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Why choosing a theoretical model$

@ The estimation of numerous population parameters (€.8.
genetic differentiation, number of migrants per generation, €tc.) is

dependent upon the mutation model assumed for the markers

@ The sensitivity to the mutation model of these population

parameter. - estimatef increases with the mutation rate and

lmicr_osatellites have generally high mutation rates.
mini- -
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INFORMATION FROM PEDIGREE STUDIES:

MiC RosaTELuTE_S

1/ Human pedigrees: —& TPM L'ﬂ ‘A/Ju .“./’ Whn ' J

(85-95% of one repeat change)

low number of mutation events/ "multilocus”

conclusions / somatic mutations

2/ Hypervariable tetranucleotide locus in a swallow:
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Theoretical mutation models:

direct information from population data
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Tests statistiques des modéles mutationnels théeriques :

deux approches populationnelles différentes

1/ Comparér la valeur observé’e de ['hétérozygotie (Ho) ou du
-nombre d'alléle (ko) a celle attendue sous un modéle mutationnel
donné (He ou Ke)

Eq mutation - dérive :

KO (n genes) > 0O asmvrevrkam =2 He / comparer avec Ho

HO_(n.génes) -2 0B [AM/SMM/TPM/KAM > ke / comparer-avec ko
2/ Le paramétre population x locus considéré est la variance
intrapopulation du nombre de répétitions (V)
Eq mutation - ¢érive :

V=D amnr reresxane (© = 4Nep)

V = aucun sens sous IAM

Simulations : Vo -» IC (95%) sur Ho



plication of the statistical tests to actual po ulation data

Locus Method Model Conclusion Authors
tested

2 bp 1 SMM, closer to SMM / IAM Edwards et

repeat unit IAM al., 1992

2 bp 2 SMM fit SMM | Valdes ef al.,

repeat unit 1993

3-5 bprepeat 1 SMM, fit SMM Shriver et al.,

unit IAM 1993

I bpand 2 bp 1 SMM, Bad fit to the SMM Shriver et al.,

repeat unit IAM 1993

15-70 bp 1 SMM,  Strong deviation to the IAM Shriver ef al.,

repeat unit IAM s 1993

2 bp 1 SMM, SMM not appropriate for all loci Deka et al.,

repeat unit IAM | studied 1995

2 bp 2 SMM, better fit to a TPM (p=0.80-0.95) Di Rienzo et

repeat unit TPM than to a SMM al., 1994

2 bp (interrup.) 2 SMM Bad fit to the SMM Estoup et al.,

repeat unit 1995a

2bpt 1 SMM, IAM (SMM) not ruled out for Estoup et al.,

Comp-ound IAM any loci 1995b
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Directional evolution:

Pedigree collections:

Multilocus data = Human germline mutations _Ames t}’ d(- / ‘93{ )

21 gains / 9 losses (unilateral binomial test, P=0.021)

Monolocus data = germline mutations at a sangle

_Prammen ol /fm{)

hypervariable barn swallow tetranucleotide locus

26 gains / 7 losses (unilateral binomial test, P= 7x107h

Number of mittatits

ek .m{»m.__}d_ ___________ L
+7 3 4 £S
Change m repeat number

Consequences:

s reduce the probability of fixation of microsatellite loci by preventing
their evolution to a low mutating state corresponding to very short repeat arrays

¢ facilitate the emergence of polymorphic microsatellite loci from very

short repeat arrays L T2 ACL ! 0{4 2 v/{ L (zUuka (992 )



Allele fregs.

Constraints on allele size:

(-

—> Microsatellite loci have a finite size generally shorter than a few

tens of repeat units

—5 Low allele size variance ratio between non-human primate and

human populations
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TABLE 1 Variation in aliele length é: ten microsatellite foci within humans and great apes
h Variance variance
Mean aliele length (base pairs! for for F ratg” {d.f)
Locus _ - Human Chimp Gorilla Orang non-Numans hurnans (non-human/human)
ACTC '_ 83.1 78.0 75.9 5.7 : 218 470.88 a. 45.263)
0138133 ) 1549 1448 122.4 1232 13250 422.76 45,265
DI35137 0 C 1115 . 10586 1135 29.4 93.61 48.53 - 3(47.267)
p138227 - 152.?_’ <1527 137.6 144.0 54.37 21.41 - 2.54{47.259)
0135183 - © 1366 © 1343 1406 116.0 123.40 47 37 — 261(47.273)
084XCs 834 T B15 816 87.4 10.19 : 2334 U A4H45 265)
p135119 1325 - 1290 1355 1247 42.46 34.69 Q!{u 43,283;
0135118 1931 1915 190.6 190.8 1517 12.05 CT26X39.281)
0135125 147.4 141.4 1483 141.0 12057 438.08 — 746 (45.269)
Utswl523 i7g1 1758 1745 1736 18627 523 _.3561(47.259)

* Crivcar values for F at P=5% are between 1.44 ang 149
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The nature of allele size constraints : hypotheses

1/ Small alleles tend to increase in size while large alleles tend to decrease
in size | [(—Jrga oh - ’395)

2/ Excess of small gains over losses bal%.:ﬁed by rare large mutations )
Lrarnye . MLy Wowy 1953 1 Awes Al 1929

3/ Counter-selection of large alleles ' \
qumm 9":( !'J??‘/‘ '3"‘“"&’(' "“/ (93¢ )

4/ Counter-selection proportional to the difference in size between the two

alleles borne by homologous chromosomes in a diploid individual
(Samaads oF 20- (99¢)

5/ Expansion slow down by accumulation of substitutions (interruptions)

within large alleles — lower mutation rate —> degeneration into random

sequences

- Remark: if dependent on the absolute size (in bp) of the strech of repeats
constraints on the number of repeated motifs may be stricter when the

repeat size increases
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T

Two-way ANOVA for the natural logarithm of the within-population variance (V) of [CL& KQL’ r,(7 W“

microsatellite toct

Source of data .- Component of variance ‘Mean squares df _ P valuc / ﬁ V) ?')
N " Locus motif type 130 3 <0.001
Df F'f/ !Af' 'l/ 1995 Population 0.16 8 0.99
Interaction 0.07 24 1
_____ - . - Within/residual 0.76 6 -
Locus motif type 5.0 1 0.001
H"’"’“"“" ({-(‘53 Population 0.16 3 5.75
Interaction 0.04 3 0.96
Within/residual 0.38 t] —

> uDI > uTRI > yTETRA |

—> Studies based on direct observations of mutatien suggest a higher mutation
rate for tetranucleotide loci ( €. v odno WP "nj {9 ‘)5/

——»5 Variances in number of repeats are proportional to the product of the mutation

rate and the variance of the allele size change by mutation

._y>differences in the modalities of mutation for DI/ TRI/ TETRA ?

Variability and repeat composition C e St

__> For a given repeat size, the level of microsatellite polymorphism seems to
depend upon the composition of the repeated motif (tri- an

tetranucleotide motifs) L (,..(Jj’!{r- oA .g{ [335’ cFﬁ’C/ff'/ /I’*‘( 199 5.)

__ G/C content appears to be an important factor since the most po /morphtc tri-

and tetranucleotide motifs are A/T rich =45 } ter {/L [ 35
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Variability and tract length / purity ( m:frede rellired \

The polymorphism of uninterrupted (CA), markers increased with

increasing average number of repeats

12 - 1 T
i i 0 - i
] O i o
/ 8] oL e a
o4 . o L) /@6 o : ; 9,
) < Q-
@ 9]
0+ __fn ] .
g | -
- o/ 0 0 4 Vs 6 % i
= / ' i O
=S Yy o | I
o U0 I g 1
| 0+ !
0 4+ Py * : :
/ w4 /_--‘\fl -
o4 8] 3 + ‘l L L.. .
i O 4+ -
1 / ! L_—0 !
: W 4— T —H ) + 4 I— PP ——
R ST S 4 T o Ly o
] J‘— H—Q'Qe"*@—@ 8 _;x _2'4_ 27 ;_ 13 3 3 g 12 15 18 71 24 30 3

Number of Repeats

Weighted Average Number of Repeals
mLm, (920)

» Stronger correlation between the maximum repeat count and variance than
between the mean and variance — the mutation rate does indeed

increase with repeat count, but not necessarily smoothly.

CG—oMJEm and] c/,zr/\- 5)357

Interrupting bases stabilise the tract of repeats

1 Locus INRAOL
Cattle — (CA)8TA(CA)9 — PIC =0.41
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Differences in mutability among alleles at the same locus [Merosiei/oe

__ Single hypervariable barn swallow tetranucleotide repeat locus
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_ > Trinucleotide microsatellites associated with some human diseases, ¢.g.
the Spinocerebellar ataxia type 1 ( C L oA ) Al 1993 )
(CAQG), instable
(CAG),CAT(CAG) stable with nl+n2 2 n

—» Phylogenetic approach - a dinucleotide microsatellite locus tightly linked

toaHLAl.ocus_ LJM Mr‘x{. {'339’/)

HLA Usaj’ Estimated DOCAR Allele Uninternupt

g Branch Length  Number Range  CArepesl
DOB1-0201 99 (10%) DOB10201 0.000108 2 2 9
DQB10202 13 115 121 (125} . DOB1'0202 ¢ 0.000000 7 8 74
DQB1°0301 (113) 113 15 117 139 121 123 128 - DOBITO301 0015285 8 8 15 22
0QB 170302 (0% 11t N3 115 - DQABITQ302 ©  0.000000 " . 14 17
DOBY'03032 {11y 15 117 19 00B1° 03032 0.000000 4 5 15 - 19
pOB 170401 111 113 115 117 - DOB1'040T - 0005000 3 5 3 TV7
DQBT0402 (111 N3 5 137 (19 L DOB10402 0 DO0OTD 4 4 13- 18
B 0QB1-0501 103 (105 - DOB1'0501 ' Dov4tia 2 2 1011
DOBI°0502 103 DQB1°0502 0002505 ; : 5
DQB1°05031 107 109 _ DOB1705031 © 0001365 2 2 - t2
DQB1+0602 13 (108} — DQB1%0602 0.000138 2 4 8. ¢
- DABI0GO3 1o . DQB10603 (6005870 ORR
DQB1°0604 103 {7 DOBY 0604 o 1 9
~ DOBt*06011 107 e DOQB1°06011 5 1 12
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ESTIMATION SIMULTANEE DES PARAMETRES D'UN
MODELE MUTATIONEL COMPLEXE A PARTIR DE
DONNEES POPULATIONELLES

Fu & Chakraborty 1998, Genetics 150, 487-497
Modéle mutationel Complexe |
Distribution Dij = probabilité qu'une mutation cause un changement de taille de
iaj

f A——

Dij tel que k_jl PP, pour j>i
q){l -P)P"!, pour j<i

o= pmbabilité q:u.'i}ne mutation mgmeﬂ{ﬁ la taille de l'alléle
Géométric distribution (1-P)P***9"!

Vecteur 2 quatre parameétres I‘@Nﬁp,@,@, A) A = taille du MRCA

Estimation du X minimum du Vecteur I’

, o (f,—e (M)’
x _§“ e.(T)

£, i=1,... nombre d'alléles de taille i dans un échantillon de n
chromosomes

e, =E(fiI)

Simulations basées sur le processus de coalescence -> calcul de X_2 pour
©=0.2 (0.2) 10, P=0.01 (0.01) 0.10 (0.05) 0.90, o = 0.5 (0.05) 1.00

Application: Sept locus microsatellites chez 'Homme (8 pop)

- Chaque mutation 2 une légere tendancc. a causer une augmentation de
taille (o > 0.5) '
- Modele muiti-step plutét que mono-step (P>0)
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Estimated values (X100} of parameters 8, P, o, and A

Populations’
Locus Parameter SA DG PH NG . KA GR CP SO CH
FLT1 8 60 20 20 140 180 40 40 180 180
P 70 65 60 50 70 70 60 60
a J qo0) Qg 9 100 80 80 90 10
A 168 168 168 168 168 168 168 168 176
D135118 8 32 120 60 220 260 180 140 200
P M 50 55 9 10 25 45 2
« 100 95 60 100 45 35 65 35
A 180 190 190 190 188 194 194 190 186
D135121 6 60 60 40 60 140 120 120 240 300
P 45 55 60 70 30 50 50 40 35
- 100 90 90 95 75 75 75 60 30
A 166 166 166 166 166 166 166 166 170
D13S71 0 220 40 40 80 140 240 260 140 20
P 25 50 2 50 25 6 2 20 2
@ 45 65 20 55 10 35 15 35 90
A 73 75" 75 73 77 75 77 75 71
D135122 8 880 160 100 300 140 240 240 300 100
F 3 30 60 30 65 50 50 25 2
« 25 10 80 5 40 45 .55 15 40
A 105 103 95 109 - 95 g5 95 103 79
D135193 8 240 240 260 140 260 220 220 220 140
P 55 40 55 65 40 55 55 45 40
a 100 100 10 75 95 15 15 80 80
A 131 131 147 133 131 147 147 131 133
D13S124 8 120 20 20 60 80 100 - 100 120 300
P 10 2 5 1 0 1 15 15 4
« 25 25 15 0 30 95 95 60 100
A

185 187 187 187 187 185 185 185 179




Homoplasie de taille

o Définition : Deux électromorphes de tailles identiques peuvent
avoir des séquences ancestrales différentes = identité par état et

non par ascendance
Ex : (TC)10 = (TO)11 (TC)12 > (TO)1

e Facteurs influencant le taux d’homoplasie de taille
- Modele mutationnel
- Taux de mutation

- Temps de divergence

e Prédiction d’un fort taux d’homoplasie aux locus
microsatellites
- Modéle mutationnel = SMM, TPM (KAM), G5 1
_Taux de mutation élevé (n = 5x10"* en moyenne)

- Contraintes de taille
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Table 4: Core sequences of electromorphs of the locus A113 in different subspecies of 4. mellifera and in A. cerana and A. dorsata. The interruptions which beacons the
stretchs of repeats are in bold characters. The number of copies of each electromorph sequenced in the different species, subspecies and populations is also indicated. A, U
and V letters correspond to the honey bee populations of the lincage M from Avignon, Valhouise and Umed, respectively.

Species | Lincage | Subspecies | Electromorph size in pb | Core sequence (strand orientation 5'- 3') number of genes (copies) sequenced

A mellijfera | M mellijera 202 ()2 C(TC) ZUTO) JTC)sGTITCHTC) 4A+1U
208 (TC)He(TOHALYUTC)y o'f‘rroa{*rc)z 1A

24 (TC)yc(TC)AETITC) ,gf TC)GTTTCAH(TC)) 1A+1U

220 (TC)C(1C); AD(TC)s -;.z_j} rc)sarrma(m)z 6A+4V43U

222 (1)7C(TC) D ‘“’3)21 CG(TC)y IA+1U

224 (1C)yc(TC) T TC)y2GTTTOG(TC), 1A+1U
226 (TC)pC(TC) AT ) }18GTTTCG(TC)y 1A
228 {TC)yC(TC)TTITC) I TITC) 1 9GTTTC(TC) 1A
230 (ac)c(re) )gsamoa('nc)z v
234 {TC) A TCHTITC) 7GTTTOG(TC)y 1A
_ _ 236 (TChe(rc) w TChg TTMG(W}) _ 1A
C ligustica 214 (TC)e(TC) AT ) TC)4 fu [ TC)GTTTOG(TC)y 2
220 (1C)0(TC); ‘«I.? TC) TC _u TC)$GTTTCG(TC)y 3
224 (T (TC) U TC)AA T YTC) GTTTCG(TC) 1
carnica 214 (TC)(1C); "‘”"Yw O WTC)YGTTTCH(TC) 2
220 (TC) (O YT Y TC)FT D TC)sGTTTCG(TCY) 3
226 (reye(re __ TC)LITC) 1861"{‘1‘66(1‘6)2 H
228 (TC)o(TE) AR TC)40TTTOR(TC) 1
230 (TC)zc(TC) L] y TC)4 :gf TC)7(GTTTCG(TC)y 1
236 (TC)HO{TC)HCTATC) 4 ;r TCYyGTTTCG{TC)y 1
cecropia 214 (‘Dc)zc{'m) £y [T TC)TT(TC)gGTTTCG(TC)y 3
_ - 220 (TS (Te)ENTC) ATITC)) sGTTTCG(TC) ) 1
A scutellata 214 (TChe(ro) A o TC)] GTTTCH(TC)y 2
218 (TC)(TC)ATT) F¥TC)y 3GTTTCG(TC)y 3
220 | (re)yc(TOARYTO) ITITC)) 4OTTTON(TC); 1
capensis 208 (TC)ye(TC); 1j [ TC)gOTTTOG(TC), 2
2i4 (Tc}chl’c)z [ TC)4ITTC)} | GTTTCG(TC)y 1
224 (re)yc(rc)d != JERTCTCI TT(TC)y gATTTCO(TC)y 1
A. cerana . 184 (P TCIT TCR GTTTCG(TC) 2
" A. dorsata 184 (TC)y(TC)sATC)ATC); 1

| 186 (rchye(re) fdroa(rena(re); -
Total 14 electromorphs | _ 63 copies




‘Gestion’de ’homoplasie de taille

e Gestion inutile pour certaines études = peu de mutations entre les
taxons / individus analysés (ex : assignation de parentés,

divergentes)

pOpulations trés peu
en nbre JLBLNFJ“OM

e Gestion totale si le locus mute strictement en SMM cf statistiques

disponibles

e Gestion trés imparfaite si :
-TPM (p, Vg) ou KAM (k)
- Contraintes de taille (k)



RESUME: MODELES MUTATIONELS THEORIQUES

1/ Essentiels 2 partir d'une certaine échelle évolutive / = ’1-5 wevtalien

2/ Modele complexe :
- Multistep (P) a)-
- Biais (00>0.5)

- Contraintes de tailles (7)

- 1 augmente avec le nombre de répétitions (7)

- u varie avec la structure moléculaire (?)

3/ Parametres du Modele différents selon les locus

-> approche locus par locus ou homogénéisation dé-s locus
(SMM) |
- données suffisantes pour un paramétrage p%éc-is ? ,
A UV MVEA u“ﬂDLE(Mz
4/ Homoplasie: gestion via les modeles mutationels (+ I/s.lf" ’ nfer rowc f/vf

(oA pOILD
—D Ser?uevt 04/559‘)




