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Modelling the interplay
between selective and neutral mechanisms in the
evolution of protein-coding DNA sequences

Introduction: dissecting the thesis title

|. Inferring mutation in presence of selection

Il. Inferring genetic drift in presence of mutation and selection
lIl. Rate of evolution as a function of genetic drift

Conclusion
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Introduction

Modelling the interplay

between selective and neutral mechanisms
in the evolution

of protein-coding DNA sequences.

e The introduction will consist in dissecting the title of this thesis, bottom up.
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ATT ACT AAT ; AGT ; T
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Protein
2(0-amino-acid
alphabet

Genetic code table (4°=64 codons)
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Methionine|Leucine| ... |Leucine|Alanin

Selective and neutral evolution

Franklin & Gosling (1953); Watson & Crick (1953); Wilkins et al (1953); Crick (1958); Crick (1970).
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DNA mutations change the protein, or not.

(Thr) (Asm) (Ser)
ACC AAT AGT

(Phe) TTC W ATT (lle)

(Leu) CTC ATC ATA (lle)
lle
(Val) GTC (Tle) ATG (Met)
T C A G
. T Phenylalanine (Phe/P)
Leucine (Leu/L
e (Lew/L)
ATT T
,, — ~—  Asparagine (Asn/N) Serine (Ser/S)
A soleucine (Ile A AA A
A A%f‘g fsol L oo Threonine (Thr/T) = o i
ATG | Methionine (Met/M) G
c 2] vatine (val/v)

e Non-synonymous mutations change the protein.

e Synonymous mutations do not change the protein.
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Evolution of protein-coding DNA sequences

Protein coding DNA alignment

ATG|GGA|TCC|ATG|CTA|CGA|TCG b

ATG|CGA|TCC|ATG|GTA|CGA|TCG X%
Species tree ATG|CGA|TCG|AAG|CTT|CGA|TCC /i
ATG|CGA|TAG|AAG|CTT|CGA|TCG Ay

ATG|CGA|TCG|ATC|CAT|CGA|TCG Npa

Conserved sites Variables sites

e Sequences from the same gene in different species are aligned.

Zuckerland & Pauling (1995).

CC-BY-SA 2020 Latrille Thibault [Selective and neutral evolution 6/50



History of substitutions along the species tree

Substitutions Protein coding DNA alighment
N > ATG|GGA|TCC|ATG|CTA|CGA|TCG _amb

Species tree ATG|CGA|TCG|AAG|CTT|CGA|TCC MR
ATG|CGA|TAG|AAG|CTT|CGA|TCG _Aw

ATG|CGA|TCG|ATC|CAT|CGA|TCG Npa

e Differences correspond to point substitution events happening in the ancestral branches

Felsenstein (1981).
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History of substitutions along the species tree

Substitutions Protein coding DNA alighment

\ > ATG|GGA|TCC|ATG|CTA|CGA|TCG b

ATG|CGA|TCC|ATG|GTA|CGA|TCG M

Species tree

ATG|CGA|TCG|AAG|CTT|CGA|TCC il
ATG|CGA|TAG|AAG|CTT|CGA|TCG Ay
/ _ATG|CGA|TCG|ATC|CAT|CGA|TCG “Nsa

_ - T~ e A substitution is a mutation that reached

- S~~~
— ~~
- S~

= - fixation in the population.

o If alleles are neutral (no selection), the
substitution rate is equal to the underlying
mutation rate.

e For alleles under selection, what determines
their substitution rate?

Allele frequency

Felsenstein (1981); Kimura (1983); Ohta (1992).
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The effect of selection and genetic drift
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o Stronger negative selection coefficient results in a decrease of the fixation probability.

o Effective population size (N ) acts as a magnifier of selection.

https://github.com/ThibaultLatrille/ WrightFisher
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Codon models take advantage of the genetic code

Non-synonymous substitution Protein coding DNA alighment
Synonymous substitutioN B
\ ATG ‘ GGA | TCC ‘ ATG ‘ CTA

ATG|CGA|TCC|ATG|GTA|CGA|TCG X%
opecies tree ATG|CGA|TCG|AAG|CTT|CGA|TCC M
ATG|CGA|TAG|AAG|CTT|CGA|TCG _Aw
ATG|CGA|TCG|ATC|CAT|CGA|TCG Npa

e Non-synonymous substitutions are reflecting the effect of mutation,
selection and drift.

e Synonymous substitutions are considered selectively neutral, reflecting
the mutational processes.

e Contrasting non-synonymous and synonymous substitution rates allows
estimating the strength of selection exercised on proteins.

King & Jukes (1969); Kimura (1983); Goldman & Yang (1994); Muse & Gaut (1994).
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w-based phylogenetic codon models

e ()i ; is the substitution rate from codon i to j.

>
<.
|

1 if codons i and j are synonymous

>
<.
|

w ;i if codon i and j are non-synonymous.
X R

w fi,j

© ® Mutation rates
between
nucleotides

Scaling factor exerced on
non-synonymous mutations

Non-synonymous
substitution
Synonymous

substitution

e W can be interpreted as the
average fixation probability of
non-synonymous mutations,
relative to neutral mutations.

w<T
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w-based phylogenetic codon models

),

Scaling factor exerced on
non-synonymous mutations

Non-synonymous
substitution
Synonymous

substitution

w>1 w<T
e Detecting fast evolving genes. o Stronger selection for highly expressed proteins.
— Kosiol et al (2008). — Drummond (2005); Zhang & Yang (2015).
e Detecting rapidly changing sites. e More constrains for buried sites inside a protein.
— Nieslen & Yang (1998); Enard et al (2016). — Ramsey et al (2011); Echave et al (2016).
e Decting burst of evolution. e Weaker selection for long-lived and bigger species.

— Yang & Nielsen (1998); Zhang & Nielsen (2005). — Popadin et al (2007); Lanfear et al (2010).
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Mutation-selection phylogenetic codon models

e (J)i ; is the substitution rate from codon i to j.

Qi.;j = pi  if codons i and j are synonymous,

4N\ —
Qij = Wi e( )

1 — e4Ne( B )
TN

if codons i and j are non-synonymous.

ANITODIRCN- 10203

Mutation Effective
rates between

) population size (N )
nucleotides °

Site-specific amino-acid fitness profiles

e Selection on non-synonymous mutations depends on the local
physico-chemical properties of amino acids involved in the mutation.

e Positive selection in one direction is balanced by purifying selection in
the opposite direction.

| atrille Thibault [Selective and neutral evolution



Mutation-selection phylogenetic codon models
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Mutation
rates between
nucleotides
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Site-specific amino-acid fitness profiles

o Estimating fitness profiles inside a protein.
— Halpern & Bruno (1998); Rodrigue et al (2010); Tamuri & Goldstein (2012).

e Probability of fixation of non-synonymous mutation induced by the model

at mutation-selection balance.
— Spielman & Wilke (2015); Dos Reis (2015), Jones et al (2016).

e Nearly-neutral model for more sensitive tests of positive selection.
— Rodrigue & Lartillot (2016); Bloom (2016); Rodrigue et al (2020).

e Detecting convergent evolution.
— Parto & Lartillot (2017).
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Substitutions are the result of the interplay between:
e Mutations (creation of new variants)
o Selection (filtering variants)
e Genetic drift (amount of randomness)

Can mutation, selection and genetic drift be disentangled
with phylogenetic codon models?

Part 1.
Can w-based codon models disentangle mutation and selection?
Simulations w-based codon models Empirical analyses
Part 1l.
Can mutation-selection codon models estimate changes in N_along the phylogeny?
Simulations Mutation-selection codon models Empirical analyses
Part 1Il.

Can the relationship between w and N_be derived generally at mutation-selection balance?
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Part |.
Can w-based codon models disentangle
mutation and selection?
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ATG
ATG
ATG

Mutation and selection are modelled
separately in w-based codon models

Alignment of coding sequence

GGA
CGA
CGA

TCC
TCC
TCG

ATG
ATG
AAG

CTA
GTA
CTT

CGA
CGA
CGA

TCG
TCG
TCC

—>

Mutation matrix Scaling factor on
(9 parameters) non-synonymous
substitutions

ATGICGA|TAGAAGICTT|CGA|TCG
ATGICGA|TCG|ATC|CAT|CGA|TCG

e w-based codon models estimates the strength of selection for a given
gene, or a given site.

e These models seek to capture mutation at the level of nucleotide and
selection at the level of amino-acids.

e Can w-based codon models disentangle mutation and selection?

Goldman & Yang (1994); Muse & Gaut (1994); Singler & Hickey (2008); Rodrigue et al (2008).

CC-BY-SA 2020 17/50
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Observed bias in the nucleotide composition
iIs weaker than the underlying mutational bias

‘L_E Alignment of coding sequence o o iT“:‘i/rg‘gaServed
ATG|GGA|TCC|ATG|CTA|CGA|TCG |
<Ez\Ee §'§ME'§ ' ATG|CGA|TCC|ATG|GTA|CGA|TCG .
S<UTLETTERVPS | Simulations | —>  ATG|CGA|TCG|AAG|CTT|CGA|TCC —>
Bl oEPCaEeQE y 1 ATG|CGA|TAG|AAG|CTT|CGA|TCG
Site-specific amino-acid | ) ATG|CGA|TCG|ATC|CAT|CGA|TCG | 000 stes and 495 <oecies
fitness profiles 0.17 -

0.1

( . . W AT bias inlsimulation (A)
A is the AT bias

4 k ) )
A C G T A C G T
A A ® 6 ¢ A . ‘ t
C c+o o 0 C : ‘
G - : G+0o © 0 G 9
T+ @@ T+ © © T -
AL 1 =1 A>S> 1]
Mutation biased Mutation biased
toward GC toward AT

https://github.com /ThibaultLatrille/NucleotideBias
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w-based codon models do not reliably
estimate the mutational bias

10 |

A‘__E Alignment of coding sequence | ;\\Tsi/n(;lgatzd d
ATG GGA TCC ATG CTA CGA TCG | ==X inferred
SES|SERYRIMm: v ATG|CGA|TCC|ATG|GTA|CGA|TCG |
Roo R AGEAL S . ] 1
XS I'QERL%;%@E\;’_’[ Simulations J —» ATG|CGA|TCG|AAG|ICTT|CGA|TCC —> <-.
goel sEFC=trQF r ATG|CGA|TAG|AAG|CTT|CGA|TCG | |
Site-specific amino-acid N )\ ATG|CGA|TCG|ATC|CAT|CGA|TCG | o N
fitness profiles € 0.1 - 0P sites and 299 species JER—
: : - AT bias inlsimulation (A) 10 /X
. [ A is the AT bias } .
ACGT ACGT :
A A ® 0 O A .. t 'l
C cte o o C - @ W /
G4 - . Gte o o G 9 . 6‘ _I_ W )
Tt 00 Tre &0 T | oo o U
_|—|—|» @ _ o
AL 1 A=1 A>1 Mutation matrix >caling factor on
Mutation biased Mutation biased (9 parameters) MNon-Synonymous
toward GC toward AT substitutions

https://github.com /ThibaultLatrille/NucleotideBias
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Selection is opposed to the mutational bias

_E Substitutions
A

=) KA\ /QS ML

st ey b |

SNETL 20T B2V

ZzlR=gl EXSg= Si lati > : —> D .

%-:gl—_ﬁ-gCNEE -E —> imuiations Species tree fIX

T 10 T T

Site-specific amino-acid Mean fixation probabilit
fit fi P y
'thess profries Ne >\ of non-synonymous mutations

Cartoon representation. (relative to neutral)

Simulations, 5000 sites and 498 species.

]Pfix

0.1 10
- Y
Mutation biased )\ Mutation biased Mutation biased )\ Mutation biased Mutation biased )\ Mutation biased
toward GC toward AT toward GC toward AT toward GC toward AT

https://github.com /ThibaultLatrille/NucleotideBias
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Modelling selection in different directions allows
to infer reliably the mutation biases.

Empirical experiments Simulated experiments

10 1

| — A simulated
| —— AT /GC observed

Influenza Nucleoprotein| E-coli Lactamase
498 sites, 180 strains 263 sites, 85 strains

: o /):inferred

W

N

A
11
}\_1 '39 }\_0'85 Mutation matrix Scaling factor on f
(9 parameters) non-synonymous
o~ o~ substitutions
w=0.085 w=0.29

Muse & Gaut model | »
0.1- 5000 sites and 498 species
o1 1 10
AT mutation bias in simulation
EN EN 107 —— X simulated
A=1 .64 =O.68 E simulate
T | —— AT /GC observed
A A * ' ~
— | ——_— H f
w=0.086 w=0.30 aEE  E A inferred
0 0 0 M
A~ PR 0lolollQ
0 0 0 H
W,r,6c=0-14 W,r,6c=0-31 e 1
0 0 0 E 1
a\) O 10 a\) o 44 Scaling tensor between 8 8 8 i
=U. =V. Mutation matrix pairs of amino acids 0 || &
GC->AT GC>AT
(9 parameters) (95 parameters) . %
“ “3 “ 3 W — 5000 sites and 498 species
= = . 0.1
wAT%GC/wGCQAT 1.36 wAT»GC/wGCeAT 0.71 Mean-field model - 0 . T 1 T 10

AT mutation bias in simulation

https://github.com /ThibaultLatrille/NucleotideBias
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Can w-based codon models disentangle
mutation and selection?

e w-based codon models with a single parameter of selection
do not reliably estimate mutational biases.

e Mutational bias is balanced by a fixation bias (selection) in the opposite
direction.

e Inference of mutational bias requires to model fixation bias in different
direction.

e Estimation of GC-biased gene conversion requires to disentangle
mutation and selection reliably.
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Part Il.

Can mutation-selection codon models estimate
variations in N _along the phylogeny?
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Can w-based codon models estimate variations in N_along the phylogeny?

e wis used as a proxy for N_in phylogenetic analyses.

0.50

0.05

77 mammalian species, 12561 codon sites.
https://github.com/ThibaultLatrille/MutationSelectionDrift

10 102 103 104 10° 106 107 108
Body weight (g)

e Used to relate N_ to species life-history traits (longevity, maturity,
weight, body size, ...) and ecological traits (habitat, ...).

e Mutation-selection codon models can be parameterized directly with N,
allowing to revisit these studies.

Popadin et al (2007); Lanfear et al (2010); Lartillot & Poujol (2011); Lartillot & Delsuc (2012); Romigiuer et al (2014); Galtier (2016).
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Current mutation-selection codon models
assume a constant N _along the phylogeny

Site-specific amino-acid fitness profiles

Relative mutation
Branch length rate between

nucleotides

N1
—
| N |
| =
h YV 4
<
>
P~ Q
<

1100
0
lithy

{_

Constant effective
population size

o

ANe(fag) = faw)
1 —e3/Ve fA(z)_fA(J))

\

Qia.? MRZ_’J

e Selection is heterogeneous between amino acids and along the sequence.

o N_is considered fixed along the ditferent lineages.

Halpern & Bruno (1998); Rodrique et al (2010); Rodrigue & Lartillot (2014); Tamuri et al (2014).
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Mutation-selection codon models with N _variations along the phylogeny

Covariance matrix between traits Branch-specific

(molecular and life-history) life-history traits
. Site-specific amino-acid fitness profiles
ifi Branch-specific

Branch-specific
mutation rate perRelative mutation effective
unit of time rate between population size

nucleotides

O

AT ORC 0203

NONONON

—

AN (faiy—Fam)
1 — e4Ne(fA(i)_fA(j))

Qij =1l

e Mutation-selection codon model that estimates selection along the
DNA sequence, and N_along the branches of the tree.

https://github.com/bayesiancook /bayescode
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Input and ouput of the Bayesian framework

Life-history traits Protein coding DNA alignment
. ATG|GGA|TCC|ATG|CTA|CGA|TCG

+ ATG|CGA|TCC|ATG|GTA|CGA|TCG
2_ Tree topology
c

ATG|CGA|TCG|AAG|CTT|CGA|TCC

ATG|CGA|TAG|AAG|CTT|CGA|TCG

O ATG|CGA|TCG|ATC|CAT|CGA|TCG

\ I J
[ Bayesian inference model }
4 _ * I
Dated tree Covariance matrix between traits

EVD[; E#

Amino-acid
fithesses

Output

Reconstructed life-history traits, effective population size (N ), Site-specific amino-acid Mutation
and mutation rate for each branch of the tree. fitness profiles matrix

https://github.com /bayesiancook /bayescode
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Reconstructing long term changes of N_in mammals
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0.3 0.3

I B
0.50 1.00 102 10 106
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https://github.com /ThibaultLatrille/MutationSelectionDrift

Chiroptera
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Estimated N _is related to life-history traits in mammals

Conelation (p) ||| Maximum longevity | Adult weight _

—I
IS | I S i I
e v | N I ) [
I | R B

o Estimated N _is negatively correlated with maximum longevity, adult
weight and female maturity.

o Estimated N _is positively correlated with mutation rate (per unit of time),
potentially due to the confounding effect of generation time.

https://github.com/ThibaultLatrille/MutationSelectionDrift
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Estimated N _is related to ecological traits in is
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https://github.com/ThibaultLatrille/MutationSelectionDrift Capderrey et al (2013); Eme et al (2013); Saclier et al (2018)
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Validating the inference model against simulated alighnments

Species tree

CC-BY-SA 2020

Fitness landscape
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N cannot be realiably estimated in the presence of epistasis

Site-specific amino-acid fitness profiles Fisher geometric fitness landscape Protein stability fitness landscape
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https://github.com /ThibaultLatrille/MutationSelectionDrift
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Can mutation-selection codon models estimate
changes in N_along the phylogeny?

o In mammals, estimated N_ correlates negatively with longevity,
weight and maturity, and positively with mutation rate.

o In isopods, underground lineages have a lower estimated N .

o The changes in N_along lineages are in the expected direction, but
the range of estimated N _is lower than expected.

e Which mechanism could explain such a low variance of N_estimated
in empirical data?

e Epistasis appears to be a reasonable explanation.
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Can the relationship between w and N_be derived
generally at mutation-selection balance?
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Relationship between w and N

1.0

= o

=
KK
H==
” ﬁ\::/e Protein stability computed using the
0.6 ¢ I\\I,c)"'\.’l 3D folded conformation
[ ) r He=nS

10° 10¢ 10°
Effective population size (N )

o Can we determine the relationship between w and N _in the case of
fitness determined by protein stability?

Spielman & Wilke (2015); Dos Reis (2015), Jones et al (2016)
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Fitness as the proportion of folded proteins

Genotype || Phenotype | | Fitness

Fitness is equal to
the proportion of
folded proteins

ATG|GGA| ... |TCG

Protein coding > Gr Gy
DNA sequence
Free energy of Free energy of
folded state unfolded state
AG = Gy — Gy

B is the inverse of the temperature (3 =1/T)

e Free energy of is computed using the 3D conformations and pairwise contact potential
energies between neighboring amino-acid residues.

Miyazawa and Jernigan (1985), Williams et al (2006), Goldstein (2011), Pollock et al (2012)
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Proteins are marginally stable at mutation-selection balance

0.0

The protein is unstable
Stabilizying mutations

The protein is stable.
Destabilizying mutations are more frequent and

§ _0.01 with weak negative selection coefficient. are favored.
=
iyt
(& )
o ’
< -0.02 At equilibrium, the protein
is marginally stable.
-0.03

-10 -9 -8 -7
AG
e The optimal stability of proteins is never achieved.

e Marginal stability is the default expectation of the mutation-selection
balance even under directional selection for stability.

Taverna & Goldstein (2002
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Equilibrium response to a change in N

0.0

-0.01

Slope of the curve is the
selection coefficient.

Log fitness

-0.02

With increasing N,
the equilibrium protein is more stable,
and selection coefficients are lower.

-0.03

6 5 -4

-10 9 8 7
AG
e Selection coefficient is dependent on the position in the fithess landscape.

e If the distribution of phenotypic changes is independent of the underlying phenotype,
then w is independent of N .

o Can we derive the relationship between N_and w as a function of the microscopic
?
molecular parameters of the model: Cherry (1998): Goldstein (2013).
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1D linear model of protein stability

e n is the number of sites in the protein.
e (3 is the temperature (equals to 1.686 mol/kcal at 25°C).
e AAG > 0 (in kcal/mol) is the expected change in free energy (between folded

and unfolded states) for a destabilizing mutation.

4 ) 4 ) 4 )

Genotype Phenotype Fitness

1

n sites o B \
X = |
ENENEEEERENEEN , n o |

Stable site Unstable site Each unstable

L1+ eB(AGpin+xnAAG)
. 0.2
One stable amino acid and 19 unstable site add N
. d t h s'te AAG to AG 0 01 02 03 04 05 06 07 08 09 1
dMINO aAaCidsS 4t edcC [ X

\. J \. J \. J

e What is the equilibrium phenotype at mutation-selection balance?

e What is the resulting w?
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What is the phenotype at equilibrium?

| N, = 10*
Mutational pressure —

Destabilizying mutations are more frequent and

with weak negative selection coefficient. Stabilizying mutations
) are favored.

Equilibrium phenotype.

Selective pressure

0.2 0.25 0.3 0.4 0.45

n
HEEEEEEEEEEEEE «— - ——> HEEEEEEEEEEEEEE
N

Stable protein Unstable protein
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What is the new phenotype at equilibrium
after a change in N ?

utational pressure \\ P —
!
4
)
X
!
’
'y
2 /o
’ [
’ !
’ !
’ !
’ !
: o’ :
Selective pressure __ <
0 = ==
0.2 0.25 0.3 Ar™ 0.4 0.45

n
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N

Stable protein Unstable protein
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What is the new phenotype at equilibrium
after a change in N _for a sharp fitness function?

e No = 10> N, = 10*

utational pressure N |

4
|
|
|
l

2 : High number of sites (n)
: High AAG
|

. :
Selective pressure _,"
0 =
0.2 0.25 0.3 - 0.4 0.45
Ar™ > Ar
u
ANEEEEEEEEEEEE «<— - —> ENIEEEEEEEEEEE
B

Stable protein Unstable protein
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w as a function of Ne

At equilibrium (x*), the response in w to changes in N, is:

Olnf(x*)
dw N @X* N 1
din(Ne) —  8?Inf(x*)  BnAAG
@X*Q

e n is the number of sites in the protein.
e 3 is the temperature (equals to 1.686 mol/kcal at 25°C).
e AAG > 0 (in kcal/mol) is the expected change in free energy (between folded

and unfolded states) for a destabilizing mutation.

https://github.com/ThibaultLatrille/GenotypePhenotypeFitness
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w as a function of protein expression level (y)

e |f misfolded proteins are toxic, the decrease in fitness is proportional to the
number of misfolded proteins.

e Hence, the decrease in fitness is proportional to protein expression level (y).
e As a result, selective pressure is proportional to both Ne and vy.

The response in w to changes in protein expression level (y) is also:

dw N dw N 1
din(y)  dIn(Ne)  BnAAG
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Confirmation of the theoretical results with simulations

Simulations with 3D protein model Simulations with 1D protein model
0.40 0.40
- 0.001173 (r2 = 0.969) —— == —0.00198
d In(Ne) ' ! BnAAG '
0.38 0.38- dw 5
=== Jig = —0.00125 (r?=0.993)
0.36- 0.36-
0.34- 0.34-
0.32] 0.32]
030 — 18~ 10¢ 105 16 100 1o¢ 90T 1es 0 1f 105 106 107 108
Ne Ne

e Parameters are AGpi, = —118, AAG =1, n =300, 8 = 1.686.
e [heoretical slope is -0.00198 and observed is -0.00126

https://github.com/ThibaultLatrille/GenotypePhenotypeFitness
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Interpreting theoretical results in
the light of empirical data

Molecular
parameters

w function of w function of
expression level expression level
in different Archaea in different

w function of N
(diversity estimate)

AANG ~ 1
n = 300
0 = 1.686

in primates .
P & Bacteria Eukaryotes

1 dw
BnAAG d In(Ne)

e Weak predicted linear response of w to changes in either N or expression level.
e Models based on the probability of folding are at odds with empirically results.

e Other aspects of protein biophysics could be explored such as protein-protein
Interactions.

Zeldovich et al (2007), Goldstein (2013), Zhang & Yang (2015), Brevet & Lartillot (2020).
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V. Conclusion

CC-BY-SA 2020 Latrille Thibault 'Selective and neutral evolution




Modelling the interplay between selective and neutral mechanisms

e Can w-based codon models disentangle mutation and selection?

— No, if a single w.
— Yes, if w in different directions.

o Can mutation-selection codon models estimate changes in N_along the phylogeny?
— N_ estimation in the right direction.

— The magnitude of estimated N is lower than expected, probably due to
mis-specification of the mutation-selection model.

o Can the response w to changes in N_be derived generally at mutation-selection balance?
— Yes, under a linear 1D model of fitness based on protein stability.

— Weaker dependency of w to changes in N_as the number of sites increases.

— Response of w to changes in N_and protein expression level is equal.
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Inference framework

e Mechanistic mutation-selection codon models are complex and heavily parameterized,
but are still relying on strong assumptions broken in practice.

e Phenomenological models (w-based) are more easily fitted to the data, but require careful
definition and parameterization.

e Aggregate parameters (w) can be derived out of population-genetic (N ) and molecular pa-
rameters (AAG, B...).

Simulations Inference
—_— T
Statistical Integrative
physics and statistical
population phylogenetics
Microscopic models genetics Aggregate parameters Confrontation of different
from first principles emerging from the empirical dataset

microscopic model
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