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Module 4: les pressions de selection

Géraldine PASCAL



FeedBack: Pourguoil
VOUS INntéressez-vous ou
aves-vous besoin des
calculs de pressions de
selection ?



Qu’allons-nous voir ?

Introduction géneéral sur les pression de sélection
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Présentation du logiciel codeml|
Le fichier de controle codeml.ctl

L a vraisemblance

O OO e

Les modeles
1. Exo1l
2. Exo?2

6. Calculs sites / branch / branch-sites

/. LRT
1. Exo 3
2. Exo4

8. BEB



On évolue

Les émergent dans
les populations par
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Et on evolue, parce qu'on mute.

La plupart du temps les genes (— proteines) restent
stables mais parfois on observe de nombreuses
modifications:

genes immunitaires, reproduction, pathogenicite,
symbiose.

Mutation avantageuse ou désavantageuse.
Mutation maintenue ou perdue.
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TTAATGCCTCTTCTCATTTCTTCTGC TG TCATCCGOCACAGCAGAAGAATTCCTCATTGAC
TATTATTTCGCAATT TGCTCACATGGAT TAAAT TAAACTACATACTATAAGATATAAACT
TCTGCCTACAGC TGTAAGAAACTCCGC TCAGTACTGAAGCACCAGTCCTATTTCCTCTTT
TETCCAGCCTGT TATAT TAAGCATAC TGAT TAACGAT T TT TAACG T TATCCGC TAAATAR
ACATATTTGAAAT GCATGCGACCACAGTGAAAAACAAAATCACGCAAAGAGACAACTATA
Lo

SyegR
J\’x}lil:E-'IgMCGGCTGCCﬁCCGATMATﬁCMAMAG.&GChTATﬁCC TAATAT T AMCTAL LA
GTGGOATCT TCAATATAATATAT TAAAGCCCLCATGGAGT TACCCTEAAGGGOITCAATG
TCCGTAATTCCTACTTATG TAGGAAATGT TG TACAGAACATTTATTATAATCCTATTCAS
TTATAATAATCAT GOCAT TAT TATAT T TAAACACTAGAGAGTGTOGT TGGETATT TAATGS
GEGAAGGTGAGATGAAAAAGATAGCTGC TATATCAT TAATTAGTATTTTTATTATGTCTG
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=emrk

AT CAGGGAT TG TACCGATGAT T TATAGT T TCAAGTTGGCACTATAMGTCTTCT TACTA
WTCCTACAGGCGTAAGAAT TGTAT TGCAAAAGCCACGGTTTAGTCCTCTGTTGTTTTITTT
TGCACCTCATT TAAAT TAGGCC TCCAACGT TCCTGGGATAATG TGCAACACATGCACTGT
IGTTTGATATGAAGAATGAATGCTCT T T TCATTCAAT TCATAAAT TTCATC TATGAGAAAT
GAGAGATAATAGTGGAACAGATTAATTCAAATAAAAAACAT TCTAACAGAMGAAAATACT
=

=2
MT%‘&CMTTC'ITACGCCTGTAGGATT.&GTMGMGACTTATAGTGCCMCTTGAMCTAT
WBAATCATCGGTACAATCCCTGATTTTATTGT TGACATTTCAT TTATGCOGACTATT TATA
TEETATACTTGTCGAAT TATCT TAAAGGAAGCTCAGAT TTTCTTATTT TTAT TGAGASAMAS,
TGAGATGACGCCTTATGTCTGTAT TACTACAGGGAGAAGGGAGATGCTTCAT TGCAAAGT
GAATAATC TATGAACGCAATAAT TAT TGATGACCATCCTCTTGCTATCGCAGCAATTCGT
syl

TGGCTGTATT TACAT TTAATTAATCAGTATT TACATCGATATAATAAAT GACATCTCTTT
IGTGGTATATAAGAATAGT TCTCTGLGACAGGAAGCATAT TCCTACAAT TGTAAGACTAAA
WTACTTCT TGOGATAATAAC TACAACTGTAAGATAACCCTTTCAAAATGACCGTTGCTCT
CTGEATTTCTCATTTCATGCTCACCCAATATGA CEGCGTTTTCTAAAACTGT TAAMGA

T GAGGTAAGTATGAAACGTTTAAT TATGGC] ATGGTCACAGCAATTCTGGCATCTT
-

A4

Schéma géeneéeral

Fichier fasta de séquences

Gikblon
orandg
Gorille
Homme
Chimpanzé
Macague
Babouin

AR TTTACA TGCAR T TCATAAT X
AR TTCA ARCCHA TCATGATT AT
AR TTCA AGTTGTTCTTATAATT X
AR TTCA AGTCATTCTCATAAT A
ARl TTCA AATTAT TCATAAT A
AR TTTT ARCCAT TTATGAT "TCA
AR TTCT TECAACCAT TTATGATT A

o

TAR
TCA
TTA
TTA
TTA
TCA
TCRA

T
AT
AT
AT
AT

T

T

T

AT

J

T

'I'.'T

Alignement

Modele + tests
Macaque
~—————Babouin
| —— Gibbon

Orang-outan

Gorille

Chimpanzé

Homme

Macaque
Babouin
Gibbon
Orang-outan
Gorille
Chimpanze

Homme

Arbre
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|. trait variable
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lll. conferant un plus grand succes reproducteur
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L'exemple probablement le mieux documente dans
I'évolution récente de I'homme est le cas de la

(Bersaglieri et al. 2004, Tishkoff
et al. 2007).
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La persistance a la lactase

Le gene codant la lactase sur le chromosome 2 humain s'exprime
chez la plupart des individus africains et asiatiques seulement
chez le nouveau ne, mais s'éteint apres le sevrage.
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L'enzyme lactase exprimée permet au nouveau ne de metaboliser
le lactose contenu dans le lait maternel.
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Distribution de la

« lactose persistance » dans le monde
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Chez 75% des individus europeens
et chez certaines populations
africaines, on observe une
persistance de l'expression de la
lactase tout au long de la vie, et par
consequent de la capacite a
metaboliser le lactose.

Comment I'expliquer ?



Plateforme Bioinformatique Midi-Pyrénées

Distribution de la lactose
persistance dans le monde et de
I'allele -13910T (associée a la LP)
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Action de la lactase sur le lactose jusqu’au sevrage

(N

| PROMOTELR | Gene LACTASE

@ lactose
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Action de la lactase sur le lactose aprés sevrage
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Dans le cas d’'une mutation sur le promoteur apres sevrage
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SENE Le géne de la lactase sous
sélection positive

On sait actuellement que le lait a eu une importance capitale dans
la survie des humains, lors de leur arrivée dans certaines régions
du monde.
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La distribution atypique du trait ainsi que la relation entre cette
distribution, les habitudes culturelles des populations et la
distribution géographique des elevages laitiers suggerent que la
sélection positive est responsable de la persistance de I'enzyme
de lactase.



- Eie Sélection positive par
pression environnementale
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Différentes hypotheses sélectives ont été proposéees [Holden and
Mace, 1997, Mace et al., 2003].

Les rares éleveurs initialement dotés de la persistance ont en
le de leurs animaux profite d'un apport
énergetique qui s'est traduit par une descendance plus abondante.

Les mutations conferant la persistance a la lactase sont ainsi

passees d'une au début de I'élevage il y a
a une fréquence tres importante dans la population

européenne et certaines populations africaines aujourd’hui.
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Ces mutations ne sont pas fixees, elles sont en cours d’installation
dans les populations

Il est important d'ajouter que la persistance de la lactase en
Europe et dans certaines populations africaines est un cas tout a
fait remarguable de convergence évolutive: les mutations
sélectionnees en Europe et en Afrique sont apparues
Indépendamment et ne sont pas situees aux memes positions
dans les sequences regulatrices (Tishkoff et al. 2007).
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Qu’est-ce que la sélection positive ?

fréquence
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A mesure qu'un trait avantageux est sélectionne, la
mutation causative du trait augmente en fréquence et
peut le cas échéant remplacer I'état originel.
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| 3T sélection positive: principe

Point de départ :

1- un arbre phylogénétique

et

2- I'alignement multiple qui a servi a sa construction
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ENSBTAP00000034569_ADRO_BOVIN
ENSMODP00000008606_FDXR
ENSMEUP00000002918_FDXR
ENSXETP00000014989 FDXR

ENSGACP00000006923_FDXR
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37 sélection positive: principe

Apres calculs, repérage des branches de l'arbre
gui sont sous seélection (statistiguement significatif)
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SELECTION PRESSURE ON PROTEIN ENSP00000303356
COMPUTED ON ORTHOLOGS TREE WITH MODELS BRANCH/SITE
DISPLAYED ON DCXR (FROG)

Change the protein used for display to: dexr (Frog)
Purifyingselectionw < 1 Paositive selection w = 1 with
SR oo [ (o (R
VIEW ON FEOTEIN SEQUENCE

EMSEETPOOOMEIGEE : modael null ve alternatlive
1 11 21 a1 a1 51
HEINrc-:-uRn L'u'TGl‘-iGK... EERVEERRK T llEl\rlLlnl FEEBcsLracC llluuTvlll

81 101
IHIIEIIIKI IEEIIIIIII VNNAAVAvED IIIﬁIIEEIF DrsEaMEvKE ILIIIIII‘FH

141 151

ﬂllEll'-fF'lﬂ1 llllllllll cHLoBHsMEsS |unxsua||: MLHSIKIFEHR LlllllSlll
2o £l

IIIIIEIIHI GIIIIEIIEF HLckEREnErE IIIIIIIHSI IFEPSEEESsR IIIEGIFIII

ﬂq-’

241 261 271 261 291
BrLac



3THE sélection positive: principe

VIEW ON 3D STRUCTURE
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YView | O without residues @ positive selection residues O punfying selection residues

Back to onginal view | Turn around * axis ‘
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g G g .
? toul Le calcul de sélection positive au niveau
moleculaire

Basé sur I'estimation du ratio (1)

Taux de substitutions non-synonymes

Taux de substitutions synonymes

Substitution non-synonyme : changement de I'acide aminé (TAC_Tyr — TCC_Ser)

Substitution synonyme : pas de changement de I'acide aminé (TAC_Tyr— TAT_Tyr)
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§ Taux de substitutions non-synonymes d
g w Taux de substitutions synonymes dqg
8
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w=1 w>1

Sélection purifiante Evolution neutre Sélection positive

Les modifications des acides

les mutations se o P
aminés sont favorisées par la

les changements des répartissent A ; .
. iy > i sélection naturelle qui tend a les
acides amines sont aléatoirement sans
R A conserver au cours de
souvent penalises par la pression y : : :
g wr I’évolution plus vite qu’elle ne
sélection naturelle. (pseudogéneéisation)

conserve les mutations
synonymes.



Le calcul de sélection positive au niveau
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* Basé sur un alignement multiple de séquences, alignées par codons, et sur un arbre
phylogénétique
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 Estimation de w par maximum de vraisemblance

, : e | SecondPositionof Codon |
Sélection purifiante = 5 m g
TTT Phe [F] | TCT Ser [S] || TAT Tyr [Y] | TGT Cys [C] | T
galus | TAT TTC Phe [F] | TCC Ser [S] || TAC Tyr (Y] | TGC Cys [C] | C
Séquence

RS ol TP&C TTA Leu [L] | TCA Ser [S] | TAA Ter [end] | TGA Ter [end] | A
F TTG Leu [L] | TCG Ser [S] | TAG Ter [end] | TGG Trp [W] | G

TAC = - - =
- s |TAC S| CTTLeu[L] | CCT Pro(P] |CAT His (H] | CGT Arg[R] |T
S|  CTCLeu[L] | CCC Pro[P] | CAC His [H] | CGC Arg [R] | C
— eaws [TAC t CTALeu[L] |CCAPro[P] |CAAGI[Q) |CGAArg[R] |A
CTG Leu [L] | CCG Pro [P] | CAG Gl CGG Arg [R] |G

R i TAC ] eu [L] | ro [P] | n [Q] | rg [R] |
: ATT Nle [I) | ACT Thr (T] | AAT Asn [N] | AGT Ser [S] | T
— rattus |"T'AT i, ATC Dle [I) | ACC Thr[T] | AAC Asn [N] | AGC Ser [S] |C
© " ATA Dle [I] | ACA Thr[T] |AAA Lys [K] |AGA Arg[R] |A
— mus  |TAT ; ATG Met [M] | ACG Thr [T] | AAG Lys [K] |AGG A [R] |G
macacal [ [\ (. i GTT Val [V] | GCT Ala [A] | GAT Asp[D] | GGTGly[G] | T
GTC Val [V] | GCC Ala[A] | GAC Asp [D] | GGC Gly [G] | C
homo |TAC GTA Val [V] | GCA Ala[A] | GAA Glu [E] | GGA Gly [G] | A
GTG Val [V] | GCG Ala [A] | GAG Glu [E] | GGG Gly [G] |G

pan  |TAC '
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* Basé sur un alignement multiple de séquences, alignées par codons, et sur un arbre
phylogénétique
 Estimation de w par maximum de vraisemblance
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Sélection positive

P—

_.-_1 _.-_1 _.-_ F | _.-- _.-_. F = | _.-_1 _.-_ _.-_. _.-_ _.--1 _.-_1 _.-_ _.-_1 _.-_ _.-_. _.--. _.-_.

gallus GTGGEGECACGGGACAJATCIGTGGAGG PR
Sequence P o | | P | P s T P I e | P | P G G P | P W B P B | P o | P o |
ancestrale — bos oAl L R L L s L CCAGC e N W s s L L NP L L NP L s L
GCC P | o | o | o e a an| P | P | F ralala Ve e Ve e e | P I |
\_ — Sus (Y A s APLR s N o L e A (AN _ACG [ L N e W e e AP s i AW
| i | P W W PV | | Ve VeV P e W | | P |
= LY L e A L o e s L GCCI'GCGGAGGCAC o LY
| 1 o | o | A F W P W | ra e . Wa Va P Wan W | e | P I |
— canis AL L i g Aala CCAAGCEII'GCGGAGGCACC Ll
~ o | P V. P P W | Fa P . W IV an P Wan W P I o | o |
— ratius - Aalall i Lol CAQGCCIGCGGAGGCAGCC -
o | Ve Ve e Fa P W P W | Fa P | P W an P Wan W P I o | o I |
— mus LAl g Alal CCAQGCCIGTGEAGGCAGCCTCC
_.-_. _.--1 _.-_ F = | _.-_1 _.-_. _.--. _.-_1 _.-- _.-_. _.-_. _.-_ F = | _.-_1 _.-_ _.-_1 _.-_ F = | F | _.-_. _.-_1 _.--.
masars ‘ gsalal Al Algls CCAQGCAIGTGGAGGCAGC Tl
| o | o | o | P | P | ra P | P W | P o | o | P |
homo (. LAzl AL Alg CCAJACANINGTGGAGGCAGC s L
| P P B P | P | P e P | P P | P P P I | i | P o |
gan > LaslL AL ALGE CCAQACAINGTGGAGGCAGC (7l

—
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Le calcul de sélection positive au niveau
moléculaire

» Basé sur un alignement multiple de séquences, alignées par codons, et sur un arbre
phylogénétique
 Estimation de w par maximum de vraisemblance
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Calculs sur branche-site

Sélection positive

#1 = = I - - T A AT 7 T
. X GTGGAGGATCTCTCA
Séquence | 1 kA I e 1
ancestrale bos i TTT Phe (F] | TCT Ser [S] | TAT Tyr (Y] | TGT Cys [C] | T L(GCEINGTTGEGEEEECTCCTGC
cce TTC Phe [F] | TCC Ser [S] | TAC Tyr [Y] |TGC Cys [C] |C | | L L
sus TTA Leu [L] | TCA Ser [S] | TAA Ter [end] | TGA Ter [end] | A LJACGIGCEEEEGECATCTTGC

TTG Leu [L] | TCG Ser [S] | TAG Ter [end] | TGG Trp (W] |G [ | B -
il  CTT Leuw (L] | CCT Pro [P] | CAT His (H] | CGT Arg [R] T pJGCCLGCGGAGGCACATTGC
_ d|  CTCLeu[L] | CCCPro[P] |CACHis[H] |CGCAg[R] |CR A o AT (T

Sl CTALeu[L] | CCAPro[P] |CAAGIn[Q] |CGAArg[R] |A LJGCGIGCGGAGGCACCTTGC
(CTGLeu [L] | COG Pro[P] | CAG Gin[Q) | CGGAg[R] |G | | L B I
rafius " ATT Ie [ | acr The [T] | AAT Asn ] [ Gt ser [S] [ PJGCCELGCGGAGGCAGCCTAC
[aTc 1e m] lACC The(Tl | AAC Asn ) |AGC Ser(s] €| A . R
e ATA e [0 JACA The[r) | AsA Lys (K] | AGA A R] | A B L GCCIGTGGAGGCAGCCTCC
15| ATG Met M] | ACG Thr [T] || AAG Lys [RK] |AGG A [R] |G [ | e - o
macacal ® T va [V] | GCT Ala[A] | GAT Asp [D] | GGT Gly [G] V?yﬂ_ GCALGTGGAGGCAGCTTGC
GTC val [v] |Gce alafa)] cacasp D) |Gocay (6] |cf - L . e L
jene oA va (V] |oca ataial] cas o ) |ceaayie |4 PJQACALGTGGAGGCAGCTTGC
GTG Val [V] |GCG Ala[a]] GAG Gl [E] | GGG Gly [G] | G IR il T
pan o JACAINGTGGAGGCAGCTTGC




Le calcul de sélection positive au niveau moléculaire -
codeml|

PAML 4: Phylogenetic Analysis by Maximum Likelihood
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Zileng Yang*
*Department of Biology, Galton Laboratory, University College London, London, United Kingdom
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pasl, cumrently in version 4, is a package of programs for phylogenstic analyses of DNA and protein sequences using
maximum likelihood (ML), The progmms may be used to compare and test phylogenetic trees, but their main strengths
lie in the rich repertoire of evolutionary models implemented, which can be used to estimate parameters in models of
seguence evolution and to test interesting biological hypotheses, Uses of the programs include estimation of synomymous
and nonsynonymous rates {dy and dy) between two protein-coding DNA sequences, inference of positive Darwinian
selection through phylogenetic companson of protein-coding genes, reconstmuction of ancestral genes and proteins for
maolecular restoration studies of extinet life forms, combined analysis of heterogeneous data sets from multiple gene loa,
and estimation of species divergence times incorparating uncertainties in fossil calibrations. This note discusses some of
the major applications of the package, which includes example data sets to demonstrate their use, The package is written
in ANSI C, and runs under Windows, Mac OSX, and uwvx systemns. It is available at hip:ffabacus. geneud acukf
softwars/pamLhtml.

Plateforme B

Introduction

Likelihood ratio tests (LRTs) of hypotheses through
comparison of nested statistical models (BASEML, CODEML,
CHI2 ),

Estimation of synonymous and nonsynonymous sub-
stitution rates and detection of positive Darwinian
selection in protein-coding DNA sequences (yNop and

Phylogenetic methods for comparative analysis of
DMNA and protein sequences are becoming ever more im-
portant with the rapid accumulation of molecular sequence
data, spearheaded by numerous genome projects. It is now
common for phylogeny reconstruction to be conducted

: . E . ) CODEML ;
USIng lmgc"‘lda.m qe“ lmjol\mg I_1u|1d|eds oreven .tlmu_sands o Estimation of empirical amino acid substitution matrices
of genes. Similarly, phylogenetic methods are widely used (oD Y
to estimate the evolutionary rates of genes and genomesto gL o0 e species divergence times under global

detect footprints of natral selection, and the evolutionary
information is used to interpret genomic data (Yang
20005). For example, both evolutionary conservation indi-
cating negative purifying selection and accelerated evolu-
tion driven by positive Darwinian selection have been
emploved to detect functionally significant regions of the
TEF=T ATR T ST F B 7o P | I8 I O P T T e T

http://abacus.gene.ucl.ac.uk/software/paml.html

CODEML du package PAML

SUSHEIMT OF FAML I5 TI0 IS TICTH GOTIECTRMT O SOPITISTGIIcd
substitution models, nseful when our focus is on under-
standing the process of sequence evolution. Examples of
analyses that can be performed using the package include

and local clock models using likelihood (RaseML and
coneML) and Bavesian (MomcTREE) methods:
» Reconstruction of ancestral sequences using nucleotide,
amino acid, and codon models (BasEmL and conEmL);
e Generation of nucleotide, codon, and amino acid sequence
alignments by Monte Carlo simulation (FvoLvVER).

Major Applications of the Software Package

Comparison and Tests of Trees

e Comparison and tests of phylogenetic trees (BASEML
and CODEMLY);

e Estimation of parameters in sophisticated substitution
maodels, including models of variable rates among sites
and models for combined analysis of multiple genes
(BASEML and CODEML ),

Key wonds: codon models, likeliheod, PAML, phylegenstic
analysis, software.
E-mail: z yvang@ueclac k.
Mol Riol. Evol. 2@ c1586-1591. 2007
oz 10 1093 ma Thew fmami15 &
Advance Access puhBcation May 4, 2007

© The Awhar 2007 Publitied by Owford Usiversity Press on hehalf af
the Sacicty for Malecalar Biokgy and Fuoktion. All rights resenved.
Tor permissions, please e-masl: joumalks permisskmsFoxordjomals org

The programs BASEML and CoDEML can take a set of
user trees and evaluate their log likelihood values under
a variety of nucleotide, amino acid, and codon substitution
models. When more than one tree is specified, the programs
sutomatically calculates the bootstrap proportions  for
trees using the RELL method (Kishino and Hasegawa
1989), as well as p values using the K-H test (Kishino
and Hasegawa 198%9) and 5-H test (Shimodaira and
Hasegawa 1999). See Goldman, Anderson, and Rodrigo
(2000) for a critical review of those methods.

In particular, a number of likelihood models are imple-
mented in BasemL and conmL for combined analvsis of het-
erogeneous data sets from multiple gene loci (Yang 1996).
These models allow estimation of common parameters


http://abacus.gene.ucl.ac.uk/software/paml.html

Alignement

Modele
(6,M)




Alignement

Arbre

Mouse

Modele
(6,M)
Un arbre au format
newick (avec les

mémes noms
d’especes),
binaire , sans
bootstrap et avecles
etiquettes adéquates

— Homuo

((Homo:0.1,Pan:0.1) :
— 0.8,Mouse:0.60);




a

en codons
A\

Pal2Nal: logiciel pour
le passage de

I'alignement en acides
aminés en alignement

N

4

45 1385 I
[pomoea_n_CHID
Ipomcea_n_CHSE
Tpomoea_pu_CHSD
Ipomoea_pu_CHDE
Perilla_r_CHS
Pinus_d_CHS
P<ilotum_n_CHS
Lpomoea_b_CHSDI

AT GOTGACCGTC GALGAGC
AT GOTGACTLTC CALTALE
AT GOTGACCGTC GAGGAGC
AT GOTGACCGTC GAGGAAL
AT GOTGACCOTC CALRGACE
===ATGGCTG AGACTTTGGL TTTGGATCTA GAGGCAT
====ATGTCA ATGTCAT
AT GOTGACCOTC CAGRGAGE

Un fichier
d’alignhement au
format phylip
(ajouter un | pour

indiquer le format
« interleaved »), nb

sites et gaps
multiples de 3, pas de
codons stop.




/On teste plusieurs
modele, on les
compare
statistiquement et on
choisit le meilleur, le

Kplus vraisemblable

4

Un modeéle M et ses
parametres 6.

M est spécifie grace au

fichier de contrdle
(codeml.ctl) :




SgenE Fonctionnement de CODEML

i
g
g
2

En tres tres gros...

Fixe des valeurs discretes de w ( 1-1,5)

Calcule toutes des probabilites de passage d'un codon
a un autre.

Calcule la probabilité que les mutations réelles aient
eu lieu : vraisemblance.

Fait evoluer les valeurs de w jusqu’'a maximiser la
vraisemblance.



e fichier de controle
codeml.ctl



- EEE EEE B B N M N N B M M EEE EEE EEE MEE BN BN EEN MEE MEE N M M M M O Em oy,

I seqfile = stewart.aa * ssgusnce data fils nams :
: outfile = mlc * main result file name |
| treefile = stewart.trees * tree structure file name
ﬁ————————————————————————————-’
noisy = 9 * 0,1,2,3,9: how much rubbish on the screen
verbose = 0 * 1: detailed output, 0: concise output
runmode = 0 * 0: user tree; 1: semi-automatic; 2: automatic

* 3: StepwiseAddition; (4,5) :PerturbationNNI; -2: pairwise
— e - — - o - — — — —
T

s=gqtype = Z l:codonsy Z:RRs; Z:codons-->RAs

CodonFreqg = 2 * 0:1/61 =2ach, 1:F1X4, 2:F3X4, 3:codon table
* ndata = 10
clock = 0 * 0:no clock, l:clock; Z:local clock; 3:TipDate

aaDist = 0 * O:equal, +:geometric; -:linear, 1-€:G19%74,Miyata,c,p,V,a
* T:RRClasses
aaRatefile = wag.dat * only used for aaz segs with model=smpirical( F)
* davhoff.dat, jones.dat, wag.dat, mtmam.dat, or your own

[

model =
* models for codons:
* J:one, l:b, 2:2 or more dN/dS ratios for branches
* models for ARs or codon-translated ARs:
* (O:poisson, l:proportional,Z:Empirical,3:EmpiricaltF
* @:FromCodon, 8:REVaa 0, 9:REVaa(nr=189)

NSsites = 0 * O:one w;l:neutral;Z:selection; 3:discrete;4:fregs;
* Srigamma;e:Zgamma;V:beta;B:betagw; Y:betastgamma;
* 1l0:betaggamma+l; ll:ketas&normal>l; 1Z2:0&Znormal>l;
* 13:3normal>0

icode = 0 * QO:universal code; l:mammalian mt; 2-11:see below
Mgens = 0 * [:rates, l:i:separats;

fix kappa = 0 * 1: kappa fixed, 0: kappa to be estimated

[

kappa = * initial or fixed kappa



fix omega = 0 * 1: omega or omega 1 fixed, 0: estimate

omega = .4 * initial or fixed omega, for codons or codon-based AAs
fix alpha = 1 * 0: estimate gamma shaps paramster; 1: fix it at alpha
alpha = 0. * initial or fixed alpha, 0O:infinity (constant rate)
Mzlpha = 0 * different alphas for genes
ncatG = 3 * # of categories in dG of NSsites models
fix rho =1 * 0: estimate rho; 1: fix it at rho
rho = 0. * initial or fixed rho, 0:no correlation

getSE = 0 * 0: don't want them, 1l: want £.E.s of estimates

FRatelAncestor = 0 * (0,1,2): rates (alpha>0) or ancestral statses (1 or Z)
Small Diff = .5=-6
* cleandata = 0 * remove sites with ambiguity data (l:ves, 0:nao)?

* fix blength 0 * 0: ignore, -1: random, 1l: initial, 2: fixed
method = 0 * 0: simultanecus; 1: one branch at a time
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rme Bioinfo

Malis dans codeml,
comment sont calculées les vraisemblances des
modeles ?

Platefo

|

Un modele M et ses
parametres 6.

/ . M est spécifié grace au
On teste plusieurs - _ L N
N — fichier de controle
modele, on les demlctl) -
compare [ (codeml.ctl) :
statistiquement et on >
choisit le meilleur, le A

Qalus vraisemblable Y L’ 6




Malis dans codeml, comment sont
calculées les vraisemblances des
modeles ?

» Les modeles sont des modeles de codons : matrice Q de
taille 61x61 qui donne les taux de substitution d’un
codon 7 vers un codon ;j :

-~

0 S117 et different par 2 ou 3 positions
JU i S117 et different par 1 transversion synonyme
Q = {qz‘%—j }% KJT i S17 et j different par 1 transition synonyme
(JT i S17 et j different par 1 transversion non-synonyme
KmJT j S1i et j différent par 1 transition non-synonyme



Mais dans codeml, comment sont calculées
les vraisemblances des modeles ?

* On transtorme Q en P(t) : matrice des probabilités de
changement sur un temps 7. p(;) = ¢

» Sur une branche de longueur 7 on a donc la probabilité
de substitution d"un codon 7 vers un codon j : p,(?)

» D’abord le programme propose un set de parametres
O=(w,.t.p;,p.q.%.7;) < beaucoup de parametres !



Mais dans codeml, comment sont calculées
les vraisemblances des modeles ?

Puis, pour un site k (sur les n sites de

I’alignement), la

conditionnelle |a un nceud est le produit

de toutes les probabilités de transitions

Mouse

vraisemblance ¢

(sur les branches qui découlent de ce ==Pan

noeud) 1ntégré pour tous les états ton
ancestraux possibles (61 codons).

Mouse
Pan
Homo

6lcodons

E ‘ﬂ:fp i—ATT (rﬂfﬂfﬁf ) X

i

Homo
" Homo

site k

ATT
ACT
AGT

[ 6lcodons

E pf%*j (IPH )pj%AGT (rHonm )pj—?'AC'T (IPHH)
J i



Mais dans codeml, comment sont calculées

les vrailsemblances

* Puis la vraisemblance globale

des modeles ?

du modele sous ce set de

parametres est calculée (n sites indépendants)

L=|]L In(L) ="y In(L,)
k=1 k=1

* Puis le programme essaye un nouveau set de
parametres, calcule la vraisemblance et ainsi de suite
jusqu’a ce que la vraisemblance atteigne un plateau =>

maximum de vraisemblance!

» Il s’agit d'une méthode exploratoire => elle n’est pas
certaine a 100% car 1l peut exister des maxima locaux

de vraisemblance.
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Platefo

Et les modeles, comment ¢ca marche ?

/On teste plusieurs
modele, on les
compare
statistiquement et on
choisit le meilleur, le

Qalus vraisemblable

4

|

Unimodéle M/et ses
parametres 6.
M est spécifie grace au
fichier de contrdle
(codeml.ctl) :




seqfile = stewart.aa * ssgusnce data fils nams

outfile = mlc * main result file name
treefile = stewart.trees * tree structure file name

noisy = 9 * 0,1,2,3,9: how much rubbish on the screen
verbose = 0 * 1: detailed output, 0: concise output

runmode = 0 * 0: user tree; 1: semi-automatic; 2: automatic
* 3: StepwiseAddition; (4,5) :PerturbationNNI; -2: pairwise

segtype = 2 * l:codons; Z:AAs; 3:codons-->AAs
CodonFreqg = 2 * 0:1/61 =2ach, 1:F1X4, 2:F3X4, 3:codon table
* ndata = 10
clock = 0 * 0:no clock, l:clock; Z:local clock; 3:TipDate

aaDist = 0 * O:equal, +:geometric; -:linear, 1-€:G19%74,Miyata,c,p,V,a
* T:RRClasses
aaRatefile = wag.dat * only used for aaz segs with model=smpirical( F)
* davhoff.dat, jones.dat, wag.dat, mtmam.dat, or your own

model

I
I

* models for codons:
* J:one, l:b, 2:2 or more dN/dS ratios for branches

* models for ARs or codon-translated ARs:
* (O:poisson, l:proportional,Z:Empirical,3:EmpiricaltF
* @:FromCodon, 8:REVaa 0, 9:REVaa(nr=189)

NSsites = 0 * O:one w;l:neutral;Z:selection; 3:discrete;4:fregs;

A
!
* 1l0:betaggamma+l; ll:ketas&normal>l; 1Z2:0&Znormal>l; :

(
l * Srigamma;e:Zgamma;V:beta;B:betagw; Y:betastgamma;
|
|

* 13:3normal>0

Y o e e e e e G M B GE N M N G G M G M GEm M GEm M EEn e G e e e e e e e mm mm o

icode = 0 * QO:universal code; l:mammalian mt; 2-11:see below
Mgens = 0 * [:rates, l:i:separats;

fix kappa = 0 * 1: kappa fixed, 0: kappa to be estimated
kappa = 2 * initial or fixed kappa
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§ #2235 Codeml de PAML: les modéle sous
lesquels peut evoluer w

Les différents modeles évolutifs sont paramétrables sous la
variables NSsites du fichier CTL

#p = nb de parametres a estimer

o  ms s s

Model /NSsites' #p Parameters
MO (one ratio) | 0 : 1 w
Mla (neutral) | 1 2 po(pr=1-po),
: | an <1, =1
M2a (selection) | 2 4 po,pr(p2=1-po—p),
: | <1, ao=1, an>1
M3 (discrete) 3 1 5 po,pi(p2=1-po—p1)
: | . &, &
M7 (beta) 7 2 P, q p, = proportion des sites sous w
MS$ (betad o) | Q i 4 po(pi=1-py) discrétisé
I\ ————— ’ p: qz- 42 > 1




Modéle _ PARAMETRES | NOTES

MO (ONE-RATIO) 1

ONE o RATIO FOR ALL SITES

M1 (NEUTRAL) 1 Po P,=1-Pg 0,=0, 0, =1
M2 (SELECTION) 3 Pg: P1, ©, P,=1-Py—P,05=0,0, =1
M3 (DISCRETE) 2K-1 Py, P, ooy Py Pk =1—Pyg—P;— ... — Py
(K=3) oy ®F, . . O_
M4 (FREQS) K-1 Po: PLs --- » PK, THE o ARE FIXED AT 0, 73>, 73, 1, AND
(K=25)
M5 (GAMMA) 2 o, FrROM G(a,[)
M6 (2GAMMA) 1 Entre parenthéses = noms dans le fichier codeml.ctl :
M7 (BETA) : NSsites = 0 * (O:one w;l:neutral;2:selection; 3:discrete;4:fregs;
M8 (BETA&(D) ) * S:gamma; 6:Zgamma; 7 :betasf:betaaw; 9 :betasgamma;
| * l0:betasgamma+l; ll:betasnormal>l; 12:0&Znormal>l;
M9 b * 13:3normal>0
(BETA&GAMMA)
M10 5 Po: P, Q, @, 3 Po FROM B(P, Q) AND 1 — P, FROM 1 + )
(BETA&GAMMA + 1)
M1l 5 Po: P, Q, U, O Po FROM B(P, Q) AND 1 — P, FROM N(M RUNCATED
(BETA&NORMAL>1) TOw>1
M12 5 Po» Py Mo, 07, PO WITH @y = O AND 1 — Py FROM THE | E: P, FROM
(0&2NORMAL>1) o N(1, 5,%), AND 1 — P; FROM N(u,, 6,°) NORMALS
TRUNCATED TO ® > 1
M13 6 Po» P1y Mo, 09y P FROM N(0, 6,2), P; FROM N(1, 6.2 ~=1-P,
(3NORMAL>0) c, O, — P, FROM N(u,, 6,2),

ALL NORMALS TRUNCATED TO > 1



Exemple modeles 7 et 8

ATE AAT AAC GAT TGC AAA GTC CCT GTC AAT
Wi, Wy, W3, W,, Wy, Wg, Wy, Wg, Wg, W,

Le modeéele M7 fait varier w selon une loi béta discrétisé K fois

Modeéle M7 : w. -> B(p,q)

i=4{L12.3,...K}
K=10 par defaut, peut étre change
grace a lavariable nCatG Sélection positive w>1

Sélection negative w<1

Evolution neutre w=1




1

“1 beta(0.2,

34 0.2)

2

1 4

0 v . . .

0 02 04 06 08 1
| n
“1 beta(1, 0.2)

3

2 -
I
0 r . . 1

0 02 04 06 08
5
a4 beta(2, 0.2)

3-
2.
14
0 - . . .
0 02 04 06 08 1

1 beta(0.2, 1)

N\

0 : . . .
0 02 04 06 08 1
2
beta(l, 1)
1
0

0 02 04 06 08

beta(2, 1

1

0O 02 04 06 08

1

0

beta(0.2,
2)

0 02 04 06 08 1

beta(l, 2)

0 02 04 06 08 1

beta(2, 2)

0O 02 04 06 08 1

La loi beta
est tres

flexible !



.

beta(0.2,
0.2)

L

0 02 04 06 08

1

| beta(l, 0.2)

Ay

0 02 04 06 08

1

+] beta(2, 0.2)

0 02 04 06 08

1

beta(0.2, 1)

o

0

02 04 06 08 1

0

beta(l, 1)

0
2

02 04 06 08 1

beta(2, 1

0

02 04 06 08 1

0

beta(0.2,
2)

0 02 04 06 08

—

La loi beta
est tres

flexible !

0 02 04 06 08

—

beta(2, 2)

0O 02 04 06 08 1

W,

Exemple de
discrétisation
en K=5
catégories



Exemple modeles 7 et 8

ATE AAT AAC GAT TGC AAA GTC CCT GTC AAT
Wi, Wy, W3, W,, Wy, Wg, Wy, Wg, Wg, W,

Le modeéele M7 fait varier w selon une loi béta discrétisé K fois

Modeéle M7 : w. -> B(p,q)

i=4{L12.3,...K}
K=10 par defaut, peut étre change
grace a lavariable nCatG Sélection positive w>1

Sélection negative w<1

Evolution neutre w=1




Exemple modeles 7 et 8

AT AAT AAC GAT TGC AAA GTC CCT GTC AAT

Wy, Wy, W3, Wy, Wy, Wg, Wy, Wg, Wy, W15, Wy

Le modele M8 fait varier w selon une loi béta discrétisé K fois
+un w > 1 (autorise la sélection positive)

Modele M8 : w, -> B(p,q) et w>1
i=41,2.3,....K}

K=10 par defaut, peut étre changé Evolution neutre w=1
grace alavariable nCatG Sélection positive w>1

Sélection negative w<1
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ML estimation of the dN/dS (w) ratio “by hand” for GstD1



&
&
i
°
=
=
o
3
o
S
[
-.g
=
=)
2
@
£
2
1]
-t
L
o

Investigating the sensitivity of the dN/dS ratio to
assumptions
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> toul %
bioinfo

3 différents type de calculs

Calcul sur site /Colonisation d’une nouvelle niche
/ écologique, divergence
Calcul sur Branch fonctionnelle de genes dupliqués,

colonisation d’'un héte par un

Calcul sur Branch-Site parasite... devient une point sur le
\

fil du temps particulier dans
thstoire évolutive

~

4

Se choisit au travers du parametre model dans le

fichier de controle .ctl
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seqfils =

outfile
treefile

noisy

verbose

runmods

seqtyps
CodonFreqg
ndata
clock

aaDist

aaRatefile

model

st
mlec
ste

[ B S B
[

wart.aa * ssguence data files nams
* main result file nams
wart.trees * tree structure file name

* 0,1,2,3,9: how much rubbish on the screen
* 1: detailed output, 0: concise output
* 0: user tree; 1: semi-automatic; 2: automatic

* 3: StepwiseAddition; (4,5) :PerturbationNNI; -2: pairwise

* l:gcodons; 2:RRAs; 3:codons——->RARS
* 0:1/61 =ach, 1:FlX4, Z2:F3X4, 3:codon table

* 0:no clock, l:clock; Z:local clock; 3:TipDate

* (O:equal, +:geomstric; -:linear, 1-6:G1974,Miyata,c,p,v,a

# T:RRClzasses

wag.dat * only used for aa s=gs with model=empirical( F)

* davhoff.dat, jones.dat, wag.dat, mtmam.dat, or your own

i~

A

* models for codons:

* J:one, l:b, 2:2 or more dN/dS ratios for branches

* models for ARs or codon-translated AZs:

* (O:poisson, l:proportional,Z:Empirical,3:EmpiricaltF

* @:FromCodon, 8:REVaa 0, 9:REVaa(nr=189)

~
\
!
!
!
!

/

— o . S S S S S S D S B e S D S B B B e S S B e B G B e B e B e e e e s

HEsites

icode =

Mgens

fizx kappa
kappa

]

|

* O:one w;l:neutral;2:selection; 3:discrete;4:freqs:
* Srigamma;e:Zgamma;V:beta;B:betagw; Y:betastgamma;

* 1l0:betaggamma+l; ll:ketas&normal>l; 1Z2:0&Znormal>l;
* 13:3normal>0

* O:universal code; l:mammalian mt; 2-1l:see below
* O:rates, l:separats;

*

l: kappa fixed, 0: kappa to be estimated
* initial or fixed kappa
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3 différents type de calculs

§
2
§

Sur site: model = 0 means one w ratio for all lineages
(branches),

Sur branch: model = 1 means one ratio for each branch
(the free-ratio model), and

Sur . model = 2 means an
(such as the 2-ratios or 3-ratios models).
When model = 2, you have to
Into branch groups using the symbols In the tree.



Calcul branch-site
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((Homo:0.1,Pan:0.1)#1:0.8,Mouse:0.6) ;

HOL
Mouse
Wy
W,
— Pan
Pose une hypothese
d’évolution sur cette branche s

— Homo



Calcul branch-site
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((Homo:0.1,Pan:0.1)$1:0.8,Mouse:0.0) ;

oy
Mouse
W,
W,
Pan
Pose une hypothese
d’évolution sur cette branche

et ses descendantes

Homo



Calcul branch-site
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((Homo:0.1,Pan:0.1)$1:0.8,Mouse:0.0) ;

Il}.ll

Mouse

Background Foreground

Pan

Homo
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Apres avolir
lancer tous ces

hypotheses,
TESTONS les
pour mieux les
choisir




Tester les résultats

i
g
g
2

On toujours un modele (M,) par
exemple) a son (ici My).

Les 2 modeles doivent avoir la méme « structure »,
MO étant une version « plus simple » de M1
l.e. avec moins de parametres.
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S !
2" Tester les résultats

Ainsi MO et M1 sont des modeles emboites.

Dans ce cas, leurs vraisemblances se comporte
de la maniere suivante:

/ L \ 6 = différence du nombre de
1 2
A = 2 X hl —_— | Xé parametres de M, par
\LO ) rapport a M,

Les InL sont donnés dans le
fichier de sortie rst

=> M, est significativement plus vraisemblable que M, si A est
supérieur au x?seuil correspondant. Ceci est un LRT : Likelihood Ratio
Test.



Tester les résultats: exemple

* Prenons un exemple... On lance 100 fois une piece de
monnaie, on obtient 65 faces et 35 piles.

* Notre hypothese nulle est que la piece n’est pas truquee.
Calculons la vraisemblance 1, de ce modele.



Tester les résultats: exemple

* Prenons un exemple... On lance 100 fois une piece de
monnaie, on obtient 65 faces et 35 piles.

» Notre hypothese nulle est que la piece n’est pas truquée.
Calculons la vraisemblance I, de ce modele. Ic1 My=lo1
binomiale de parametres 0=(7=100p=0.5) 1.e. aucun

parametre a estimer.
Probabilité
d’avoir face
est de 50%

L,=P(D/M.B)=




Tester les résultats: exemple

* Prenons un exemple... On lance 100 fois une piece de
monnaie, on obtient 65 faces et 35 piles.

» Notre hypothese nulle est que la piece n’est pas truquée.
Calculons la vraisemblance I, de ce modele. Ic1 M=lo1
binomiale de parametres O=(n=100 p=:0.5) 1.e. aucun
parametre a estimer.

I

65

L, = P(D/M,9)=(
65

~ (100 ,
] p®(1-p)” =( ) )0.565(1-0.5)33 =0.000864

| In(Zy)=-7.054




Tester les résultats: exemple

* Prenons un exemple... On lance 100 fois une piece de
monnaie, on obtient 65 faces et 35 piles.

» Notre hypothese nulle est que la piece n’est pas truquée.
Calculons la vraisemblance 1., de ce modele. Ic1 My=lo1
binomiale de parametres O=(n=100p=0.5) 1.e. aucun
parametre a estimer.

& 65 55 (100 65 35
Ly=PDIM.0)=|  |p~A=p)"=| . |057(1-05)"=0.000864

In(L,)=-7.054

{ Maintenant, continuons J




Tester les résultats: exemple

* Prenons un exemple... On lance 100 fois une piece de monnaie, on
obtient 65 faces et 35 piles.

* Notre hypothese de travail est que la piece est truquée|(avec O<p=I).
La valeur la plus vraisemblable pour p est



Tester les résultats: exemple

* Prenons un exemple... On lance 100 fois une piece de monnaie, on
obtient 65 faces et 35 piles.

* Notre hypothese de travail est que/la piece est truquée|(avec O<p=I).
La valeur la plus vraisemblable pour p €st

p=065/100 =0.65

* (C’est 'estimation au maximum de vraisemblance. Calculons la
vraisemblance I _de ce modele. Ic1 M,=lo1 binomiale de parametres
0=(n=100,=0.65)li.e. 1 parametre a estimé.



Tester les résultats: exemple

* Prenons un exemple... On lance 100 fois une piece de monnaie, on
obtient 65 faces et 35 piles.

* Notre hypothese de travail est que la piece est truquée (avec O<p=I).
La valeur la plus vraisemblable pour p est

p=065/100=0.65

* (C’est 'estimation au maximum de vraisemblance. Calculons la
vraisemblance L, de ce modele. Ic1 M,=lo1 binomiale de parametres

0=(n=100,=0.65) 1.e. 1 parametre a estimé.

) 65 55 (100) g 35
L =P(D/M.0)= s p (l-p)° = s 0.657(1-0.65)" =0.08340
g C’est mieux,
A mais est-ce
In(L,) =-2.484 significativement

' ?
N mieux: y




Tester les résultats: exemple

* Que donne le LRT ? [ LRT = Log Ration Test }

In(L,)=-7.054
— A=2(n(L)-1n(L,)) =9.14

In(L,)=-2.484
il Le LRT est supérieur au seull
du Chi2 donc ?

Nombre de parametres:

‘5’:1:0:1 4 Le modéle M1 est N

020“ significativement plus

X seuil ; a=0.05=3-84 vraisemblable que le modéles

| MO au risque a de premiere

Seuil trouvé A 4 S )
e espece egale a 5%
du Chi2 K /




&
&
i
°
=
=
o
3
o
S
[
-.g
£
=)
2
@
£
o
1]
-t
L
o

Test hypotheses about molecular evolution of Ldh
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To test for sites evolving under positive selection in the nef
gene.



On a vu dans I'exo4 :

1 La detection de site sous selection positive par
* “Naive Empirical Bayes (NEB) analysis”
notamment sous les modeles 2, 3 et 8.

NOTONS: on ne regarde ces sites si et seulement
si le LRT est statistiguement significatif !

Mais il existe une méthode plus précise
“ Bayes Empirical Bayes (BEB) analysis”
notamment sous les modeles 2 et 8.
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BEB dans le fichier de résultats

Dans I'analyse par site et 'analyse branche-site, une méthode
bayesienne est implantée pour déetecter precisement les résidus
sous sélection.

%
2
2
E

Cette méthode BEB (Bayes Empirical Bayes) renvoie une liste de
residus sous selection positive avec une probabilité postérieure
associee.

Baves Empirical Baves (BEB) analysis {Yong, Wong & Nielsen 2885, Mol. Biol. Evol. 22:11A7-11158)
Pozitively selected sites (%1 P=95N; #: P09
{famino acids refer to 1st sequence: MBCCFI)

Priw=1} post mean +- SE for w
Rl 1 A.949 3.367 +- A.BT1
Rz P 1.BEE* 3.495 +- B.B42
A4 E A .95 3.385 +- B.BZR
= B.625 2.815 +- 1.278
99T B . Q95 3.492 +- B.132
168 D B .32 J.474 +- B.25R
181 T 1.6RR%** 3.493 +- B.848
1682 K 1. BAR* 3.495 +- B.06A
183 T 1. BAE** 3.495 +- A.844

184 N A . 999k 3.496 +- HA.B854
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L'optimisation des parametres par codeml est donc
I'étape la plus couteuse en temps cpu.

Elle est d'autant plus couteuse que le nombre de
parametres est grand.
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sSources

http://evomics.org/learning/phylogenetics/paml/

!
2
2

http://www.molecularevolution.org/resources/activities/paml activity

http://mbe.oxfordjournals.org/content/30/12/2723.abstract.html?etoc

http://abacus.gene.ucl.ac.uk/software/pamIDOC.pdf

http://abacus.gene.ucl.ac.uk/software/paml.html

Une publication et un ouvrage de Ziheng Yang :

Yang (2007) PAML 4: phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 24(8):1586-91.
Yang (2006) Computational Molecular Evolution. Ed. Oxford University Press.

Un point rapide sur le KA/KS en 2 pages :

Hurst LD (2002) The Ka/Ks ratio: diagnosing the form of sequence evolution. Trends in Genetics
18: 486.


http://evomics.org/learning/phylogenetics/paml/
http://www.molecularevolution.org/resources/activities/paml_activity
http://mbe.oxfordjournals.org/content/30/12/2723.abstract.html?etoc
http://abacus.gene.ucl.ac.uk/software/pamlDOC.pdf
http://abacus.gene.ucl.ac.uk/software/paml.html
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The objective of this activity is to use CODEML to evaluate the
likelihood of the GstD1 sequences for a variety of w values.

.




Dataset: GstD1 genes of Drosophila melanogaster and D.
simulans (600 codons).
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Glutathione S transferase D1

Conjugation of reduced glutathione to a wide number of exogenous and
endogenous hydrophobic electrophiles. Has DDT (pesticide) dehydrochlorinase
activity.

Objective: Use codeml to evaluate the likelihood the GstD1
sequences for a variety of fixed w values.

1- Plot log-likelihood scores against the values of
w and determine the maximum likelihood
estimate of w.

2- Check your finding by running codeml’s
hill-climbing algorithm.
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S fonE .
biointa Exercice 1

1.Find the files for exercise 1 on the workshop web-site

(exl codeml.ctl, ex1 sedfile.txt) and familiarize yourself with
them. Pay close attention to the modified control file called

ex1l codeml.ctl. When you are ready to run CODEML, delete the
ex1l prefix from the control file and the seq file (e.g., the control
file must be called codeml.ctl).

2.Create a directory where you want your results to go, and place
all your files within it. Now open a terminal, move to the directory
that contains your files, and run CODEML.

3.Familiarize yourself with the results (exl HelpFile.pdf). If you

have not edited the control file the results will be written to a file
called results.txt. Identify the line within the results file that gives
the likelinood score for the example dataset.



http://evomicsorg.wpengine.netdna-cdn.com/wp-content/uploads/2011/08/ex1_codeml.ctl
http://evomicsorg.wpengine.netdna-cdn.com/wp-content/uploads/2011/08/ex1_seqfile.txt
http://evomicsorg.wpengine.netdna-cdn.com/wp-content/uploads/2011/08/ex1_HelpFile.pdf

S fonE .
Bicinfo Exercice 1

4. Now change the control files and re-run CODEML. The
objective is to compute the likelihood of the example dataset
given a fixed value of omega.

1. Change the name of your result file (via outfile=in the
control file) or you will overwrite your previous results!

2. Change the fixed value for omega by changing the value
for omega= in the control file. The values for this exercise
are provided as comments at the bottom of the example
control file that has been provided to you.
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5. Repeat step 4 for each value of omega given in the comments
of the example control file.



S fonE .
Bicinfo Exercice 1

6. Use your favorite spread sheet or statistical package to plot the
likelihood score (y-axis) against the fixed value for omega (x-
axis). Use a logarithmic scale for the x-axis (do not transform
omega). Your figure should look something like this: FIgE1.pdf.
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7. From the plot, try to guess the value of omega that will
maximize the likelihood score (i.e., the MLE).

8. Now change the control file so that CODEML will use its hill-
climbing algorithm to find the MLE; set fix_omega=0 in the
control file. Compare the result to your guess from step 7.


http://evomicsorg.wpengine.netdna-cdn.com/wp-content/uploads/2011/08/FigE1.pdf

Exercice 1

Le maximum de vraisemblance a trouver sur le
plot doit étre ~0,07
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Quand on fixe fix_omega =0

(c.-a-d. qu'on demande a codeml d’'estimer lui-
méme le oméga),

Il le fixe a 0,0670

(dN/dS dans
/home/gpascal/Formation_Plateforme/Module4/ex
0l/results 0.11.txt)
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Exercice 2
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Dataset: stD1 genes of Drosophila melanogaster and D.
simulans (600 codons).

Objective: 1- Test effect of transition / transversion ratio (« )
2- Test effect of codon frequencies (x;s )

3- Determine which assumptions yield the largest and
smallest values of S, and what is the effect on w



Exercice 2

Find the files for Exercise 2 on the workshop web-site
(ex2_codeml.ctl, ex2_seqfile.txt) and familiarize yourself with them.
It would be best to create a new directory for exercise 2.
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Run CODEML using the settings in the control file for exercise 2.
Familiarize yourself with the results (ex2_HelpFile.pdf). In addition
to the likelihood score you must be able to identify the part of the
result file that provides estimates of the following:

Number of synonymous or nonsynonymous sites (S and N)

Synonymous and nonsynonymous rates (dS and dN)
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S fonE :
Exercice 2

As In exercise 1, you will need to change the control files and re-
run CODEML. The objective is to compute the likelihood of the
example dataset under different model assumptions. To do this you
must:

Change the name of the main result file (via outfile= in the
control file) or you will overwrite your previous results

Change the model assumptions about codon frequencies (via
CodonFreqg=) and kappa (via kappa= and fix_kappa=).

Repeat step 3 for each set of assumptions about codon
frequencies and kappa given as comments at the bottom of the
example control file.



S fonE .
Exercice 2

%
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In your favorite spreadsheet program create a table like “Table E2”
In the slides (TableE2.pdf) and fill it in with your results.

Use your table to determine which assumptions yield the largest
and smallest values of S.

What is the effect on omega?
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S fonE -
Exercice 2

With this exercise we explore the effects of

(1) 1gnoring the transition to transversion rate ratio (fix_kappa = 1;
kappa = 1)

(i) ignoring codon usage bias (CodonFreq = 0)

(i) alternative treatments of unequal codonvfrequencies
(CodonFreq = 2 and CodonFreq = 3)

Note that for these data, transitions are occurring at higher rates
than transversions and codon frequencies are very biased, with
average base frequencies of 6%(T), 50% (C), 5% (A) and 39% (G)
at the third position of the codon.

Thus, we expect estimates accounting for both biases will be the
most reliable.



Exercice 2

"CodonFreg=" is used to specify the equilibrium codon frequencies
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Fequal: - 1/61 each for the standard genetic code
- CodenFreq = 0

- number of parameters in the model = 0

F3x4: - caluclated from the average nucleotide frequencies at the
three codon positions
- CodenFreqg = 2
number of parameters in the model = 9

Fo1 also called "ftable”; empirical estimate of each codon frequency

- odonFreg = 3

number of parameters in the model = 61
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SEgflle - aegiila.t=t " SEZOuehce data Zilanama

gmffile - zeb=lte.t=t = maln zeeslt f1ile nama
- 3 - colbbigh 2n the Sczecn
L.

SEJTyoe - 1 # ]:oodong

CodnpFrg — O * Diaegual, L:FLE4, Z2:F3X4, 3:Fel [CHAHMCE THIZ]

1eode - ® Oronilwarzal cods

fix kappa - 1 * l:kappa fiwad, O:kappa Do o eatimoted [CHRHCE THIZ]
Eappa = 1 * fixed or lpiticl valua
Ilx ocmgoas — 0 * loomeys filxed, O-omega T2 DA estimated
cmeoae — 0.5 = initizl smeos walaw
= Codon bhizs - none (@dual); T,/ Ty biza - mone (fixad at 1)
" Codeap higs - mone (@gueal): Te,/Tr bigs - ¥Yas (estimate by ML)
* Codop bigs — yes (Fixd)y Ts/Twr bhlaz - Dome (fixad at 1)
= Coden Bigs - yes (F3xd); Ts/Tw Dlas - Tos (estimata by ML
" Codeap higs - yes (FElj; Te/Twr bilas - mone (fixad b 1)
= Codon Dias - yea (FELl); Ta/Tv biis - Taa (eestimata Dy ML
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Agsgumption set 1: (Codon kias = none; Ts/Tv bizs = nonel
CodonFreg=0; kappa=l; Iix kappa=l

Agsgumption set 2: (Codon kizas = none; Ts/Tv bizs = Yes3)
CodonFreg=0; kappa=l; £fix kappa=0

Asgumption set 3: (Codon kias = yes [Fixd]; Ts/Tv bias = none)
CcodonFreg=Z; kappa=l; Ifix kappa=l

Agsgumption set 4: (Codon kias = ves [Faxd]l; Te/Tv kizs = Yes)
CodonFreg=Z; kappa=l; £f£ix kappa=(

Aggpumption set 5: (Codon bias ves [Fel]; Ts/Tv bias = none)
CcodonFreg=3; kappa=l; f£ix kappa=l

Agsgumption set 6: (Codon kias = ves [Fel]l: T=/Tv bias = Yesz)
CodonFreg=32; kappa=l; £f£ix kappa=0
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Complete this table

Table E2: Estimation of ds and dr between Drosophila melanogaster and D, simulans GstD1 genes
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Assumptions K 5 N ds e o) £
Fequal + x=1 1.0 ? ? ? ? ? ?
Fequal + &= estimated ? ? ? ? ? ? ?
Fixd + x=1 1.0 ? ? ? ? ? ?
F3xd + &= estimated ? ? ? ? ? ? ?
Fel + k=1 1.0 ? ? ? ? ? ?
Fel + &= estimated ? ? ? ? ? ? ?

x = transition/transversion rate ratio
5= number of synonymous sites

N = number of nonsynonymous sites
@ = dy/dy

£ = log likelihood score



Estimation of dg and dy between Drosophila melanogaster and D, simulans GstD1 genes
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Method K 5 N dg dy w £
ML methods

Fequal, k =1 1 1529 471 00776 00213 0274 92718
Fequal, x estimated 1.88 1658 4342 0.0221 00691 0320 -926.28
Fixd, x =1 1 A6 5294 (01605 0.0189 0118 -844.51
Fixd, x estimated 271 734 5266 01526 00193 0127 -842.21
F6l, k=1 1 405 5BR95 (03198 002001 0063 -758.55

F61, x estimated 253 452 5548 03041 00204 0067 -756.57



Exo2: conclusion

Results of our exploratory analyses (TableE2) indicate that model
assumptions are very important for these data.

i
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For example, ignoring the transition to transversion ratio almost
always led to underestimation of the number of synonymous sites
(S), overestimation of dS, and underestimation of w.

This I1s because transitions at the third codon positions are more
likely to be synonymous than transversions are (Li 1985).



Exo2: conclusion

Similarly, biased codon usage implies unequal substitution rates
between the codons, and ignoring it also leads to biased estimates
of synonymous and nonsynonymous substitution rates.
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In real data analysis, codon usage bias was noted to have an even
greater impact than the transition/transversion rate ratio, and is
opposite to that of ignoring transition bias.

This Is clearly indicated by the sensitivity of S to codon bias, where
S in this gene (45.2) is less than one third the expected value
under the assumption of no codon bias (S = 165.8).

The estimates of w differ by as much as 4.7 fold (Table 1). Note
that these two sequences differed at just 3% of sites.
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Plateforme Bioinformatique Midi-Pyrénées
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Dataset:

Objective:

The Ldh gene family i1s an important model system for
molecular evolution of iIsozyme multigene families. The rate

of evolution I1s known to have increased in Ldh-C following the
gene duplication event

Use LRTs to evaluate the following hypotheses:

1- The mutation rate of Ldh-C has increased relative to Ldh-A,

2- A burst of positive selection for functional divergence occurred
following the duplication event that gave rise to Ldh-C

3- There was a long term shift in selective constraints following the
duplication event that gave rise to Ldh-C



Exercise 3

Obtain the files for Exercise 3 from the course web-site

(ex3_codeml.ctl, ex3_sedfile.txt, treeHO.txt, treeH1.txt,
treeH2.txt, treeH3.txt).

i
:
g
2

The tree files represent different hypotheses denoted
HO, H1, H2 & H3 (LDH_tree.pdf). These hypotheses
represent the following concepts:



s gar Mus
l
E ?o =ene duplication

$
&
5 Raitus
= event
~,§' o Cricefinae Ldh-C
% Sus
£
ﬁ Homo
A (]
- - -
Al Sus
Al
Al
Al Rabbit
A Ldh-A
Al Mus
- Raftus
AD
AD Gallus
Sceloporus
Hy: wpg = @y = @y = @y
Hi: @y = @y = o) # o
Hy apg = @y = o0y = o
Hil wpg = @y = oy = @y



Exercise 3

HO: homogeneous selection pressure over the tree.
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H1: episodic change in selection pressure in Ldh-C (only in the branch
that immediately follows the gene duplication event).

H2: Long term shift in selection pressure in Ldh-C only; Ldh-C has a
permanent change in selection pressure (as compared to its ancestors)
whereas Ldh-A remains subject to the ancestral level of selection
pressure.

H3: Long term shift in selection on both Ldh-C and Ldh-A; those lineages
are subject to selection pressures different from each other and from the
ancestor.



Exercise 3
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Run CODEML using the settings in the control file for
Exercise 3. Familiarize yourself with the results
(ex3_HelpFile.pdf)

In addition to the likelihood score you must be able to
identify the branch-specific estimates of the omega
parameter.

(In the first run, the branch specific values for omega will
all be the same. In later runs there will be differences
among some branches).



Exercise 3

As In the previous exercises, you will need to change the
control files and re-run CODEML.
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The objective is to compute the likelihood, and estimate
omega parameters, under different models of how
selection pressure changes in different parts of the tree.

Because the relevant model information is contained in
the tree file, you will need several tree files (obtained
from the course web site) and change the control file so
that it reads the different tree files.



Exercise 3

As always, you should change the name of the main
result file (via outfile= in the control file) or you will
overwrite your previous results.

i
2
§_
2

Change the model assumptions about branch specific
omega values by changing the tree files (via treefile= and
model=) set within the control file.
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bioinf segfile = sagfile. txt * seguence data filenams
treefile = trea_txt * tree structure file name [CHREKGE THIS]
outfile = rasults.txt * main result fils name
noisy = 5 = 0,1,2,3,%: how much rubbish on the screen
verbose = 1 * l:detailed output
runmode = 0 = Diuzssr defined tree

=
i
=

segtype = :codons
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Codonfreg = 2 = Ocequsl, 1:Fl¥X4, Z2:F3¥4, 3:Fel
model = 0O * J:one ocmega ratio for all bkramches
= l:zeparate omega for each branch
= Ziuser specified dN/d4dS ratics for branches

HME2=it=es = 0 =

lcode = 0 * Jiuniversal code

L]

l:kzppa fixmed, OJ:kzppa to be estimated
* initizl or fixed kappa

fix kappa =
kappe =

3]

fix omega =
cmege =

* l:omzga fired, J:om=ga to be estimated
.2 * initizl omega

L |

*H. in Table 3:
‘model = 0

H{E0Z152Hom, 0717 85us, (M22585ralk, ( (HMO1T025Rat, U132 THhas] |

[ (REOTOS5EC, (HO04Th2Mus, U717 TRat) ), (US53785us, ULl3cB0Hom) 1, (KE3HZE0E]1,
 TEE4100GZ1)0) 10,

*H, in Table 3:

modal = 2

HEOZ15ZHom, U071 7ESus, (MZZ5858rak, [ (BMOL1T0Z5Rat, Ul3e2THas] | | [ (REOTOS5EC,
*EO4TEE s, U071 7T Rat) ), (US53785us, Ul3620Hom)  #1, (H532200E1, UZ24100E2])
O I -

*H, in Table 3:
‘model = 2

* [MOZ215ZHom, U071788us=s, (MZ2585rab, | (MMO170Z5Rat, U13e8TMuas) , [ ( (RFOTO555C
* F1, (X04752Mus §1,TC0T1L77Rat #1)0#1)#1, (USS3785us #1,U1l3£20Hom #1)

* FLI#L1, (HS352B0GL, UZE4100G211) )15



Exercise 3
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Repeat step 3 for each of the four tree files that have
been provided to you.

Again, keep track of your results by using a table like
“Table E3” shown in the slides (TableE3.pdf).

In addition, carry out likelihood ratio tests (LRT) of the
hypotheses below.

Use 1 degree of freedom for each LRT.
Helpful: Chi-Square Calculator.

HO vs. H1
HO vs. H2
H2 vs. H3
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Table E3: Parameter estimates under models of variable wratios among lineages and LRTs of their
fit to the Ldh-A and Ldh-C gene family.

Models (AQ (41 (0] () f LRT
Hg: mup = mag = ax = g ? = A = WA = g ? ?
H;: Map = a1 = k) & 0k ? = s = Ao ? ? [
Ha: agp = 4 # iy = e ! = 40 4 = ? ?
Ha: g = maq # o) = oy ! [4 ? = (g 4 !

The topology and branch specific wratios are presented in Figure 5.
Hg v Hy: df =1
Hy v Hy: df =1
H: v Ha: df =1
e, amnos = 3-841

e
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Models An i’ 41 i o £
Hy:wWwap=wayq =W =W 014 =way =Way =Wy -601563
Hy:wpgg=wa1 =wrp Fwep 013 =way = Wyg 0.19 -6017.57

—

— [Hﬂﬂl Al —5‘955‘.63

Hy:wpp =wa # W1 = Weop

0.06 024 4 -5984.11

Hz: wap # Wa1 # W1 = Wep

MNote: The tnpc:lc-g}f and branch sl::e::ific 55. The d.f. i1s 1 for the

ratios are presented n

comparisons of HO vs. H1, HO vs. H2, and H2@s. H3.

Dans resultH1.txt trouver la ligne:
w (dN/dS) for branches: 0.13188 0.19203




Models wan WA W Weo £

Hy:wWwap=wayq =W =W 014 =way =Way =Wy -601563
Hy:wpgpg=wayg=wrp Fwepg 013 =wyy =wyy 019 -6017.57
Hy:wpgpg=wag Fwey=weg 007 =wyy 024 =1wy -5985.63
Hz:wapg # Wa1 W =W 0.09 0.06 0.24 =Wy -H984.11

MNote: The tﬂpc:]crg}f and branch speciﬁc « ratios are presented 1n FigE. The d.f. i1s 1 for the

comparisons of HO vs. H1, HO vs. H2, and H2 vs. H3.

LRT HO vs. H1 2,12
LRT HO vs. H2 66
LRT H2 vs. H3 3,04

Xcsz=1, a=005 3.841

Seule I'hypothese H2 vs. HO est statistiquement significative.
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Note that if functional divergence
of Ldh-A and Ldh-C evolved by
positive selection for just one or a
few amino acid changes, we would
not observe a large difference in
w ratios among branches.

Models wap WA weq Wep £
H[] I WAp = WA =W = Wirn 0.14 = Wap =Wap = Wap -6018.63
0,13 =wyp =wuap 019 -6017.57
Ldh-A and Ldh-C was dominated LRT suggests
by purifying selection 0.07 = wag .24 = 1/ that selective

Gene duplication
even

{ Mus
Cl Ratius

L— Cricefinae Ldh-C

co

us

c
_H_E *

Homao

D]

Al Sus

Al

Al

Al

Al Rabbit

Ldh-A
Al t Mus
Raftus

LRT HO vs. H1

" LRT HO vs. H2

AD Gallus
0

A
I— Sceloporus

Ho: wpg = @py = @y = @
Hy: @ = @ = @) = @
Hy: @, = @y = 0y = 0
Hi: g = a1 = @cy = @
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The objective of this exercise is to use a series of LRTs to test for sites
evolving under positive selection in the nef gene. If you find significant
evidence for positive selection, then identify the involved sites by using
empirical Bayes methods.




Dataset:

Objectives:

44 nef alleles from a study population of 37 HIV-2 infected
people living in Lisbon, Portugal. The nef gene in HIV-2 has
received less attention than HIV-1, presumably because

HIV-2 is associated with reduced virulence and pathogenicity
relative to HIV-1

1- Learn to use LRTs to test for sites evolving under positive
selection in the nef gene.

2- If you find significant evidence for positive selection, then
identify the involved sites by using empirical Bayes
methods.



The role of the nef gene in differing phenotypes of HIV-1 infection
has been well studied, including identification of sites evolving
under positive selective pressure (Zanotto et al. 1999).

Padua et al. (2003) sequenced 44 nef alleles from a study
population of 37 HIV-2 infected people living in Lisbon, Portugal.

They found that nucleotide variation in the nef gene, rather than
gross structural change, was potentially correlated with HIV-2
pathogenesis.

In order to determine if the nef gene might also be evolving under
positive selective pressure in HIV-2, we analysed those same data

here with models of variable w ratios among sites (Yang et al.
2000).



Exercice 4

1. Obtain all the files for exercise 4 from the course website
(ex4 codeml.ctl, ex4 sedfile.txt, treeMO.txt, treeM1.txt,
treeM2.txt, treeM3.txt, treeM7.txt, treeM8.txt).

2. If you plan to run two or more models at the same time, then
create a separate directory for each run and place a sequence
file, control file and tree file in each one.
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Hy: Beta distributed variable selective pressure (M/)
H,: Beta plus positive selection (M8)
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Exercice 4

3. As in all the previous exercises, you will need to change the control file and
re-run CODEML several times. In this case you will be fitting six different
codon models (MO, Mla, M2a, M3, M7 & M8) to the example dataset.

a)

b)

f)
9)

If you are running your analyses sequentially in the same directory, then you should change
the name of the main result file (via outfile= in the control file) or you will overwrite your
previous results.

Set the tree file with treefile=. | have supplied tree files pre-loaded with the ML branch
lengths for each model (hence you need to set a different tree for each model). This will
greatly speed up your analyses, giving you more “beer time”. See the example control file for
more details about treefile names.

Set the codon model with NSsites=.

Fix the value of kappa at the ML estimate with kappa=. Again, this will help speed up the
analysis. See the control file for the value of kappa for each model.

For some models you will also need to set the number of categories (ncatG) in the omega
distribution:

a) For M3 set ncatG=3

b) For M7 set ncatG=10

c) For M8 set ncatG=10

Once the analysis is complete, rename the rst file because subsequent runs will overwrite it!
Repeat steps a. through f. for each of the six codon models listed above.



Exercice 4

4. Keep track of your results (ex4 HelpFile.pdf) by using a table
like “Table E4” shown in the slides (TableE4.pdf).

5. In addition, carry out the following likelihood ratio tests:
a) MO vs. M3 (4 degrees of freedom)
b) Mlavs. M2a (2 degrees of freedom)
c) M7 vs. M8 (2 degrees of freedom)



Table E4: Parameter estimates and likelihood scores under models of variable wratios among
sites for HIV-2 nef genes.

Nested model pairs dy/ds Parameter estimates ¢ PSS

MO: one-ratio (1)7 ? m="7 MNLA. ?

M3: discrete (5) ? o, ==t (p2=1) () ?
ap =71, o =7, ap=7

M1: neutral (1) ? po=1?(m=17 N.A. ?
ap =7, (en =1)

M2: selection (3) ? =2 pm=2 (=7 7( ?

an =7, (en =1), ap =7

M7: beta (2) ? p=1qg=7 N.A.
MBE: betadeom (4) ! po=1({m=7) 2(?)
p=2g=7 w="?

“ The number after the model code, in parentheses, is the number of free parameters in the w
distribution.

b This dn/ds ratio is an average over all sites in the HIV-2 nef gene alignment.

¢ Parameters in parentheses are not free parameters.

4 PSS is the number of positive selection sites (NEB). The first number is the PSS with posterior

probabilities > 50%. The second number (in parentheses) is the PSS with posterior probabilities >
95%.



Exercice 4

4. Lastly, open the rst file generated when you ran model M3
(ex4 _rst_HelpFile.pdf). Locate the columns of posterior
probabilities for each site under the three site-categories of this
model. Use these data to reproduce the plot shown in the slides.



Reproduce this plot

[ w, =0.034 [[] w,=074 W @, =2.50

0.8
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T 11 21 31 41 5 61 71 81 91 101 111 121 131 141 151 161 171 181 191 201 211 221 231 241 231

Amino acid sites in the HIV-2 nef gene

Posterior probabilities for sites classes under M3 (K = 3) along the HIV-2 nef gene alignment.



Model dp fdsg Parameter estimates PS5 £

M one-ratio (1) 0.51 it = 0,505 NOone =Y

M3: discrete (5) 063 pg =048, py =039, (pa = (.13) 31 (24) G232.18
ity = L3,y = 074,005 = 2.5

M1: neutral (1) (.63 po = 0.37, (py = 0L.63) not allowed  -S428.75

(g = 0), (ny = 1)
M2: selection (3) 093 py =037, p; =051, (ps =0.12) 30 (22) G397 96
(ttg = 0), (6 = 1), 007 = 348
Mla: MearlyMeutral (2) (.48 Fo = 055, (p; = 0.45) not allowed 931553
(g = 0.06], (an = 1)

M2Za: PositiveSelection (4) 073 pg = 051, py = 038, (pa = 0.11) 26 (15) 4241.33
(= 0.05), (e = 1), 007 = 3.00

MY7: beta (2) (.42 p =018 g =025 not allowed  -5292 53

M#: betadow (4) 0.62 o = 089, (py = 011 27 (15) 224,31

p=02 =033 w = 2162



Model dpy fds Parameter estimates P55 F

M one-ratio (1) 0.51 it = 0,505 NOone =Y
M3: discrete (5) 063 pp = 048, py = 039, (pa = 0.13) 31(24) 923218

gy = 003, wy = 074, w05 = 2.50

y MO vs M3 LRT = 1087.2, with P< 0.01, df =4

these indicate that the selective pressure is highly variable among site

(wg = 0), (6 = 1), 003 = 348
Mla: NearlyNeutral (2)  0.48 P = 055, (py = 0.45) notallowed 931553

(wp = 0.06), [un = 1)
MZa: PositiveSelection (4) 073 py = 051, py = 038, (py = (0L11) 26(15) 424133
(i = 0.05), {an = 1), 007 = 3.00
MY: beta (2) 0.42 p=018,q = 0.25 not allowed 929253
M#: betado (4) 0.62 o = 0.89, [ = 0.11) 27 (15) 422431

p =020, =033, w =262




Model dps fdg Parameter estimates P55 £

M one-ratio (1) 0.51 it = 0,505 NOone =Y
M3: discrete (5) 0.63  pg =048, py =039, (py = 0.13) 31 (24) 423218
ity = 003, 6y = 074,007 = 2.50

M1: neutral (1) (633 po = 037, (py = (L63) not allowed  -9428.75

(g = 0), {ahy = 1)

M2: selection (3) 093  py =037, py = u_ 30 (22) 4392 96

M1 vs M2 LRT = 223.58 with P< 0.01, df = 2

these suggest that about 12% of sites in the nef gene of HIV-2 are
elvoving under positive selective pressure, with w between 2 and 3.
i = 006), [uy =1

Mla: MearlyMNeu

M2a: PositiveSelection (4) 073 py = 051, py = (L35, (py = 0.11) 26 (15) 49241.33
Mla vs M2a

LRT is significant

M7 beta (2) not allowed 929253

M#: betadow (4) 0.62 o = 089, (py = 011 27 (15) 224,31

p=020,4 =033, w = 2.62 M7 vs M8
LRT is significant



The figure shows the posterior probabilities for the K = 3 site classes at each
site of nef under model M3.

24 sites were identified as having very high posterior probability (P>0.95) of
evolving under positive selection (site class with w>1).

Interestingly none of these sites matched the two variable sites in a proline-rich
motif that is strongly associated with an asymptomatic disease profile (Padua et
al. 2003).

In fact, only 4 of the 24 sites were found in regions of nef considered important
for function.

Disruption of the important nef regions is associated with reduced pathogenicity
in HIV-2 infected individuals (Switzer et al. 1998; Padua et al. 2003).

Our results suggest that selective pressure at such sites is fundamentally
different than selection acting at the 24 positive selection sites predicted using
the Bayes theorem.

To be identified with such high posterior probabilities, the predicted sites must
have been evolving under long-term positive selective pressure, suggesting that
they are more likely subjected to immune-driven diversifying selection at
epitopes.



