average ω between primates and rodents is 0.2, between human and chimp: 0.4 

• Deviations from average ω for a given gene in a given lineage indicate selection 

• In a gene there can be sites with different ω, indicating selection acting on particular 
regions of the sequence



Testing for selection II

• Comparing synonymous and nonsynonymous rates for intraspecific and 
interspecific comparisons



The McDonald-Kreitman test

• Comparing synonymous and nonsynonymous rates for intraspecific and 
interspecific comparisons 

• In a neutral model both rates should be equal



Example: the ADH gene in 3 Drosophila species

synonymous nonsynonymous rate

intraspecific 42 2 ~0.05

interspecific 17 7 ~0.41

Conclusion: nonsynonymous changes favoured during speciation - not 
neutral



Are the synonymous changes 
truly neutral?
• There is some selection on 4-fold 

degenerate sites



Are the synonymous changes 
truly neutral?
• Synonymous codons are not equivalent - 

rare and frequent codons


• Changing a frequent codon to a rare 
synonymous codon can influence 
expression levels and kinetics



Are the synonymous changes truly neutral?



Are the synonymous changes truly neutral?


