
Antonio Barbadilla

Fifty years of Neutral Theory

K = µ0

Motoo Kimura
1924 – 1994

Genomics, Bioinformatics & Evolutionary Biology
Dept Genetics and Microbiology, 

University Autonoma of Barcelona Barcelona, 
Spain



Antonio Barbadilla

Fifty years of Neutral Theory

K = µ0

Kimura, M. 1968. Evolutionary rate at the molecular level. Nature 217:624-626.

1968



Antonio Barbadilla

Fifty years of Neutral Theory

K = µ0



Antonio Barbadilla

Fifty years of Neutral Theory

K = µ0
4

Motoo Kimura 

Born 1924 November 13, Okazaki, Japan
Died 1994 November 13 Shizuoka, Japan

1944 Kioto Imperial University (Major Citology - Dpt
Botany, Fac Sciences)

1949 National Institute of Genetics in Mishima
Paper S. Wright 1931’s paper “Evolution en
Mendelian populations”

1953 United States to study on a Fulbright 
Fellowship. James Crow's laboratory at the 
University of Wisconsin

1955 Kimura paper and talk Cold Spring Harbor 
Symposium diffusion theory applied to allele freq

1956 Ph.D. dissertation. Return to Japan

1968. Nature’s paper
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How does allelic frequency
change over time?
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Probability of fixation of new mutations in populations 

u(Ne,s)

Motoo Kimura (1957)

 gen.4Nt fix 

 ln2 Ntlost 
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Harris H., 1966 Enzyme 
polymorphisms in man. Proc R 
Soc Lond B Biol Sci 164: 298–
310

R. C. Lewontin

Hemoglobin
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1968

Calculating the rate of evolution in terms of nucleotide substitutions
seems to give a value so high that many of the mutations involved
must be neutral ones
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Science. 1969 May 16;164(3881):788-98. Non-Darwinian evolution.

King JL, Jukes TH. 

Dietrich, Michael R. (1994-03-01). "The origins of 

the neutral theory of molecular evolution". Journal 

of the History of Biology. 27 (1): 21–59
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1983

Tomoko Ohta 
1933
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Nothing in Biology Makes Sense Except in the 
Light of Evolution

Theodosious Dobzhansky

Nothing in Evolution Makes Sense Except in 
the Light of Population Genetics

Michael Lynch

Nothing in Population Genetics Makes Sense 
Except in the Light of Neutral Theory

Olga Dolgova
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Genome evolutionary rate (K) as a function
(A) the Distribution of Fitness Effects (DFE), 
(B) the probability of fixation of new mutations entering the population, and 
(C) the rate at which new mutations enter the population per site per 
generation 

Molecular Population Genomics Flybook_Casillas_Barbadilla (pdf)

The general equation of molecular evolution 

Ki = 
Ki = Prob fixation

new mutant i

http://www.genetics.org/content/genetics/205/3/1003.full.pdf
http://www.genetics.org/content/genetics/205/3/1003.full.pdf
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Genome evolutionary rate (K) as a function
(A) the Distribution of Fitness Effects (DFE), 
(B) the probability of fixation of new mutations entering the population, and 
(C) the rate at which new mutations enter the population per site per 
generation 

Molecular Population Genomics Flybook_Casillas_Barbadilla (pdf)

The general equation of molecular evolution 

http://www.genetics.org/content/genetics/205/3/1003.full.pdf
http://www.genetics.org/content/genetics/205/3/1003.full.pdf
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Neutral Theory of Molecular Evolution (1968)

DFE (Distribution fitness effect of new mutation)

Fr
eq

u
e

n
cy

variation

Assumption

New mutations are mainly neutral or strongly deleterious

of Kimura’s Neutral Theory
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Neutral Theory of Molecular Evolution (1968)

DFE (Distribution fitness effect of new mutation)
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of Kimura’s Neutral Theory
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substitution / generation = ( substitution / mutation) (mutation / generation)

New mutations
entering each
generation in the
population

Probability of 
fixation

X
X
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Substitution rate
or

Fixation rate
or

Evolutionary rate

=      neutral mutation rate
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• Divergence increases linearly over generation time

K = µ0 ->  D = 2Tµ0

Molecular Clock
Émile Zuckerkandl and Linus Pauling (1965) 
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Evolution is the process
of conversion of individual variation into

species variation
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E = mc2

S = k log W

F = ma

K = µ0

𝐸Ψ =  𝐻Ψ (Schrödinger general quantum wavefunction)

(Newton’s  dynamics 2nd law)

(Boltzmann's entropy formula)

(Einstein’s relativity mass-energy equivalence)
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Motoo Kimura

Neutral Theory of 
Molecular Evolution (1968)

A minimalist theory

0
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Individual level

Intelligibility (descend with modification made clear)
Evolution is the process of conversion of individual 

variation into species variation
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Dobzhansky’s view. 

• Divergence (positive Darwinian
selection)

Selectionist view before
Neutral theory

Time

Intelligibility (descend with modification made clear)
Evolution is the process of conversion of individual 

variation into species variation
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Polymorphism within species as a transient 
phase of molecular evolution

Kimura M, & T. Ohta. 1971. Protein polymorphism as a phase of molecular evolution. Nature. Feb 

Intelligibility (descend with modification made clear)
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II: Mutaciones selectivamente ventajosas
1

0
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Allelic
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• Polymorphism (overdominace)
• Divergence (positive Darwinian

selection)

Neutral view

Selectionist view

Time

Intelligibility (descend with modification made clear)

Polymorphism as a 
transient phase of 
molecular evolution
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Population dynamics of neutral and adaptive mutations

II: Mutaciones selectivamente ventajosas
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Kingman, J. F. C. (1982). "On the Genealogy of Large Populations". Journal of Applied Probability. 19: 27–43.

Kingman, J. F. C. (1980). Mathematics of Genetic Diversity. Society for Industrial and Applied Mathematics.

Sir John Kingman - born at 1939

https://en.wikipedia.org/wiki/Journal_of_Applied_Probability
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Present day

Kingman, J. F. C. (1982). "On the Genealogy of Large Populations". Journal of Applied Probability. 19: 27–43.

Kingman, J. F. C. (1980). Mathematics of Genetic Diversity. Society for Industrial and Applied Mathematics.

Pasado

Presente

T(2)

T(3)

T(4)

T(5)

https://en.wikipedia.org/wiki/Journal_of_Applied_Probability
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DFE (Distribution fitness effect of new mutations) 

The nearly-neutral theory 
Ohta’s extension to 

Kimura’s neutral theory

Mutations are mainly 
neutral or slightly 

deleterious or strongly 
deleterious

Ohta, T. 1973. Slightly deleterious mutant substitutions in evolution, Nature 246, 96 98. 141

1973

1968
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The nearly-neutral theory 
Effective selection -> N s 

Interplay N and s

i. |N s| ≤ 1 effectively neutral realm

ii. 10 ≤  |N s| ≥ 1 nearly neutral 

iii. |N s| ≥ 10 strong selection

• Generation time effect on K  
• Frequency spectrum
• Codon bias
• Compensatory mutations

(K = µ0)
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π = Ө = 4N µ0

Divergence

Polymorphism: nucleotide diversity (π)
Motoo Kimura
1924 – 1994

Constraint and variation

µ0 = (1-f) µ
f = Constraint index

Neutral, nearly-neutral and selective domains

DNA variation patterns (natural populations, somatic cell populations,
phylomedicine, cultural evolution, conservation genetics… ) 

Derived allele frequency spectrum

|Ne s|

x(i) = Ө 1/i 

Define the fraction of 
effectively 

neutral mutations 
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play the role of universal 

null hypothesis
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H0 H1

H0: Neutral prediction

H1: Rejection neutral prediction
• Selection tests based on the allele frequency 

spectrum and/or levels of variability

• Selection tests based on comparisons of 
polymorphism and/or divergence between 
different classes of mutation

• Estimators derived from extensions of the 
McDonald and Kreitman test or the DFE

• Selection tests based on linkage disequilibrium (LD)

• Population differentiation and associated selection 
tests

Types of selection/neutral tests

 k
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The neutral paradigm
play the role of universal 

null hypothesis

Falsifiability criterion
Sir Karl Popper
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Selection
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2nd factor of chance
Genetic drift:

Random sampling of 
genes in finite populations

Mutation
and

Selection
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Lynch, Michael (2007). The origins of genome architecture. Sunderland: Sinauer Associates.

Wagner A (2008) Neutralism and selectionism: A network-based reconciliation. Nature Reviews Genetics 9:965-974

• Latent potential for selection (Dykhuizen-Hartl effect)

• Drift barrier theory (Genome complexity,  M. Lynch 2007)

• Neutral gene networks (Robustness and Evolvability, A. Wagner 2008)  
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Neutral Theory of Molecular Evolution (1968)

DFE (Distribution fitness effect of new mutation)

Fr
eq

u
e

n
cy

variation

Assumption

New mutations are mainly neutral or strongly deleterious

of Kimura’s Neutral Theory
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Allele
frequency

1

0

Time

Population Dynamics of new mutations according the neutral paradigm

Selective variants do not contribute much to the polymorphism
because of their ephemeral life at this stage
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Maps of Genome Selection in the D. melanogaster

Around 30-50% of divergent amino acids are 
driven to fixation by positive selection

•Andolfatto P., 2005 Adaptive evolution of non-coding DNA in Drosophila. Nature 
437: 1149–1152.
• Sella G, Petrov DA, Przeworski M, Andolfatto P (2009) Pervasive natural 
selection in the Drosophila genome? PLoS Genet. 2009 Jun;5(6):e1000495. 
•Mackay T. F. C., Richards S., Stone E. A., Barbadilla A., Ayroles J. F., et al., 2012 
The Drosophila melanogaster Genetic Reference Panel. Nature 482: 173–178.
•Langley C. H., Stevens K., Cardeno C., Lee Y. C. G., Schrider D. R., et al., 2012 
Genomic variation in natural populations of Drosophila melanogaster. Genetics 
192: 533–598.

Pervasive - Rampant – Ubiquitous

D. melanogaster

D. simulans | D. yakuba
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The hitch-hiking hypothesis 
(recurrent linked selection)
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On the 50th anniversary of the 

neutral theory of molecular 

evolution, we have been charged 

with the task of asking: how has 

the neutral theory fared in light of 

adaptive variation within and 

between species? In a word, 
poorly. 

Andrew D Kern  Matthew W Hahn 2018. The Neutral Theory in Light of Natural Selection. Molecular Biology and 
Evolution, Volume 35, Issue 6, 1 June 2018, Pages 1366–1371, https://doi.org/10.1093/molbev/msy092

Matthew W Hahn 



Antonio Barbadilla

Fifty years of Neutral Theory

K = µ0

Jesús Mosterín (1941-2017) 

La estructura de los conceptos y 

las teorías científicas funcionan 
como redes conceptuales
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Sobre la pesca 
Somos como pescadores y nuestras teorías son como redes... Pero continuamente 
inventamos y tejemos redes nuevas y distintas y las lanzamos al agua, para ver lo 
que pescamos con ellas. No despreciamos ninguna red y en ninguna confiamos 
excesivamente, aunque preferimos cargar el barco con las redes más eficaces y 
dejar en el puerto las de menos uso. 

Cap. 11 Sobre teorías físicas y teorías matemáticas 

MOSTERÍN, J. 2003. Conceptos y teorías de la ciencia.  Alianza Editorial, Madrid.
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Fields of research where neutral 
theory is actively applied

• Population genetics (description and explanation of DNA variation  patterns,) 
including population genomics, paleogenomics and archeogenomics)

• Molecular evolution and phylogenetics
• Functional genomics
• Phenotypic evolution
• Transposable elements and evolution complex genome architecture
• Somatic cell populations (cancer cell, cell growth)
• Phylomedicine
• Human sociocultural phenomena
• Conservation genetics
• Microbial populations, rapidily evolving viral pathogens such HIV



Antonio Barbadilla

Fifty years of Neutral Theory

K = µ0

K = µ E = mc2



Antonio Barbadilla

Fifty years of Neutral Theory

K = µ0

• One of the most beautiful and elegant theories of 
science

What is Neutral Theory?

• An extraordinary achievement of the human 
intellect

• A privileged conceptual perspective to understand 
how chance (mutation and genetic drift) and 
necessity (natural selection) account for biological 
evolution and adaptation 
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Deep down at the level of the 
genetic material, an enormous 
amount of evolutionary change has 
occurred, and is still occurring… The 
majority of such changes are not 
caused by natural selection but by 
random fixation of selectively 
neutral or nearly neutral mutants. 
This adds still more to the grandeur 
of our view of biological evolution

Final sentence Kimura’s book (1983) 

Motoo Kimura
1924 – 1994
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En la profundidad del material 
genético, se ha producido y se sigue 
produciendo una enorme cantidad de 
cambios evolutivos... La mayoría de 
estos cambios no se deben a la 
selección natural sino a la fijación 
aleatoria de mutantes selectivamente 
neutros o casi neutros. Esto añade 
todavía más grandeza a nuestra visión 
de la evolución biológica.

Final sentence Kimura’s book (1983) 

Motoo Kimura
1924 – 1994
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Tomoko Ohta
July 2018 


