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Introduction

Natural selection

Induces changes in the frequency of phenotypic variants with

differential fitness (survival and reproduction), and hence the
genotypes/mutations associated with these phenotypic variants % X
' 4

Positive selection: increases the frequency of beneficial mutations
over generations in the population

Before selection After selection
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. positive
selection

adaptive mutation




Introduction

Natural selection
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Balancing selection: maintains polymorphism ™
in a population Style
—» heterozygote advantage Pollen

tube

5,5,

| example: self-incompatibility

Background Selection: deleterious alleles are eliminated by purifying selection
—» selection acting upon new deleterious mutation
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Introduction

Natural selection

Identifying the genetic bases of adaptation: methods to detect natural selection in populations

—p Site frequency spectrum
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Nielsen, R., 2005. Molecular signatures of natural selection. Annu. Rev. Genet. 3
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Natural selection

Identifying the genetic bases of adaptation: methods to detect natural selection in populations
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—p LD & Haplotype structure

Before selection After selection
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natural selection can causes
differentiation by local adaptation.

population



Introduction

Natural selection

Identifying the genetic bases of adaptation: methods to detect natural selection in populations
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Introduction

Epistatic selection

Fitness interactions among cosegregating variants (Takahasi & Innan 2008).

Haplotypes Fitness values

independent
4 \y
Gene A GeneB

id 1 A; B,
id 2 A, B,
id 3 A, B,
id 4 A, B,

\ J

|

Epistatic interaction

AoBo
A1B,
AoB,
A.B,

Examples: co-receptors, transcription factor complexes,...

s =0 ->drift
s # 0 -> epistatic selection

4



Introduction

Epistatic selection

Fitness interactions among cosegregating variants (Takahasi & Innan 2008).

independent
4 \y
Gene A GeneB

id 1 A; B,
id 2 A, B,
id 3 A, B,
id 4 A, B,

\ J

|

Epistatic interaction

Examples: co-receptors, transcription factor complexes,...

Haplotypes Fitness values
AoBy 1
A;By 1
AgB, 1
A1B1 1+s
4

Coadaptation model

Two mutations A, and B, are individually
neutral but together form a coadapted
haplotype A,B,. (Takahasi & Tajima 2005)

s =0 ->drift
s # 0 -> epistatic selection



Introduction

Epistatic selection

Fitness interactions among cosegregating variants (Takahasi & Innan 2008).

independent
4 \y
Gene A GeneB

id 1 A; B,
id 2 A, B,
id 3 A, B,
id 4 A, B,

\ J

|

Epistatic interaction

Examples: co-receptors, transcription factor complexes,...

Haplotypes Fitness values
AoBy 1 1
A;By 1 1-s
AgB, 1 1-s
A.B, 1+s 1

Compensatory model

Two individually deleterious mutations
compensate each other when combined
together. (Takahasi & Innan 2008)

s =0 ->drift
s # 0 -> epistatic selection 4



Introduction

Epistatic selection is detectable with linkage disequilibrium

y( LD
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Introduction

Epistatic selection is detectable with linkage disequilibrium

y( LD
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Thesis Objective: Develop a statistical test to identify genes or
genomic regions in coevolution by epistatic selection signatures and
find new candidates genes in association with known genes from SNP
genetic data in the model legume M. truncatula.



Thesis Objective: Develop a statistical test to identify genes or
genomic regions in coevolution by epistatic selection signatures and
find new candidates genes in association with known genes from SNP
genetic data in the model legume M. truncatula.

= Part 1: Genetic simulation and statistical detection of epistatic selection.
= simulation of epistatic selection
= statistical detection of epistatic selection

= Part 2: Detection of genes under epistatic selection in Medicago truncatula and in
humans.
= SNP analyses in Medicago truncatula: “bait” methods
= SNP analyses in humans: “bait” method

= Part 3: Detection of coadapted clusters by genes correlation network analysis
=  Genome-wide methods: Gene network analysis with adaptive
interaction and identification of new candidate.



Thesis: theoretical part

Simulations «backward>»

Ancestral population

* Simulation of four chromosomes

N = 500 (diploid)

chromosome =5 Mb

(~ 15000 margueurs)

1SNP/~333 pb

Chromosome A

A

Chromosome B

A

Chromosome C

A

Chromosome D

A

id101101101
id210011011
id3 10010010
id4 10001001

id101110010
id210001100
id300010010
id4 10110001

|

id110001111
id210110001
id310010000
id4d 11001110

id100110111
id201111100
id3 11100100
id4 01100111

. .
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independent




Thesis: theoretical part

Simulations «backward>»

Ancestral population

* Simulation of four chromosomes

N =500 (diploid)

e chromosome =5 Mb
(~ 15000 margueurs)

« 1SNP/~333pb

Chromosome A

Chromosome B

Chromosome C

Chromosome D

A A A A
[ Vo Vo | )
|d101101101 id101131po010 id110001111 id100110111
id2 10011011 id21000[L100 id210110001 id201111100
id3 10010010 id300g1po10 id310010000 id3 11100100
idd 104d0j1001 id4d 1031p001 id4d 11001110 id4 01100111
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independent




Thesis: theoretical part

Summary of Simulations steps

SimuPop - simulation « forward »
python library

ms — simulation « backward »

N= 250 (diploid)

N= 500 (diploid)

N= 250 (diploid)

t= 100 t= 300

| R
o

t

v

time



Thesis: theoretical part

Summary of Simulations steps

SimuPop - simulation « forward »
python library 1. Two mating schemes

random mating, self mating
. . start selection
ms — simulation « backward »

N= 500 (diploid)

N= 250 (diploid)

N= 250 (diploid)




Thesis: theoretical part
Summary of Simulations steps

SimuPop - simulation « forward »
python library 2. Three selective model

. . start selection
ms — simulation « backward » Neutral
_ . A.B, w=1
N= 250 (diploid) AB, w1
e AgB, w=1
l A,B; w=1

Epistatic coadapted

AyB, w=1

—_ 1 H AlBO w = 1

N= 500 (diploid) AB, w=1
A,B; w=1+s

Epistatic compensatory

N= 250 (diploid)

AyBg w=1
A;B, w=1-s
AyB; w=1-s
A.B; w=1




Thesis: theoretical part

simulation 1
simulation 2
simulation 3

Neutral model
Compensatory model
Coadapted model

Evolution of allelic frequencies A, and B,

frequency

0.4

L

frequency

0.4

1.0

0.8

0.6

0.6

0.2

0.0

Neutral
AB,w=1
AB,w=1
AB,w=1
AB w=1

50

100 150

generations

Start selection

l

T
200 250

1
300

Epistatic coadapted
AByw=1

AByw=1

ABw=1
AB,w=1+s

50

100 150

generations

200 250 300

frequency

0.4

L

1.0

0.8

0.6

0.2

0.0

Start selection

50

100

150

generations

T 1
200 250 300

Epistatic compensatory
AByw=1

AByw=1-s

AB,w=1-s

AB w=1

Neutral model: random genetic drift.
Coadapted model: rapid fixation of the double

mutant A;B,.

Compensatory model: markers segregrates
and alleles A, and B, (respectively A;and B)

co-evolve.




Thesis: theoretical part

Linkage disequilibrium Statistics

Haplotype calculated with PCA

Chromosome A Chromosome B

-0.02-0.30.10.5

A A
( ~ | _ \
id1 d1dol 101 id1 021412p0010
id2 10012011 id2 1000100
id3 10010010 id3 00010010
id4 100002001 id4 10310001
| N—
window M! window M"
pca | PcA |
Axis of Axis of
variation variation
PC1 PC1
-0.10.10.30.5
\ J
Y
COrpcy

Correlation between two windows

_ I r
COrpc, = cor(M'pey, M" pey)

Correction by the relatedness
matrix

Correlation is biased when:

* sample has a structure
* individuals are closely related

Estimate V: Variance-Covariance matrix of sample:

Vi

Vi

_Vn,N

n’l cee

V
Q/N,l Vyrn ---VN,y

Manginetal.,, 2012 10



Thesis: theoretical part

Linkage disequilibrium Statistics

Haplotype calculated with PCA

Chromosome A Chromosome B

-0.02-0.30.10.5

A A
( ~ | _ \
id1 d1dol 101 id1 021412p0010
id2 10012011 id2 1000100
id3 10010010 id3 00010010
id4 10000001 id4 10310001
| N—
window M! window M"
pca | PcA |
Axis of Axis of
variation variation
PC1 PC1
-0.10.10.30.5
\ J
Y
COrpcy

Correlation between two windows

_ I r
COrpc, = cor(M'pey, M" pey)

Correction by the relatedness
matrix

Correlation is biased when:

* sample has a structure
* individuals are closely related

Estimate V: Variance-Covariance matrix of sample:

Vi
V= | Vi1V o Vi
Vit Voo Vi /

Mesures to correct these biases:
- -1/2 I -1/2 I
COrpeyy = COF(VY2 Mipey, V2 M o)

Manginetal., 2012 10



Thesis: theoretical part

Epistatic selection detected with linkage disequilibrium

Evolution of LD between windows and with selection into two subpopulations

Neutral model
Compensatory model
Coadapted model

self mating

random
mating
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Start selection

l
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corPClv (with relatedness matrix)

Start selection
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Start selection
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generations

200

300

11



Thesis: theoretical part
Power detection and reduction of background LD

e Distribution of test statistic T estimated from COlpcy and COlpcyy, in the neutral model

with: T= Vvn—2

* Power detection of statistics COlpcy and COlpcy, in coadapted and compensatory models.

cor

T—cor

Quantile 90%

Quantile 95%

Quantile 99%

Tn-2) Quantile 90% Quantile 95% Quantile 99%
False positive 1.283254 1.647919 2.333859 1.283254 1.647919 2.333859
5 Teorpci 89% 86 % 81% - 83% 78% 70%
§ T, 85 % 82% 74% g5 72% 66 % 55 %
| Teorpct, 13% 7% 3% T8 25% 0.6% 0.1%
3 T, 13% 8% 3% < 28% 0.6% 0.2%

1.00 4

0.254

0.004

self mating

random mating

1.00

Compensatory model
Coadapted model

COlpcyy
COlpcy

0.75
0.50
0.25
0.00
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
alpha alpha

12




Part 1 Objective: Evaluate the statistical detection of
epistatic selection with a simulation approach of two
independent loci.

Conclusion
* Evolutionary models of epistatic selection
=  We detect fitness interaction among co-segregating
variants with LD.

= We must correct the correlation by the kinship matrix.

13



Part 2 Objective: Identify adaptive interactions between
Medicago truncatula genes and identify new candidates in
co-evolution with known genes.

1. Can we infer adaptive interactions between known genes
= Do genes pairs identified in co-evolution belong to common

biological pathway ?

2. Can we characterize new candidate genes or genomic regions
interacting with known genes?

14



Part 2: Data analysis part

45

40

35

Medicago truncatula core-collection sequencing

HAPMAP PROJECT

Medicago truncatula

Home Hapmap Tools Downloads Resources Contact

Available data

e 22 million SNPs distributed over 8
chromosomes

* ~ 48,000 genes

e ~ 200 lines into two subpopulations

(Far-West and Circum)

15



Part 2: LD statistics

Linkage disequilibrium Statistics on M. truncatula genes

Chromosome 1 Chromosome 8

A A

[ | [

id101110010
id2 10001100
id300010010
id4 10110001

id1 01101101
id2 110011011
id3 110010010
id4 10001001

gene M"
gene M We take windows of
10kb including the PCA
PCA l gene l
i Axis of
x'/s Qf variation
va;/’cci_l;/on PC1

Linkage disequilibrium
Bait genes VS genome

1. Matrix with 48,317 x 48,317
correlations in each subpopulations

2. Statistical test on correlation
(p-value)

3. Significant treshold Bonferroni
(ot = 5%) =» p-value threshold = 10

16
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Part 2: Example of candidates bait genes
Example of MISUNN VS 48,000 M. truncatula genes

corPC1v (with relatedness matrix)

LRRreceptor-likekinase
Y
15- known biological interactants (in A17 genotype):
MtCLE12 (here p=0.313)
MtCLE13 (here p=0.256)

MICLEOZ  (p=1.7x10%)

10~

-log10(p-value)

18



Part 3 Objective: Construction of a co-evolutionary genes
network with epistatic selection signatures.

1. How to interpret the network ?
2. How to symplify the network :

* How to filter links associated with ‘physical’ LD to ‘evolution’
LD ?

* Can we identify epistatic selection signatures between (large)
genomic regions ?

19



Part 3: Network construction .
Genome-wide SNP interaction analyses — M. truncatula

Genes pairwise comparisons:
1. Statistical test on correlation

between each paire of genes.

2. Significant treshold Bonferroni
(a0 = 5%) =» p-value threshold = 1011

o
=v5.:. * 48317 nodes
"7« 849715 edges

20



Part 3: Network construction
Linkage disequilibrium interpretation

How to filter links associated with ‘physical’ LD to ‘evolution’ LD ?

Short range LD Long range LD

genel.1l genelz2 gene 1.1 genel.2

Chrl I I Chrl I I

Chr2 Chr2 | : I
gen(L 2.1 gene2.2 gene2.3

* Genes of chromosme 1 are in physical LD
* Genes of chromosome 2 are in physical LD AND they
are in long range LD with gene 1.1

* Gene 3: Epistatic interaction with gene 1.1

21



Part 3: Network construction .
Genome-wide SNP interaction analyses — M. truncatula

How to filter links associated with ‘physical’ LD to ‘evolution’ LD ?

Genes pairwise comparisons:
1. Statistical test on correlation
between each paire of genes

2. Significant treshold Bonferroni
(a0 = 5%) =» p-value threshold = 1011

.3, Only gene pairs on different
chromosomes

e 4568 nodes
* 42114 edges

A . 9 B . 22



Part 3: Network construction
Genome-wide SNP interaction analyses — M. truncatula

Identify epistatic selection signatures between (large) genomic regions

Linkage disequilibrium interpretation

Group genes into super nodes:
1. Criteria: Distance and LD between gene pairs
2. Representation and analysis of the interactions
between island:
-  How manyisland ?

- Intensity of interaction between island ?

23



Objective: Development of genetic methods to detect
adaptive interactions between genes in Medicago
truncatula

Conclusion

= Part 2: Detection of genes under epistatic selection in Medicago
truncatula and in humans.
 SNP analyses in Medicago truncatula: “bait” methods. ->
Results analysis in progress

" Part 3: Detection of coadapted clusters by genes correlation
network analysis
* Generate resource database containing genes pairwise
correlation in M. truncatula genome.
* Perspective

» |dentify epistatic selection between genomic windows.

= Join these results to functional annotations, example:
symbiotic island. 24
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