
Latrille Thibault Selective and neutral evolutionCC-BY-SA 2021 1/32
0.3

0.10 0.200.10 0.20

Trichechus_manatus_latirostris
Procavia_capensis
Loxodonta_africana
Orycteropus_afer_afer
Elephantulus_edwardii
Echinops_telfairi
Dasypus_novemcinctus
Choloepus_hoffmanni
Sorex_araneus
Erinaceus_europaeus
Condylura_cristata
Rousettus_aegyptiacus
Pteropus_vampyrus
Rhinolophus_sinicus
Hipposideros_armiger
Miniopterus_natalensis
Myotis_lucifugus
Eptesicus_fuscus
Equus_caballus
Ceratotherium_simum_simum
Vicugna_pacos
Camelus_bactrianus
Sus_scrofa
Odocoileus_virginianus_texanus
Bos_taurus
Ovis_aries
Capra_hircus
Physeter_catodon
Lipotes_vexillifer
Tursiops_truncatus
Orcinus_orca
Delphinapterus_leucas
Balaenoptera_acutorostrata_scammoni
Canis_familiaris
Ursus_maritimus
Ailuropoda_melanoleuca
Mustela_putorius
Enhydra_lutris_kenyoni
Panthera_pardus
Acinonyx_jubatus
Felis_catus
Tupaia_belangeri
Oryctolagus_cuniculus
Ochotona_princeps
Marmota_marmota_marmota
Ictidomys_tridecemlineatus
Octodon_degus
Chinchilla_lanigera
Cavia_porcellus
Heterocephalus_glaber
Jaculus_jaculus
Rattus_norvegicus
Mus_musculus
Meriones_unguiculatus
Peromyscus_maniculatus
Microtus_ochrogaster
Mesocricetus_auratus
Dipodomys_ordii
Castor_canadensis
Otolemur_garnettii
Propithecus_coquereli
Microcebus_murinus
Nomascus_leucogenys
Pongo_abelii
Pan_troglodytes
Homo_sapiens
Gorilla_gorilla
Chlorocebus_sabaeus
Macaca_mulatta
Papio_anubis
Mandrillus_leucophaeus
Cercocebus_atys
Colobus_angolensis
Saimiri_boliviensis
Cebus_capucinus
Callithrix_jacchus
Aotus_nancymaae

Afrotheria

Xenarthra

Eulipotyphla

Chiroptera

Perissodactyla

Camelidae
Suidae

Pecora

Cetacea

Carnivora

Scandentia
Lagomorpha

Rodentia

Strepsirrhini

Simiiformes

Population-genetics based modelling of
phylogenetic codon models 

June 24, 2021
Thibault Latrille - teaching assistant at LBBE

Nicolas Lartillot - CNRS research director at LBBE

Lab meeting

thibault.latrille@ens-lyon.org

mailto:thibault.latrille%40ens-lyon.org?subject=
mailto:thibault.latrille@univ-lyon1.fr


Latrille Thibault Selective and neutral evolutionCC-BY-SA 2021 3/32

History of substitutions along the species tree

Species tree

Protein coding DNA alignment
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Substitutions

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

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

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

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

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

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

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

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

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

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

 Felsenstein (1981); Kimura (1983); Ohta (1992).

• A substitution is a mutation that reached 
fixation in the population.
 
• If alleles are neutral (no selection), the 
substitution rate is equal to the underlying  
mutation rate.
 
• For alleles under selection, what determines 
their substitution rate?
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The effect of selection and genetic drift

Stronger negative 
selection coefficient

Increased population 
size (Ne)

• Stronger negative selection coefficient results in a decrease of the fixation probability.

• Effective population size (Ne) acts as a magnifier of selection. 

Ne=100

Ne=400

s=-0.01 and Ne=20

s=-0.05

s=-0.2

https://github.com/ThibaultLatrille/WrightFisher

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

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

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

• Contrasting non-synonymous and synonymous substitution rates allows 
to estimate the strength of selection exercised on proteins.

Species tree

Protein coding DNA alignmentNon-synonymous substitution
Synonymous substitution

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

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

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

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

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

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

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

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

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

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

King & Jukes (1969); Kimura (1983); Goldman & Yang (1994); Muse & Gaut (1994).
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ω>1 ω<1

Non-synonymous
substitution

Synonymous
substitution

ω
Scaling factor exerced on

non-synonymous mutations
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Mutation rates
between

nucleotides

ω

ω-based phylogenetic codon models
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ω>1 ω<1

Non-synonymous
substitution

Synonymous
substitution

ω
Scaling factor exerced on

non-synonymous mutations

ω-based phylogenetic codon models

• Detecting fast evolving genes.
→ Kosiol et al (2008).
• Detecting rapidly changing sites.
→ Nieslen & Yang (1998); Enard et al (2016).
• Decting burst of evolution.
→ Yang & Nielsen (1998); Zhang & Nielsen (2005).

• Stronger selection for highly expressed proteins. 
→ Drummond (2005); Zhang & Yang (2015).
• More constrains for buried sites inside a protein.
→ Ramsey et al (2011); Echave et al (2016).
• Weaker selection for long-lived and bigger species.
→ Popadin et al (2007); Lanfear et al (2010).
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Mutation-selection phylogenetic codon models

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

• Positive selection in one direction is balanced by purifying selection in 
the opposite direction.
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Mutation-selection phylogenetic codon models

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

• 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).

• Nearly-neutral model for more sensitive tests of positive selection. 
→ Rodrigue & Lartillot (2017); Bloom (2016); Rodrigue et al (2020).

• Detecting convergent evolution. 
→ Parto & Lartillot (2017).
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Part I.  
Can mutation-selection codon models estimate 

variations in Ne along the phylogeny?

Mutation-selection codon models Empirical analysesDivergence Simulations
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Can ω-based codon models estimate variations in Ne along the phylogeny?

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

• Mutation-selection codon models can be parameterized directly with Ne, 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).

10 102 103 104 105 106 107 108

0.10

0.05

0.50

=0.38

Body weight (g)

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

ω

• ω is used as a proxy for Ne in phylogenetic analyses. 
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Current mutation-selection codon models 
assume a constant Ne along the phylogeny

Relative mutation
rate between
nucleotides
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Constant e�ective
population size

Branch length

Halpern & Bruno (1998); Rodrique et al (2010); Rodrigue & Lartillot (2014); Tamuri et al (2014).

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

• Ne is considered fixed along the different lineages.
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Mutation-selection codon models with Ne variations along the phylogeny

Relative mutation
rate between
nucleotides
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Branch-speci�c
e�ective 

population size

Covariance matrix between traits
(molecular and life-history) 

Branch-speci�c
life-history traits

Branch-speci�c
mutation rate per

unit of time

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

https://github.com/bayesiancook/bayescode

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

Protein coding DNA alignment
ATG|GGA|TCC|ATG|CTA|CGA|TCG 

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

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

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

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

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

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

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

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

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

Life-history traits

Bayesian inference modelBayesian inference model

Mutation
matrix

Site-speci�c amino-acid 
�tness pro�les

Covariance matrix between traits

Reconstructed life-history traits, e�ective population size (Ne),
and mutation rate for each branch of the tree.

Dated tree
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https://github.com/bayesiancook/bayescode

https://github.com/bayesiancook/bayescode
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Reconstructing long term changes of Ne in mammals
 Trichechus_manatus_latirostris         4e [   4e,   4e]
 Procavia_capensis                   3600.0 [3600.0,3600.0]
 Loxodonta_africana                   4.8e [ 4.8e, 4.8e]
 Orycteropus_afer_afer                  6e [   6e,   6e]
 Elephantulus_edwardii                 50.5 [  50.5,  50.5]
 Echinops_telfairi                    180.0 [ 180.0, 180.0]
 Dasypus_novemcinctus                3487.5 [3487.5,3487.5]
 Choloepus_hoffmanni                 6250.0 [6250.0,6250.0]
 Sorex_araneus                        7.469 [ 7.469, 7.469]
 Erinaceus_europaeus                  734.5 [ 734.5, 734.5]
 Condylura_cristata                    55.3 [  55.3,  55.3]
 Rousettus_aegyptiacus                112.1 [ 112.1, 112.1]
 Pteropus_vampyrus                    564.4 [ 564.4, 564.4]
 Rhinolophus_sinicus                   11.4 [  11.4,  11.4]
 Hipposideros_armiger                 7.000 [ 7.000, 7.000]
 Miniopterus_natalensis                13.0 [  13.0,  13.0]
 Myotis_lucifugus                      10.6 [  10.6,  10.6]
 Eptesicus_fuscus                      18.1 [  18.1,  18.1]
 Equus_caballus                       2.8e [ 2.8e, 2.8e]
 Ceratotherium_simum_simum            2.2e [ 2.2e, 2.2e]
 Vicugna_pacos                        5.6e [ 5.6e, 5.6e]
 Camelus_bactrianus                   4.5e [ 4.5e, 4.5e]
 Sus_scrofa                           7.9e [ 7.9e, 7.9e]
 Odocoileus_virginianus_texanus       7.2e [ 7.2e, 7.2e]
 Bos_taurus                           7.5e [ 7.5e, 7.5e]
 Ovis_aries                           9.6e [ 9.6e, 9.6e]
 Capra_hircus                         6.7e [ 6.7e, 6.7e]
 Physeter_catodon                     2.8e [ 2.8e, 2.8e]
 Lipotes_vexillifer                   8.3e [ 8.3e, 8.3e]
 Tursiops_truncatus                     2e [   2e,   2e]
 Orcinus_orca                           4e [   4e,   4e]
 Delphinapterus_leucas                1.4e [ 1.4e, 1.4e]
 Balaenoptera_acutorostrata_scammoni    5e [   5e,   5e]
 Canis_familiaris                     1.9e [ 1.9e, 1.9e]
 Ursus_maritimus                      2.5e [ 2.5e, 2.5e]
 Ailuropoda_melanoleuca               1.2e [ 1.2e, 1.2e]
 Mustela_putorius                     580.3 [ 580.3, 580.3]
 Enhydra_lutris_kenyoni               2.6e [ 2.6e, 2.6e]
 Panthera_pardus                      1.1e [ 1.1e, 1.1e]
 Acinonyx_jubatus                     5.3e [ 5.3e, 5.3e]
 Felis_catus                         4629.2 [4629.2,4629.2]
 Tupaia_belangeri                     164.1 [ 164.1, 164.1]
 Oryctolagus_cuniculus               1800.0 [1800.0,1800.0]
 Ochotona_princeps                    152.9 [ 152.9, 152.9]
 Marmota_marmota_marmota             4558.3 [4558.3,4558.3]
 Ictidomys_tridecemlineatus           172.7 [ 172.7, 172.7]
 Octodon_degus                        235.0 [ 235.0, 235.0]
 Chinchilla_lanigera                  642.5 [ 642.5, 642.5]
 Cavia_porcellus                      568.8 [ 568.8, 568.8]
 Heterocephalus_glaber                 35.0 [  35.0,  35.0]
 Jaculus_jaculus                       94.5 [  94.5,  94.5]
 Rattus_norvegicus                    186.3 [ 186.3, 186.3]
 Mus_musculus                          12.5 [  12.5,  12.5]
 Meriones_unguiculatus                 96.6 [  96.6,  96.6]
 Peromyscus_maniculatus                25.7 [  25.7,  25.7]
 Microtus_ochrogaster                  38.9 [  38.9,  38.9]
 Mesocricetus_auratus                 139.5 [ 139.5, 139.5]
 Dipodomys_ordii                       74.5 [  74.5,  74.5]
 Castor_canadensis                    2.3e [ 2.3e, 2.3e]
 Otolemur_garnettii                  1197.2 [1197.2,1197.2]
 Propithecus_coquereli               4698.3 [4698.3,4698.3]
 Microcebus_murinus                    60.1 [  60.1,  60.1]
 Nomascus_leucogenys                 6426.3 [6426.3,6426.3]
 Pongo_abelii                         6.4e [ 6.4e, 6.4e]
 Pan_troglodytes                      4.2e [ 4.2e, 4.2e]
 Homo_sapiens                         6.2e [ 6.2e, 6.2e]
 Gorilla_gorilla                      1.4e [ 1.4e, 1.4e]
 Chlorocebus_sabaeus                 5620.0 [5620.0,5620.0]
 Macaca_mulatta                      7958.9 [7958.9,7958.9]
 Papio_anubis                         1.8e [ 1.8e, 1.8e]
 Mandrillus_leucophaeus               2.1e [ 2.1e, 2.1e]
 Cercocebus_atys                     8986.7 [8986.7,8986.7]
 Colobus_angolensis                  9366.6 [9366.6,9366.6]
 Saimiri_boliviensis                  776.2 [ 776.2, 776.2]
 Cebus_capucinus                     2558.3 [2558.3,2558.3]
 Callithrix_jacchus                   311.6 [ 311.6, 311.6]
 Aotus_nancymaae                      944.2 [ 944.2, 944.2]

102 104 106

Adult weight (g)

0.30.3

Trichechus_manatus_latirostris
Procavia_capensis
Loxodonta_africana
Orycteropus_afer_afer
Elephantulus_edwardii
Echinops_telfairi
Dasypus_novemcinctus
Choloepus_hoffmanni
Sorex_araneus
Erinaceus_europaeus
Condylura_cristata
Rousettus_aegyptiacus
Pteropus_vampyrus
Rhinolophus_sinicus
Hipposideros_armiger
Miniopterus_natalensis
Myotis_lucifugus
Eptesicus_fuscus
Equus_caballus
Ceratotherium_simum_simum
Vicugna_pacos
Camelus_bactrianus
Sus_scrofa
Odocoileus_virginianus_texanus
Bos_taurus
Ovis_aries
Capra_hircus
Physeter_catodon
Lipotes_vexillifer
Tursiops_truncatus
Orcinus_orca
Delphinapterus_leucas
Balaenoptera_acutorostrata_scammoni
Canis_familiaris
Ursus_maritimus
Ailuropoda_melanoleuca
Mustela_putorius
Enhydra_lutris_kenyoni
Panthera_pardus
Acinonyx_jubatus
Felis_catus
Tupaia_belangeri
Oryctolagus_cuniculus
Ochotona_princeps
Marmota_marmota_marmota
Ictidomys_tridecemlineatus
Octodon_degus
Chinchilla_lanigera
Cavia_porcellus
Heterocephalus_glaber
Jaculus_jaculus
Rattus_norvegicus
Mus_musculus
Meriones_unguiculatus
Peromyscus_maniculatus
Microtus_ochrogaster
Mesocricetus_auratus
Dipodomys_ordii
Castor_canadensis
Otolemur_garnettii
Propithecus_coquereli
Microcebus_murinus
Nomascus_leucogenys
Pongo_abelii
Pan_troglodytes
Homo_sapiens
Gorilla_gorilla
Chlorocebus_sabaeus
Macaca_mulatta
Papio_anubis
Mandrillus_leucophaeus
Cercocebus_atys
Colobus_angolensis
Saimiri_boliviensis
Cebus_capucinus
Callithrix_jacchus
Aotus_nancymaae

Afrotheria

Xenarthra

Eulipotyphla

Chiroptera

Perissodactyla

Camelidae
Suidae

Pecora

Cetacea

Carnivora

Scandentia
Lagomorpha

Rodentia

Strepsirrhini

Simiiformes

0.1

Time (set to 1.0 from root to leaves)

E�ective population size (Ne)
0.50.3 1.0

https://github.com/ThibaultLatrille/MutationSelectionDrift

https://github.com/ThibaultLatrille/MutationSelectionDrift
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 Trichechus_manatus_latirostris         4e [   4e,   4e]
 Procavia_capensis                   3600.0 [3600.0,3600.0]
 Loxodonta_africana                   4.8e [ 4.8e, 4.8e]
 Orycteropus_afer_afer                  6e [   6e,   6e]
 Elephantulus_edwardii                 50.5 [  50.5,  50.5]
 Echinops_telfairi                    180.0 [ 180.0, 180.0]
 Dasypus_novemcinctus                3487.5 [3487.5,3487.5]
 Choloepus_hoffmanni                 6250.0 [6250.0,6250.0]
 Sorex_araneus                        7.469 [ 7.469, 7.469]
 Erinaceus_europaeus                  734.5 [ 734.5, 734.5]
 Condylura_cristata                    55.3 [  55.3,  55.3]
 Rousettus_aegyptiacus                112.1 [ 112.1, 112.1]
 Pteropus_vampyrus                    564.4 [ 564.4, 564.4]
 Rhinolophus_sinicus                   11.4 [  11.4,  11.4]
 Hipposideros_armiger                 7.000 [ 7.000, 7.000]
 Miniopterus_natalensis                13.0 [  13.0,  13.0]
 Myotis_lucifugus                      10.6 [  10.6,  10.6]
 Eptesicus_fuscus                      18.1 [  18.1,  18.1]
 Equus_caballus                       2.8e [ 2.8e, 2.8e]
 Ceratotherium_simum_simum            2.2e [ 2.2e, 2.2e]
 Vicugna_pacos                        5.6e [ 5.6e, 5.6e]
 Camelus_bactrianus                   4.5e [ 4.5e, 4.5e]
 Sus_scrofa                           7.9e [ 7.9e, 7.9e]
 Odocoileus_virginianus_texanus       7.2e [ 7.2e, 7.2e]
 Bos_taurus                           7.5e [ 7.5e, 7.5e]
 Ovis_aries                           9.6e [ 9.6e, 9.6e]
 Capra_hircus                         6.7e [ 6.7e, 6.7e]
 Physeter_catodon                     2.8e [ 2.8e, 2.8e]
 Lipotes_vexillifer                   8.3e [ 8.3e, 8.3e]
 Tursiops_truncatus                     2e [   2e,   2e]
 Orcinus_orca                           4e [   4e,   4e]
 Delphinapterus_leucas                1.4e [ 1.4e, 1.4e]
 Balaenoptera_acutorostrata_scammoni    5e [   5e,   5e]
 Canis_familiaris                     1.9e [ 1.9e, 1.9e]
 Ursus_maritimus                      2.5e [ 2.5e, 2.5e]
 Ailuropoda_melanoleuca               1.2e [ 1.2e, 1.2e]
 Mustela_putorius                     580.3 [ 580.3, 580.3]
 Enhydra_lutris_kenyoni               2.6e [ 2.6e, 2.6e]
 Panthera_pardus                      1.1e [ 1.1e, 1.1e]
 Acinonyx_jubatus                     5.3e [ 5.3e, 5.3e]
 Felis_catus                         4629.2 [4629.2,4629.2]
 Tupaia_belangeri                     164.1 [ 164.1, 164.1]
 Oryctolagus_cuniculus               1800.0 [1800.0,1800.0]
 Ochotona_princeps                    152.9 [ 152.9, 152.9]
 Marmota_marmota_marmota             4558.3 [4558.3,4558.3]
 Ictidomys_tridecemlineatus           172.7 [ 172.7, 172.7]
 Octodon_degus                        235.0 [ 235.0, 235.0]
 Chinchilla_lanigera                  642.5 [ 642.5, 642.5]
 Cavia_porcellus                      568.8 [ 568.8, 568.8]
 Heterocephalus_glaber                 35.0 [  35.0,  35.0]
 Jaculus_jaculus                       94.5 [  94.5,  94.5]
 Rattus_norvegicus                    186.3 [ 186.3, 186.3]
 Mus_musculus                          12.5 [  12.5,  12.5]
 Meriones_unguiculatus                 96.6 [  96.6,  96.6]
 Peromyscus_maniculatus                25.7 [  25.7,  25.7]
 Microtus_ochrogaster                  38.9 [  38.9,  38.9]
 Mesocricetus_auratus                 139.5 [ 139.5, 139.5]
 Dipodomys_ordii                       74.5 [  74.5,  74.5]
 Castor_canadensis                    2.3e [ 2.3e, 2.3e]
 Otolemur_garnettii                  1197.2 [1197.2,1197.2]
 Propithecus_coquereli               4698.3 [4698.3,4698.3]
 Microcebus_murinus                    60.1 [  60.1,  60.1]
 Nomascus_leucogenys                 6426.3 [6426.3,6426.3]
 Pongo_abelii                         6.4e [ 6.4e, 6.4e]
 Pan_troglodytes                      4.2e [ 4.2e, 4.2e]
 Homo_sapiens                         6.2e [ 6.2e, 6.2e]
 Gorilla_gorilla                      1.4e [ 1.4e, 1.4e]
 Chlorocebus_sabaeus                 5620.0 [5620.0,5620.0]
 Macaca_mulatta                      7958.9 [7958.9,7958.9]
 Papio_anubis                         1.8e [ 1.8e, 1.8e]
 Mandrillus_leucophaeus               2.1e [ 2.1e, 2.1e]
 Cercocebus_atys                     8986.7 [8986.7,8986.7]
 Colobus_angolensis                  9366.6 [9366.6,9366.6]
 Saimiri_boliviensis                  776.2 [ 776.2, 776.2]
 Cebus_capucinus                     2558.3 [2558.3,2558.3]
 Callithrix_jacchus                   311.6 [ 311.6, 311.6]
 Aotus_nancymaae                      944.2 [ 944.2, 944.2]
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Estimated Ne is related to life-history traits in mammals

• Estimated Ne is negatively correlated with maximum longevity, adult 
weight and female maturity. 

• Estimated Ne is positively correlated with mutation rate (per unit of time), 
potentially due to the confounding effect of generation time.

https://github.com/ThibaultLatrille/MutationSelectionDrift

Correlation ( ) Maximum longevity Adult weight Female maturity

Ne

-

Maximum longevity - -

Adult weight - - -

https://github.com/ThibaultLatrille/MutationSelectionDrift
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Estimated Ne is related to ecological traits in isopods

Capderrey et al (2013); Eme et al (2013); Saclier et al (2018)

 GHM2     0.917 [ 0.818, 1.154]
 SyspA    0.906 [ 0.806, 1.157]
 BFA      0.897 [ 0.725, 1.365]
 BCoP     1.012 [ 0.862, 1.406]
 BPM      1.047 [ 0.886, 1.502]
 BLaA4    0.907 [ 0.800, 1.245]
 BMoV     0.823 [ 0.723, 1.115]
 PBS4     0.866 [ 0.713, 1.298]
 PBF5     0.780 [ 0.406, 1.238]
 PSlRo11  0.676 [ 0.407, 1.043]
 PHeZ     0.562 [ 0.319, 0.950]
 PKK      0.997 [ 0.857, 1.459]
 PPvN2    0.881 [ 0.775, 1.126]
 PPrS     0.793 [ 0.686, 1.126]
 PCoB     1.036 [ 0.795, 1.860]
 PCoZa5   0.940 [ 0.767, 1.455]
 PCoAx5   0.762 [ 0.596, 1.182]
 PCoCd9   0.767 [ 0.612, 1.252]
 PSloP5   1.080 [ 0.948, 1.433]
 PCoiP    1.159 [ 1.007, 1.608]
 ISPB     0.763 [ 0.571, 1.507]
 PspVi    0.885 [ 0.659, 1.787]
 PWRo5    0.627 [ 0.465, 1.084]
 PWM5     0.743 [ 0.571, 1.411]
 PWH13    0.754 [ 0.593, 1.209]
 PWVi6    0.653 [ 0.509, 1.089]
 PStB     0.625 [ 0.483, 1.038]
 PStN     0.717 [ 0.545, 1.275]
 PCBF     0.537 [ 0.356, 1.274]
 PCMt5    0.627 [ 0.437, 1.249]
 PCBo     0.716 [ 0.511, 1.379]
 PCG6     0.663 [ 0.466, 1.496]
 PAL6     0.731 [ 0.575, 1.304]
 PspAG1   0.869 [ 0.675, 1.456]
 PGC      0.849 [ 0.705, 1.277]
 POJ      0.674 [ 0.532, 1.092]
 PCanC    0.650 [ 0.499, 1.214]
 PEF      0.733 [ 0.571, 1.353]
 PLeC5    0.736 [ 0.584, 1.167]
 PLeM4    0.846 [ 0.664, 1.365]
 PArE     0.795 [ 0.607, 1.541]
 PSSE     1.062 [ 0.811, 2.348]
 PHL5     0.890 [ 0.738, 1.461]
 PBuB2    1.014 [ 0.842, 1.459]
 PIsS     0.782 [ 0.621, 1.228]
 PMiM     0.764 [ 0.617, 1.170]
 PRBe     0.803 [ 0.663, 1.249]
 PBtS     1.015 [ 0.814, 1.664]
 PJJ      0.742 [ 0.581, 1.191]
 PEcD     0.907 [ 0.702, 1.609]
 PGrP     1.005 [ 0.814, 1.594]
 PSoG     0.779 [ 0.593, 1.236]
 PIbB     0.785 [ 0.654, 1.207]
 PAtL     0.874 [ 0.698, 1.407]
 PAsA     0.914 [ 0.692, 1.632]
 PRuE     1.029 [ 0.800, 1.848]
 PMaF     0.889 [ 0.755, 1.262]
 PMC      0.823 [ 0.623, 1.552]
 PMLL     0.820 [ 0.621, 1.667]
 PMAx     0.771 [ 0.582, 1.420]
 PMB      0.775 [ 0.583, 1.362]
 AKT6     0.530 [ 0.347, 1.075]
 AAD3     0.639 [ 0.443, 1.215]
 AAPl     0.798 [ 0.582, 1.672]
 BSSV1    0.669 [ 0.589, 0.835]
 SBrI     0.715 [ 0.635, 0.892]

0.3

1.00.80.6

Habitat

Surface
Underground

E	ective population size (Ne)

0.4

0.6

0.8

1.0

1.2

Surface Underground

Habitat

Ne

pvalue<2.10-16

r2=0.21

Gallasellus heyli
Synasellus sp
Bragasellus frontellum
Bragasellus cortesi
Bragasellus peltatus
-
Bragasellus molinai
Proasellus boui
Proasellus boui
Proasellus slavus
Proasellus hercegovinensis
Proasellus karamani
Proasellus pavani
Proasellus parvulus
Proasellus coxalis
Proasellus coxalis
Proasellus coxalis
Proasellus coxalis
Proasellus slovenicus
Proasellus coi�aiti
Proasellus nsp
Proasellus nsp
Proasellus walteri
Proasellus walteri
Proasellus walteri
Proasellus walteri
Proasellus strouhali
Proasellus strouhali
Proasellus cavaticus
Proasellus cavaticus
Proasellus cavaticus
Proasellus cavaticus
Proasellus albigensis
Proasellus n
Proasellus gra�
Proasellus ortizi
Proasellus cantabricus
Proasellus ebrensis
-
-
Proasellus aragonensis
Proasellus spelaeus
-
-
Proasellus istrianus
Proasellus micropectinatus
Proasellus racovitzai
Proasellus beticus
Proasellus jaloniacus
Proasellus escolai
Proasellus granadensis
Proasellus solanasi
Proasellus ibericus
Proasellus arthrodilus
Proasellus assaforensis
Proasellus rectus
Proasellus margale�
Proasellus meridianus
Proasellus meridianus
Proasellus meridianus
Proasellus meridianus
Asellus kosswigi
Asellus aquaticus
Asellus aquaticus
Balkanostenasellus sk.
Stenasellus breuili

• Estimated Ne is lower for 
underground species. 

• The magnitude of estimated 
changes in Ne is low.

https://github.com/ThibaultLatrille/MutationSelectionDrift
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Validating the inference model against simulated alignments

Species tree

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

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

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

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

Mutation-Selection
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Fitness landscape
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rate matrix

Fluctuation of
population size,

mutation rate and
generation time
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Mutation rate, 
Ne, ...

Simulation
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Ne cannot be realiably estimated in the presence of epistasis

https://github.com/ThibaultLatrille/MutationSelectionDrift
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Harder to estimate the underlying population size (Ne)

https://github.com/ThibaultLatrille/MutationSelectionDrift
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• In mammals, estimated Ne correlates negatively with longevity, 
weight and maturity, and positively with mutation rate.

• In isopods, underground lineages have a lower estimated Ne.

• The changes in Ne along lineages are in the expected direction, but 
the range of estimated Ne is lower than expected.   

• Which mechanism could explain such a low variance of Ne estimated 
in empirical data?

• Epistasis appears to be a reasonable explanation.

Can mutation-selection codon models estimate  
changes in Ne along the phylogeny?
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