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Molecular Evolution

Molecular component of evolution
(mostly genetics)
to
assess the evolution of and from molecules

Micro-evolution (populations) Macro-evolution (species)
Polymorphisms (transient states) Divergence (fixed differences)
Population genetics Speciation process

Phylogeography Phylogeny



Molecular Evolution (sensu lato)

Historical Glimpse
Origin of Population Genetics (20’s-30’s)
The Modern Synthesis (40’s-60’s)
Neutral Theory (70’s-80’s)
Contemporary View

Tools
Mathematical models
deterministic (i.e. selection)
stochastic (i.e. genetic drift)
Data

Intra-specific homologous loci
polymorphism ( >1 allele )



Population Genetics

Selection

s : selection coefficient

OO [ ) ® p : rate of selection events
0e°® o
o0 Ceoe0 Mutation

OO0O0O

u : mutation rate
Time
Genetic drift

.‘.. @ N : census population size
0O® ® o N, : effective population size
e® OO

O

Misc
Population structure
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THEORIES OF EVOLUTION

One of the major incentives in the pioneer studies of heredity and varia-
tion which led to modern genetics was the hope of obtaining a deeper insight
into the evolutionary process. Following the rediscovery of the Men-
delian mechanism, there came a feeling that the solution of problems of
evolution and of the control of the process, in animal and plant breeding
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THE ROLES OF MUTATION, INBREEDING, CROSSBREEDING
AND SELECTION IN EVOLUTION

Sewall Wright, University of Chicago, Chicago, Illinois
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A Increased Mutation B, Increased Selection C. Qualitative Change
or reduced Selection or reduced Mutotion of Environment
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1932



John B.S. Haldane
(1892-1964)

PRINCETON SCIENCE LIBRARY

Contents
The Causes
L ]
of Evolution
Preface, by J. B. S. Haldane vii
Preface to the 1990 Edition, by
Egbert G. Leigh, Jr. viii
Introduction by Egbert G. Leigh, Jr. ix

Cuarrer ONE
Introduction 1

Cuarrer Two

Variation Within a Species 19
CHAPTER THREE

The Genetical Analysis of Interspecific Differences 35
Charrer Four

Natural Selection 46
Cuarrer Five

What is Fitness? 61
CHAPTER SIX

Conclusion 78
Appendix 92
Bibliographical References 126
Afterword, by Egbert G. Leigh, Jr. 130
Index to the Text 213

1932



Adaptation

Macromolecules are constantly adapting to their environment

pol =2.In(N)/s

177
W/ //

mut) 1/N!"L

Time

Polymorphisms result from a selection-mutation equilibrium

Various pattern of selection are described (positive, purifying, balancing, sexual, ...)



The modern synthesis (40’s-60’s)

Promoted by

Malthusian Variation Mutation
T (breeds, races, (small changes in
J. Huxley |g$r$:xep2:ui:on subspedies) individual chamcteristics)
Evolution: The modern synthesis, 1942 growth, miked resouces)
ll9th Centur
E. Mayr
. Natural selection Genetic variation Mendelian
G.L. Stebbins (*survival of the fittest) (alleles of indvidwal genes, inheritance
T D b h k combining to give i
. obznans y continuaus vasiation) (2 copies of each gene,
E B F d 1 from each parent)
.D. FOr
B. Rensch
|. Schmalhausen
G.G. Simpson

Eardy 20th Century Modern

(among others) synthesis

From wikipedia « Modern Synthesis »




A paradigm shift

The “reference” model
1859 - ~1970: Evolution is driven by adaptation

1970 — today: Molecular evolution is driven by genetic drift

Kimura (1968) Evolutionary Rate at the Molecular level
Jukes and Kings (1969) Non Darwinian Evolution
An influential figure
M Kimura

1950-1970 : major mathematical outbreaks
1970-1994 : causes of molecular evolution

The Neutral Theory of Molecular Evolution (1983)
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The Neutral Theory

All mutations are neutral

E(t,o)= 2 (1+In(N)) E(t. )=2N
1 +—> < >
freq
—>

Elty)= 1/Nu Time

Polymorphisms result from a mutation-drift equilibrium

More polymorphisms are expected under neutrality, for a given mutation rate



Deeper into the so-called
Standard Neutral Model

/

A .



The mutation-drift paradigm (HO)

Molecular diversity
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AH =+ 21 X‘ggt A Yo AH = - H/N
H

At equilibrium, AH=0 => H* = 2Nu



time

Standard Neutral Models

Population size N

Assumptions
No selection
Constant Population Size
Strict Panmixia

Consequences

X: the number of descendants
is distributed with

E[X] = 1, for all N individuals



The Wright-Fisher model
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1 generation = all individuals die and are replaced by a random sample



The fixation process

Forward time
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The coalescent process

Backward time
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The current paradigm

HO

standard neutral model

Kingman coalescent



Kingman coalescent trees

T, = time while there are exactly
i lineages.

f(T) = xe™ ElL1-=1

i(i-1) !
A = 1
2 E[TMRCA]=2X(1—;)

N

AR
[——A X :

Sample size n

Time is counted in N generations ; N -> oo



Kingman trees
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With recombination...

/<\\ Locus 1

1 23456
rec.

% Locus 2

5 14263
rec.

rec.

2546 13 T

: 3
: Tree of
" concatenates
6

Star-shaped trees

No single tree can be inferred but...



Genome-wide = expected diversity

Mutations are Poisson distributed on the branch lengths ; Tree space is averaged

Today
(sampling)

Sample size n

Mutations

S : total # of mutations:

E[S]=2Nux (X1/i) (Waterson, 1975)

Other measures of diversity:

E[x]= 2N (Tajima, 1983)
E[E,]=2Nu (Fu and Li, 1993)

E[E]=2Nu/i (Fu, 1995)



Mostly neutral with exceptions

/\’Pr\ p M Baseline

local
genomic
diversity

chromosomg position

Neutral loci Selected locus Neutral but
linked to selected locus

Genome-wide hunts for selective sweep (Lactase, Immune system, etc.)



The case of
The Ne (des)illusion




Let’s Pause and Ponder

? Can we evaluate the Neutral model?

N Within species nucleotide diversity
<’> 2
Effective population size
Mutation frequencies

Distribution of mutation frequencies

At the locus scale At the genome scale

Large variance Recombination = average many loci
Hard to reject HO current approach



From model to real populations

Population size N

Model Population

No selection
Constant Population Size
Strict Panmixia

Elt,) = N
E[r]=2Nu

(in @ Wright-Fisher model)

“Effective” population size N,

Realistic Population

Selection
Variable Population Size
Demography

>

N.=n/2u

(7: pairwise differences ; u mutation rate)



Assessing species diversity

(Lewontin & Hubby, 1966)

Effective population size x Nucleotide mutation rate (N, u)

A
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Why diversity does not scale linearly with N? (Lewontin’s variation paradox, 1974)
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Examples of Ne vs N

Species N (census size) N,

H. sapiens 7 .10° 104

G. gorilla 10° 103

D. melanogaster ? 106
C. elegans ? 10°

A. thaliana ? 10°

P. kergelensis ? 10

F. Psychrophilum 10°/ml of cult. 106
E. coli 10°/ml of cult. 108

HIV (within patient) 1010 103

Why is Ne unrelated to current census size? Demography?




The case of the
Yoruba demography




Expected Site Frequency Spectrum (HO)

Full SFS : E[E]=2N i
(Fu, 1995) | 5] =2Ne /1
counts Folded SFS:  E[m]=2Nuxn/(i(n-i))

Kingman trees < HO

Frequency of mutations (i)

Under HO, full SFS is proportional to 1/i



Visual test for HO

(Nawa & Tajima 2008, Achaz 2009, Lapierre et al. 2017)

(108 Yoruba individuals from the 1,000 genomes)

(~81 10° SNPs)
Folded SFS, normalized ... and transformed
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Departure from HO: an excess of low frequency alleles



SES with demography

Exponential

Constant Size

SFS with demography (e.g. exp growth or any scenario)



Demography with SFS

(e.g. Nielsen 2000, Gutenkust et al. 2009, Liu and Fu 2015, Lapierre et al. 2017)

0,25 1

0,2 1

0,15 -

0,1 -

Exp growth (g50.671)

0,05 -

0 20 40 60 80 100 120

Adding demography greatly improves the fit



Human demography and migrations

A

sooe | [ ' N N

Schlebusch et al., 2017 National Geographic, 2006

One of the favorite “game” of human population geneticists...



Do demography explains diversity?

Nice fit to data

Demographical inferences work approximately well
provided the « correct N, » is used.

Several scenarios are indistinguishable (Lapierre et al., 2017)

Structure is completely neglected (Mazet et al. 2016)

What is N, when accounting for demography?

N.(0), the "current effective population size" would be...

33,000 ???



The case of the
Global species diversities

(ongoing work with F Freund, S Matuszewski, ] Jensen, A Lambert)




Then came the U spectrum

Unfolded SFS normalized ... and transformed

0,25 1 12 7

02 - 1] o

08 1
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01

0,05

0 50 100 150 200 250 0 50 100 150 200 250

Departure from HO: an excess of low & high frequency alleles



... in all species
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No simple demography can account for the U-shape!



Multiple Merger => U-shaped spectra

few individuals have many offsprings

Neutral variance
in offspring numbers

Very large population size
(genetic draft)

Intensity of

(from Tellier and Lemaire, 2014)

Selection + Recombination

S AN
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Recurrent partial sweep

(Gillespie 2000a, 2000b,

..)

Never-ending adaptatio
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(reviewed in Neher 2013)
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The genetic draft

(Recurrent selective sweeps in very large populations)

(Maynard Smith and Haigh 1974, ..., Gillespie 2000a, 2000b, ...)

At the neutral locus

Selected locus neutral locus
1 ]
Physical linkage

Selection would be the cause of (low) genetic diversity



From data to models, and vice-versa

Observations
Sequences do change
Homologous loci show diversity

The (unknown) Cause of Molecular Evolution
Neutral theory (standard neutral models, H,)
Adaptation theory (multiple mergers coalescent)
Demography
Population structure

Ultimately, assess the Biological Relevance of models

Kingman (H,) -- small stable populations--
Multiple mergers, -- large populations—

The relative role of selection and drift needs careful rethink






