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Genetic basis of adaptive evolution, an important topic in evolutionary biology!

Different methods depending on the levels of divergence:

Long-time scales Short-time scales

Different species (divergence) Different populations
Substitutions Polymorphisms
Individual-level data Population-level data
Protein-coding sequences Whole genome sequences
(if possible)
...ACGTATGTGCGTGGTAGCCTAG... — substitutions
Species 1 ...ACGTACGTGCGTGGTAGCCTGG... — polymorphisms

...ACGTATGTGCGTGGTAGCCTAG...
...ACGTACGTGCGTGGTAGCCTAG...

...AAGTACGTGCGCGGTAGGCTAG...
...AAGTACGTGCGCGGTAGCCTAG...
...AAGTACGTGCGCGGTAGCCTAG...
...AAGTACGTGCGCGGTAGCCTAG...

Species 2
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Long-time scales
d\/ds ratio
Evolutionary pressures on proteins are often quantified by the ratio of

substitution rates at non-synonymousand synonymous sites (dy/ds, also
known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymous site (d,) to the number of synonymoussubstitutions per

synonymous site (ds)

Non-synonymous VS. synonymous sites:
Genetic
code
(RNA)

= which mutations could potentially lead
to a synonymousor potentiallya non-
synonymouschange (=expectation)

ACGTTT ...
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known as K,/K; or w).
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ACG=Thr
CCG = Pro
GCG = Ala
TCG = Ser

ACGTTT ...

Non-synonymous vs. synonymous sites:

= which mutations could potentially lead
to a synonymousor potentiallya non-
synonymouschange (=expectation)

All mutations
at this
position will
change the
amino acid!

Syn sites=0
Non-Syn sites =1
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Syn sites=0
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Long-time scales
d\/ds ratio
Evolutionary pressures on proteins are often quantified by the ratio of

substitution rates at non-synonymousand synonymous sites (dy/ds, also
known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymous site (d,) to the number of synonymoussubstitutions per

synonymous site (ds)

Non-synonymous VS. synonymous sites:
Genetic
code
(RNA)

= which mutations could potentially lead
to a synonymousor potentiallya non-
synonymouschange (=expectation)

ACGTTT ...
l All mutations at

this position will
NOT change the

ACG =Thr amino acid!

ACC=Thr

ACT =Thr . _

ACA = Thr Syn sites=1

Non-Syn sites =2



Long-time scales
d\/ds ratio

Genetic
code
(RNA)

Evolutionary pressures on proteins are often quantified by the ratio of
substitution rates at non-synonymousand synonymous sites (dy/ds, also
known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymous site (d,) to the number of synonymoussubstitutions per
synonymous site (ds)

Non-synonymous vs. synonymous sites:

= which mutations could potentially lead
to a synonymousor potentiallya non-
synonymouschange (=expectation)

ACGTTT ...

l All mutations
at this
position will

TTT = Phe change the

ATT = lle amino acid!

CTT = Leu o

GTT = Val Syn sites=1

Non-Syn sites =3



Long-time scales
d\/ds ratio

Genetic
code
(RNA)

Evolutionary pressures on proteins are often quantified by the ratio of
substitution rates at non-synonymousand synonymous sites (dy/ds, also
known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymous site (d,) to the number of synonymoussubstitutions per
synonymous site (ds)

Non-synonymous vs. synonymous sites:

= which mutations could potentially lead
to a synonymousor potentiallya non-
synonymouschange (=expectation)

ACGTTT ...

l All mutations
at this
position will

TTT = Phe change the
TAT = Tyr amino acid!
TCT=Ser Syn sites=1
TGT = Cys y B

Non-Syn sites =4



Long-time scales
d\/ds ratio

Genetic
code
(RNA)

Evolutionary pressures on proteins are often quantified by the ratio of
substitution rates at non-synonymousand synonymous sites (dy/ds, also

known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymous site (d,) to the number of synonymoussubstitutions per
synonymous site (ds)

ACGTTT ...
TTT = Phe
TTC = Phe
TTG = Leu
TTA = Leu

Non-synonymous vs. synonymous sites:

= which mutations could potentially lead
to a synonymousor potentiallya non-
synonymouschange (=expectation)

2/3 mutations at
this position will
change the
amino acid!

Syn sites = 1.33
Non-Syn sites =4.66



Long-time scales
d\/ds ratio

Genetic
code
(RNA)

Evolutionary pressures on proteins are often quantified by the ratio of
substitution rates at non-synonymousand synonymous sites (dy/ds, also

known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymoussite (dy) to the number of synonymous substitutions per
synonymoussite (ds)

Non-synonymous vs. synonymous substitutions:
=observed

Leucine codons:

CTT, CTC, CTA, CTG, TTA, TTG

Genetic variation:

CTT <> CTA, CTT <> CTC, CTT -<-> CTG, CTC <-
>CTG, TTA<->TTG, CTA<->TTA, CTG <> TTG

— All these mutationswill not
change the amino acid
(synonymous mutations)

These synonymous substitutionsare not
affecting the amino acid sequences and are
(assumed to be) NOT subject to natural selection



Long-time scales
d\/ds ratio
Evolutionary pressures on proteins are often quantified by the ratio of

substitution rates at non-synonymousand synonymous sites (dy/ds, also
known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymoussite (dy) to the number of synonymous substitutions per
synonymoussite (ds)

Non-synonymous vs. synonymous substitutions:
=observed

Genetic
code

(RNA) Any substitutions that causes an amino acid

change is a non-synonymoussubstitution

Genetic variation (e.g.):

TTA ->TTCi.e. Leucine -> Phenylalanine

These synonymous substitutions change
the sequence of the protein sequence
and can therefore be subjected to
natural selection




Long-time scales
d\/ds ratio

Genetic
code
(RNA)

Evolutionary pressures on proteins are often quantified by the ratio of
substitution rates at non-synonymousand synonymous sites (dy/ds, also
known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymoussite (dy) to the number of synonymous substitutions per

synonymoussite (ds)

Non-synonymous vs. synonymous substitutions:

In general, few non-synonymous mutationsare
adaptive, most mutations on protein-coding
genes are either neutral or deleterious

tions

B Strictly deleterious (-) Neutral (M) [ Slightly advantageous (N*)
B siightly deleterious (M) B Strictly advantageous (+)

Razeto-Barry et al. 2012 Genetics



Long-time scales
d\/ds ratio
Evolutionary pressures on proteins are often quantified by the ratio of

substitution rates at non-synonymousand synonymous sites (dy/ds, also
known as K,/K; or w).

More precisely, this ratio is the number of nonsynonymous substitutions per
non-synonymoussite (dy) to the number of synonymous substitutions per
synonymoussite (ds)

Genetic The expectation for the d\/dratio is then:

code
(RNA)
dy/ds~1  Neutral evolution

dy/ds<1  Purifying selection
(negative selection)

Non-synonymous mutationsare
selected against

dy/ds>1  Positive selection
(advantageous mutations)

Non-synonymous mutationsare
selected for (at least some)




Long-time scales by ARV
{\’ﬂ\ ““ ’
d\/ds ratio: example e ‘,_ Ty

Divergence between two cereal powdery mildews (fungal
disease) Blumeria graminis forma specialis tritici
vs. Blumeria graminis forma specialis hordei

Number of genes per class

90 -
80 - EJ(;"fSEPz (I,;andit_zlate' Se}:retecj B Non-CSEPs (/10)
ector Proteins, i.e. funga
70 A proteins potentially <MW CSEPs
contributing to the
60 - pathogenesis
50 -~
40 4 Based on 5,258 orthologous genes, most
genes exhibitd,/ds << 1 (average 0.24)
30 A
20 - Some genes however exhibit d\/d>1
—> These important genes are under selection pressure to
10 A evolve rapidly (Plant-Pathogen arms races)
1 B "
0 0.5 1.0 15 2.0 2.5

dN/dS ratio

Wicker et al. 2013 Nature Genetics



Long-time scales

Human-Chimpanzee d,/d;
—> Averaged,/d;~0.23

—> Genes with dy/ds > 1 involvedin some functions
e.g. resistance to pathogens/parasites

number
of genes: A genomic view of selection
2500
2000
1500
1000
500 . cnri:l:led for s
Ill immunity genes 5
] I_II-.- — —_ - §
0.5 1.0 1.5 20 o
purifying positive 2
selection dN/dS selection §

The histogram above groups genes by dN/dS, the ratio of rates
of non-synonymous (dN) and synonymous (dS) codon changes
in comparisons between human. chimp, and rhesus. Immunity
genes locked in molecular arms races can evolve rapidly under
extreme positive selection; dN/d5S »2.



Long-time scales
McDonald-Kreitman test: background

d\/ds is a very conservative test potentially leadingto many false negatives

e.g. some mutationswere positively selected but the rest of the
sequence is strongly constrained. Overall the gene will exhibit
dN/dS<1

The ideaintroduced by John H. McDonald & Martin Kreitman is to compare divergence
data (i.e. substitutions) with within-species genetic variation (i.e. polymorphisms)



Long-time scales
McDonald-Kreitman test: background

d\/ds is a very conservative test potentially leadingto many false negatives

e.g. some mutationswere positively selected but the rest of the
sequence is strongly constrained. Overall the gene will exhibit
dN/dS<1

The ideaintroduced by John H. McDonald & Martin Kreitman is to compare divergence
data (i.e. substitutions) with within-species genetic variation (i.e. polymorphisms)

Followingthe Neutral Theory, the ratio of non-syn to syn changes is
predicted to be roughly constant through time
(i.e. ratio within species ~ ratio between species)

Why?

n=l| l
4Nu,,
Nonsyn/Syn changes _ 'u"‘;f Uy Nonsyn/Syn changes  2u,r My

(polymorphism) 4Nu 2‘1 1 (substitutions) 2wt |
h)




Long-time scales
McDonald-Kreitman test: background
As a consequence we can estimate the ratio from both within
(polymorphism) and between species (substitutions). Within-species data

provide information about ‘present’ while between species provide
information about ‘past divergence’

Spl

Sp2
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Long-time scales
McDonald-Kreitman test: background

As a consequence we can estimate the ratio from both within
(polymorphism) and between species (substitutions). Within-species data
provide information about ‘present’ while between species provide
information about ‘past divergence’

@ = Syn polymorphisms

= Non-syn polymorphisms
@ = Syn substitutions
@ = Non-syn substitutions

Sp1

Sp2



Long-time scales
McDonald-Kreitman test: background

As a consequence we can estimate the ratio from both within
(polymorphism) and between species (substitutions). Within-species data
provide information about ‘present’ while between species provide
information about ‘past divergence’

substitutions polymorphisms @ = Syn polymorphisms
= Non-syn polymorphisms
Non- D p @ = Syn substitutions
N N — Nan. -
syn @ = Non-syn substitutions
Syn Ds Ps
Spl Sp2

For a given gene:

Ds: the number of synonymoussubstitutions @

Dy: the number of non-synonymoussubstitutions @
P.: the number of synonymous polymorphisms @
Py: the number of non-synonymous polymorphisms

D\/Ds = P\/Ps -> consistent with neutrality
D\/Ds > Py /Ps -> more nonsyn changes between species (positive selection)
D\/Ds < P\/Ps -> less nonsyn changes between species (negative selection)

Interpre
tation:



Long-time scales
McDonald-Kreitman test: background

As a consequence we can estimate the ratio from both within
(polymorphism) and between species (substitutions). Within-species data
provide information about ‘present’ while between species provide
information about ‘past divergence’

substitutions polymorphisms @ = Syn polymorphisms
= Non-syn polymorphisms
Non- . @ = Syn substitutions
I:)N: 4* @ PN' 1* @ = Non-syn substitutions
syn
Syn Dq: 4* @ Ps: 3* ®
Dy/Ds=1 Py/Ps=1/3 Spl Sp2

For a given gene:

Ds: the number of synonymoussubstitutions @

Dy: the number of non-synonymoussubstitutions @
P.: the number of synonymous polymorphisms @
Py: the number of non-synonymous polymorphisms

Dn/Ds > Py/Ps

Then contingency tests based on these 2x2 tables can be performed to test
the significance (such as chi-squared tests)



Long-time scales

(O]
— o
= ~ O = S S o> [ o p
E c v 2w § ESsE e o =
O »n @© ) o nw U S
= — v €S — a Q = =
[ m Q C = |m - C o
C © 5 ~ - C o o (@] € = - C S ©® O o~
C o Q “n L c 2> S = > £ 6 V gy oo e _
m m < m (] o0 2 0 © m % S [o]0] Qv O ©
S o = $ S 0w O £ <y m S cQ ©
Om< 9 o 'S 0O i Y3 — = 2
I 0O 0 w V o Q0@ b ~Y) 9
Mm O QO n . C © wn o0 W O n =
£
° o . =
+—
(%]
>
[an]
£EXHA,
CHOONY
o m B
Gl q IS
Hohele b - 2081y,
LY L .GvNIdHaS, YOaH T ava, \ LAEb\ =
SdAil = INRTN g\ st 3ol 80380 ERAARGE
| wrdiHy X \ £d010. .~ EPS0EIT LT TYOIA =
ool e OONE  HOIR  seamg SR o SWSIS
QESLWYIY i Jlo-E B ¥00ed gdana - Ovger] SWHSY,
HdS3 e 2539/ Laxon B 0taNIdEasH | SIEYIR cvgioo @ eLiozed) ZdHa-H
__chIg = GZLOY] LHOD N.ﬂ&ﬁ_._ruu_vm.... LIS L8z PIBEEMIdY | |
9550D0 qmm.__.r.m i’ mwwu.mwm .wmmm_m 8LL02M || | zzHperdz mw_m ,N._m_mw“ A L1010y 5
d | & | |
oSl ueeal  idios 9v1L800 SOVS: LOOHXL) 981HS0Z0 o VDL E
L6210 0 oz iNeDm Z1EOv LLHAI BEHOL LD 18401 kLnd &
NdSS' DELDSI LSZ0VYH 0XOR BET m
2rXod B i S oy HO9
SR ek £dIBNVIN PESOLFIY = Shvda .2¥9100. i
1. g 3 2 - E @ dinf e e LS X47-H
ot
61X Al TS
i orzd ;
g9 INST =
&
EHOHT
g .
= H  osoas
:pmum_ H L212z00m, [H PBEERIDR.
B el yesdNn’
H .aoollg YRR
BRSO L] «SMNIdS- m.amxpw THOAd -
Yeddddd. dvso—H Z4HEHS] 3 HZSYL »
| ENE vV | elvHaO] - PHESYLTR POLLEMET]  gpaovvis.
rdHAIDd i LEELIMT 2a5d'H 1009-H sz 08v-E 19000 PASN -
Q Hogt] EP45SE00TNA  peogerd § = bl < Sririy
—_— 850 00202 EC =M= H -EdSIW PAS00-H  anann-H et
Q SEEEH s mmwwmw_*uwﬁ._ = . H lovdsF T SNANO-~
H \5 5 A H ]
= U EdIsE F Zdvals-B o 10B2dAD 2LVO0N,
= ik isvail  PSSYWH goiNE gperera b H (606D el o
o s 1avas 2JYOOI = — gil 8 aa)
0Lsvs A seerelooT L4 ; \. AT
x Lilgpmaf]  482ien/ i SYNIL § HOD-5 +edll eygznig’ 120ty
Q .zaisovi .ﬁmwmm_,m Y0019 ; ﬁ%% [ AwsnH 124180 LSBT
'S = £aLANZ B nm WS & 291898542 0
181950071, Y1201 § aunf FYiecs) E £54vd- +-0d30’
el LdSYHOD i § e = g5X00- B OEBPEDDIN
pidvd, Y LODHY A olid “Rles PIvNARY  zoaxid- YO LY
.8HAS EHNINL-E H LedelH H .LUAOSE 8eH080H | g LdEZHS,
SANDT) H Laay. LEINIML, W LHAOWE ErLANZ
mammo U shemz® ¢ Yo < anoAn SLANG e
szasidNT SEIND ZHIGH0
— & L] Lo [+ <] = -+ -1

McDonaId-Kreitman test

(=]
—

=
-



Summary (long-time scales only)

d\/ds and MK tests use sequence datafrom divergent taxa allowingto
identify genes with a lot of non-synonymoussubstitutions that were
selected for (i.e. positive selection)

Tests can be performed on some candidate proteins(e.g. one or few genes
with a specific function) or to scan all genes of a given species to identify
genes that were under selection

In the vast majority of species, the proportion of genes exhibitingsignatures of
positive selection is low, at least as compared to those evolving under negative
selection, consistent with the general hypothesis of a strong evolutionary constraint
on proteins

Extensions of the MK test over the last two decades to take into account short-term

demographicvariationand the presence of slightly deleterious mutations
(e.g. Moutinho et al. 2019 Evolutionary Ecology for a review)



Genetic basis of adaptive evolution, an important topic in evolutionary biology!

Different methods depending on the levels of divergence:

Long-time scales Short-time scales
Different species (divergence) Different populations
Substitutions Polymorphisms
Individual-level data Population-level data
Protein-coding sequences Whole genome sequences
(if possible)
...ACGTATGTGCGTGGTAGCCTAG... — substitutions
Species 1 ...ACGTACGTGCGTGGTAGCCTGG... — polymorphisms
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Short-time scales, methods are divided into two main groups:

(within-population variation)

Selective sweeps

Neutral

variants

New adaptive
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Short-time scales, methods are divided into two main groups:

Selective sweeps
(within-population variation)
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Nucleotide diversity indices (a reminder!)

Genetic diversity is highly variableamong the tree of life!

Species with large populationsizes or elevated mutation rates
exhibit higher genetic diversity (=4Nep)
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Nucleotide diversity indices and Tajima’s D

Genetic diversity is highly variableamong the tree of life!

Species with large populationsizes or elevated mutation rates
exhibit higher genetic diversity (=4Nep)

Two different measures:
- Average number of differences between pairs of sequences => 1t

- Total number of segregating sites (S) => S/harmonic number => 0

1:AGATCGCTGCAAT
2:AGATCGCTTCAAT
3:AGATCGCTTCAAT
4:AGATCGCTTCGAT
5:AGATCGCTTCGAG

At equilibrium (constant populationsize), we expect 8 =1t
=>Tajima’sD=n-06=0



Nucleotide diversity indices and Tajima’s D

Genetic diversity is highly variableamong the tree of life!

Species with large populationsizes or elevated mutation rates
exhibit higher genetic diversity (=4Nep)

Two different measures:
Average number of differences between pairs of sequences =>nt

Total number of segregating sites (S) => S/harmonic number => 6

— 1 1 1
S=3; Harmonicnumber= }_~ =1+ +5+7=2083
1:TCATCGCTGCAAT im1

2:TCATCGCTTCAAT 0=S/Harmonic number=3/2.083=1.44

3:TCATCGCTTCAAT
4:TCATCGCTTCGAT
5:TCATCGCTTCGAG

Pairwise number of differences:
1vs.2 = 1; 1vs.3=1; 1vs.4=2; 1vs.5=3; 2vs.3 =0; 2vs.4=1;

2vs.5=2; 3vs.4=1; 3vs.5=2; 4vs.5=1
Average: 1.4 per sequence (1.4/13 =>0.11 per base pair)

At equilibrium (constant populationsize), we expect 8 =1t
=>Tajima’sD=n-06=0



Nucleotide diversity indices and Tajima’s D

Genetic diversity is highly variableamong the tree of life!

Species with large populationsizes or elevated mutation rates
exhibit higher genetic diversity (=4Nep)

Two different measures:

- Average number of differences between pairs of sequences => 1t
- Total number of segregating sites (S) => S/harmonic number => 0

1:AAATACCAACAAC
2:AAATACCATCAAC
3:AAATACCATCAAG
4:AAATACCATCAAC
5:AAATACCATCGAC

_ — 1 1 1
S=3; Harmonicnumber= }_~ =1+ +5+7=2083

i=1

0=S/Harmonic number=3/2.083=1.44

Pairwise number of differences:

1vs.2 =1; 1vs.3=2; 1vs.4=1; 1vs.5=2; 2vs.3 =1; 2vs.4=0;
2vs.5=1; 3vs.4=1; 3vs.5=2; 4vs.5=1

Average: 1.2 per sequence (i.e. 1.2/13 =>0.09 per base pair)

At equilibrium (constant populationsize), we expect 8 =1t
=>Here 8 > m; Tajima’sD <0 Excess of rare alleles as compared to the expectation!



Nucleotide diversity indices and Tajima’s D

Genetic diversity is highly variableamong the tree of life!

Species with large populationsizes or elevated mutation rates
exhibit higher genetic diversity (=4Nep)

Two different measures:
- Average number of differences between pairs of sequences => 1t

- Total number of segregating sites (S) => S/harmonic number => 0

—1

. 1 1 1
S=3; Harmonicnumber= }_ - =1+ +5+7=2083

1:AGATCGCTCCAAG i—1
2:AGATCGCTCCTAA 0=S/Harmonic number=3/2.083=1.44
3:AGATCGCTACTAA

A4:AGATCGCTACAAA Pairwise number of differences:

1vs.2 = 2; 1vs.3=3; 1vs.4=2; 1vs.5=1; 2vs.3 =1; 2vs.4=2;
2vs.5=3; 3vs.4=1; 3vs.5=2; 4vs.5=1
Average: 1.8 per sequence (i.e. 1.8/13 =>0.14 per base pair)

5:AGATCGCTACAAG

At equilibrium (constant populationsize), we expect 8 =1t
=>Here 8 < m; Tajima’sD >0 Deficit of rare alleles as compared to the expectation!



How to interprete Tajima’s D deviations?

Demographic Selection

% =mutations effects

D<0 Population

Recent selective

et ezl expansion sweep (i.e. effect of
! an advantageous
allele)
D>0 Bottleneck (i.e. Balancing selection
(=deficit of rare alleles) sudden population (i.e. multiple alleles
contraction) are maintained)

Demographic effects are expected to similarly affect the whole
genome (i.e. most genes show consistent deviations from D=0),
while selection affect some specific genes



How to interprete Tajima’s D deviations?

Ex.
African
rice

i\

Oryza Oryza

barthii Domestication > glaberrima
(Wild (domesticated
ancestor) species)
X 23 individualsfrom X 25 individuals

the centre of
domestication

For each species, | computed 6, m and Tajima’s D for all 100 kb
sliding windows spanning the 12 Oryza chromosomes

Leroy & Rougemont, in press



How to interprete Tajima’s D deviations?

Ex.
African
rice

Oryza
barthii
(Wild
ancestor)

Tajima’s
D

Tajima's D

*/ W\

Oryza

Domestication .
> glaberrima
(domesticated
‘ species)
H i
Most genomic windows
____________________ 1‘ exhibit slightly positive
Tajima’s D values
(both species)
=> Demographic effect
Oryza_.barthii Spe(:ies Cryza_glaberrima
Wild Domes

ticated

Leroy & Rougemont, in press



How to interprete Tajima’s D deviations?

Cubry etal. 2018

o current biology
Ex. 8
African £ ] psuc @
. g - 0. g.’abefrfma
rice g - ~ O. barthii
g_ b o ‘"'J‘it}o - 800 BC - Most ancient evidence of /
& — African rice domesticated seed shape R % 7
16403 Ter04 1e+05 ' '
Oryza o Oryza
.. Domestication .
barthii > glaberrima
(Wild (domesticated
ancestor) ‘ species)
H i
Tajima’s P Most genomic windows
D E oo 'T‘ exhibit slightly positive
Tajima’s D values
(both species)
=> Demographic effect
Oryza_.barthii Spe(:ies Cryza_glaberrima
Wild Domes
ticated

Leroy & Rougemont, in press



How to interprete Tajima’s D deviations?

Demographic effect: ‘the M

core of the distribution’

: 000‘:‘;,,
RN\ oo
a ,‘?‘9 /,ly \}\ \
H o F< P
. “2? Nucleotide
_ PRI Ty ~  diversity (r) RS X
<_ POSItIVEg ssg” & ¢ ¢ .., red=wild, blue=dom i ' ‘E} 5
==  selection ° = Y . = E )
o 2 &+ = Tajima’sD €— _ E £ g
Selection: ‘the outliers’! L B Domesticated 7 ;
S0 sk ta” species only B
- e T g S
In practice, we often use a <, 7 &
simple rule, +2/-2 to g, N, ST I,
. . . > Ky N ST -y X i\
identify ‘potential selected ¢ 2 g P/ . = & -
’ : : o"f:'%i . <.u sl e
genes ) e, y i ¢

. . ’:‘a% -_o M i
—> So'r'ne g’enes with .negatlve 3 \ ‘m«w« ;
Tajima’sD valuesin the ‘ <
: . 1 € SR !
domesticated species, potential £ s
domestication genes?

9

Leroy & Rougemont, in press



Why advantageous alleles generate regions of low diversity?

... TAGCCTAACCACGTACCTACGT...
... TCGCCTATGCACGTACGTACGT...
... TCGCCTAACCAGGTACGTACAT...
... TCGCCTATGCACGTACGTACAT...

A new advantageous
mutation appear

...TAGCCTAACCACGTACCTACGT...
...TCGCCTATGCTCGTACGTACGT... <=higher fitness
...TCGCCTAACCAGGTACGTACAT...
...TCGCCTATGCACGTACGTACAT...

.. TCGCCTATGCTCGTACGTACAT...
..CGCCTATGCTCGTACGTACGT...
... TCGCCTAACCAGGTACGTACAT...
.. TAGCCTATGCTCGTACGTACGT...

0 0

A crossing over event Another event here
occurred here (lastseq) (1st sequence)

Not only the beneficial mutation
increase in frequency, but also
alleles of this individual near the
mutation!



Why advantageous alleles generate regions of low diversity?

... TAGCCTAACCACGTACCTACGT...
... TCGCCTATGCACGTACGTACGT...
... TCGCCTAACCAGGTACGTACAT...
... TCGCCTATGCACGTACGTACAT...

A new advantageous
mutation appear

...TAGCCTAACCACGTACCTACGT...
...TCGCCTATGCTCGTACGTACGT... <=higher fitness
...TCGCCTAACCAGGTACGTACAT...
...TCGCCTATGCACGTACGTACAT...

..CGCCTATGCTCGTACGTACGT...
.. CGCCTATGCTCGTACGTACAT...
... TCGCCTATGCTCGTACCTACAT...
... TAGCCTATGCTCGTACGTACGT...

Until fixation!



Why advantageous alleles generate regions of low diversity?

... TAGCCTAACCACGTACCTACGT...
... TCGCCTATGCACGTACGTACGT...
... TCGCCTAACCAGGTACGTACAT...
... TCGCCTATGCACGTACGTACAT...

A new advantageous
mutation appear

...TAGCCTAACCACGTACCTACGT...
...TCGCCTATGCTCGTACGTACGT... <=higher fitness
...TCGCCTAACCAGGTACGTACAT...
...TCGCCTATGCACGTACGTACAT...

.. [CGCCTATGCTCGTACGTACGT...
.. TCGCCTATGCTCGTACGTACAT...
... TCGCCTATGCTCGTACCTACAT...
... TAGCCTATGCTCGTACGTACGT...

Until fixation!



Why advantageous alleles generate regions of low diversity?

... TAGCCTAACCACGTACCTACGT...
... TCGCCTATGCACGTACGTACGT... Before
... TCGCCTAACCAGGTACGTACAT...
... TCGCCTATGCACGTACGTACAT...

... TCGCCTATGCTCGTACGTACAT...
... TCGCCTATGCTCGTACGTACGT...
.. TCGCCTATGCTCGTACCTACAT...
... TAGCCTATGCTCGTACGTACGT...

After

_s Reduced levels of nucleotide st s
diversity around the
advantageousallele + excess
of rare alleles (i.e. D<0)

Genetic Diversity

(a SEIECtive Sweep) Chromosome position

The extent of the selective sweep depends on the balance
between the intensity of natural selection (‘how advantageousis
the allele’) and the local recombination rate



Example of selective sweeps in humans a _ AfenGO1010

S persistant
Lactase persistence = ability to
digest milk as adultsin humans I
1 Non-
persistant
The frequency of lactase persistence is high in northern European __
populations (>90% in Swedes and Danes), decreases in frequency i
across southern Europe and the Middle East (~50% in Spanish, P vve—— : coto00 1000000 1500000
French and pastoralist Arab populations) and is low in non-pastoralist Position (bp)
Asian and African populations (~1% in Chinese, ~5%-20% in b
West African agriculturalists)'=. Notably, lactase persistence is com- Eurasian C/T-13910
mon in pastoralist populations from Africa (~90% in Tutsi, ~50%
in Fulani)b3. persistant
Long tracks without genetic Non-
variationsin lactase-persistent persistant
individuals (selective sweep to . . . . . .
. ] i ~1000000  ~500000 0 500000 1000000 1500000
continueto digest milk) Position (bp)

Figure 6 Comparison of tracts of homozygous genotypes flanking the lactase
persistence-associated SNPs. (a) Kenyan and Tanzanian C-14010 lactase-
persistent (red) and non-persistent G-14010 (blue) homozygosity tracts.

ThIS 1S an example (a mong f@W) Of (b) European and Asian T-13910 lactase-persistent (green) and C-13910

a selective sweep detected in non-persistent (orange) homozygosity tracts, based on the data from ref. 14.
Positions are relative to the start codon of LCT. Note that some tracks are
humans (Ia hard Sweep’) too short to be visible as plotted.

Tishkoff et al. 2007 Nature Genetics



Soft sweeps vs. hard sweeps

(@) @@=@y=G=R)n SO NN OOV © @ O® GG

&6 OO0 ®6e 6 OG0 @D @ 6 ® Q

O=D=@=D=@)~ O=D=@=D=@)~ ©C 0006 ==

©ODO®OC@ =m=Pp ODOOB P ODOOGOB 2

O-@-®-0-® ©D OO0 6 ©®:gg_§g

LO O (N (O O © D @® 6 G © @

®@® 6 6 6 DD @ G ® @D @ © @ >
de novo adv?ntageous partial sweep hard sweep position

mutation

A

\—/

haplotype
diversity

A 4

standing variation ; ‘o
: : soft swee osition
(or multiple mutations) partial sweep : P

Novembre & Han 2012, Phil. Trans. R. Soc. B

Some recent studies suggested that soft sweeps are probably more frequent, but this
statement is still debated because soft sweep detection can generate a lot of false positives...



Short-time scales, methods are divided into two main groups:

(within-population variation)

Selective sweeps

Neutral
variants New adaptive
Before Selection mutation After Selection
1 = - . =
| o & | B | N N -
- = - .
f = = — = s W .
I HE = ] —a - . - .
- . | = - - - o
= m = m - W =
- = - = - s = .
- [ B | m [} I . - .
- == [ - .
Selective Sweep
o
=4
o
£oc
2]
o
2
O <
_oo
O = %
=4 o S |
B3
2 & synonymous+Cl §§—
o 4-fold Al - as
© | == non-synonymous o distance (cM) &
0.8 L 0.4 0 S 0 0.8
5 distance to nearest substitution (cM) 3

Reduction of the diversity at the selected locus

(+its linked neutral variants)

i i e o

Genetic differentiation
(between populations)

Allele frequency
2
Locus not yet / pop
targeted by w -
selection
] Divergence
New adaptive l
mutation —
Adaptive allele will v
rapidly increase in . -
allele frequency

Extreme allele frequency differences
between the two populations at the
selected locus

SNP in close vicinity to the targeted
SNPs also exhibit strong differences in
allele frequency




Fixation indices (F-statistics, F¢7 in particular) <-> inbreeding

In nature, individuals rarely mate completely at random
because of some geographically orecologically-restricted
mating among individuals. Such a non-random population
mating drive differentiation among populationsover the
whole genome (i.e. population structure).

F,; = deviation in allele frequencies among populations
relative to the expectation assuming panmixtia (random
mating)

Fsr=0
Fsr = (Hr—Hg)/Hy
=1-H/H;
(with HS=2p5(pop)qS(pop) & HT=2|:)TotanTotaI) For=1

across multiple populations: average Hs
(here 2 pops: average between Hg,0,1) & Hspop2))

Popl
Individuals
populations
Total
(metapopu
lation)
Popl Pop2




Genetic differentiation

Populations Populations
from the ? from the Differences in allele
environmentl ¢ environment2 / ieauendies aione
«— @ — —_— -«
0- - S05050— 05050 =50 -
flA)

Adaptive locus A= X e a3 /

‘Hitchhiked’ locus | g b s f(B) \\\
I Soseesetaseme

Neutral locus o C <@ ( = fC)
I T

Modified from Bierne (2001)



Among population variationin F¢;

Given that the large majority of SNPs in the genome are neutral, the pairwise
population differentiationscomputed over the whole dataset are representative
of the population structure (i.e. past or present departure from panmixia of a
given population <-> demographic history)

100k SNP, 18 pops

L16 [ ] ] of oaks over
016 4
Lo France, Germany
0124 and Ireland
081 L]
L& Pairwise
o1 4 FST values
@ 0.025
=
S 0.020
| 200 lu.ms
§_ 053 4 0.010
O 2331 0.005
2184 0.000
218 4 IIII
2171

204 4
124 A
87 1

9 97 124 204 217 218 219 233 253 256 L1 O1 L8 OB 012 L12 O16 L16
Populations

Leroy etal. 2020 New Phytologist 226:1171-1182



Genetic differentiation

Populations Populations
from the ? from the Differences in allele
environmentl ¢ environment2 / ieauendies aione
-« -«
0- 505050 —050505-50 _ / [
flA)

Adaptive locus A= X = aﬂ /
f(B)

‘Hitchhiked’ locus B <—=— b

Neutral locus o C <@ ( = flC)
\

U !

Reciprocally, if we want to identify some potential adaptive locus, we
can focus on SNPs exhibitingthe highest F¢values!

Modified from Bierne (2001)



Among locus variationin F¢;

Empirical distribution of F¢; among all genotyped loci

A
£
III I|
2 I,l' " > Neutral (informative of
= f \ the population
j; ,n'l .H'x structure/demographic
3 .-"II h, history)
Y
/ .,
_,_.-‘f/# .. xﬁ""-h____ oy
=——> Genes under positive
0 2 e (diversifying) selection?
" El

Figure 2 | Identifying outlier behaviour. A hypothatcal detribution of F | (genatic divergence) and F_ (deviation from
Hardy-\WeriDerg proportions) amang neutral koo that are sampled fom across the genome. Locus-specific effects lead to a fow
outier koci with a highly divergent £ or £ vaiue relativa 1o most offer koo across the genoma. Maodified with parmisson from
REF. 1 © [2001) Annual Beviews.

Lewontin and Krakauer's (LK) test for the heterogeneity of the Fs;index across loci
(Lewontin & Krakauer, 1973 Genetics)

Loci targeted by natural selection can be on both tailed of the distribution (‘outlier loci’):
Very low F¢; levels = putative loci under balancing selection (less differentiation than expected for a neutral marker)
Very high F; levels = putative loci under positive selection (more differentiation than expected for a neutral marker)



Among locus variationin Fst

Aa Parapatric races: H. m. amaryllis (Per) versus H. m. aglaope (Per)
1.0+

10Mb 0 Fg 1

This plot showing the variation of the differentiation along chromosomes is called a ‘Manhattan plot’

Fer —> Almost all SNPs exhibit Fst values close to O (i.e. almost no
population structure)

—> Very long tail of the distribution (‘clear outliers’)

—> These outliers colocate in a few narrow regions of high
differentiation, which represent interesting regions to
identify the genetic basis for reproductiveisolation
between these two parapatric populations

—> |deal situation, but rarely observed in practice!

Seehausen etal. 2014 Nature Review Genetics



Among locus variationin Fst

Aa Parapatric races: H. m. amaryllis (Per) versus H. m. aglaope (Per)

EPTREY T TR
: L]

1 &R 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Z

The plot showing the variation of the differentiation along chromosomes are called ‘Manhattan plots’

Seehausen etal. 2014 Nature Review Genetics



Defining the threshold to identify the genes potentially under selection is tricky!

Which proportion of the genome is really under positive selection? 0.1%, 1%, 5%, more ?

If we a priori choose a threshold of 1%, i.e. we assume that 1% of the genome is under
selection. In this case, | will consider SNPs that are in the top 1% of the F¢; distribution!

Problem 1: if 5% of the genome is under positive selection, a lot of selected
SNPs will be falsely considered as neutral (false negatives).

Problem 2: in an even worst case, assume now that the populationsevolve
under strict neutrality (no genes are under selection), all the SNPs considered
as outliers are in reality false positives

Such a strategy based on an assumed proportionis inadequate!



The general strategy is to generate a neutral expectation

Strategy 1: perform neutral simulationsassuming the observed levels
of populationstructure

¢ = -
Perform simulations (so-called “Pseudo-Observed Datasets”, PODs) : e ke
assuming the observed levels of population structure = I B

‘ e
All performed simulations assume strict neutrality e

Thanks to these simulations we can therefore generate the expected distribution of the
metrics (e.g. F¢7) without selection and then by comparing to the observed distribution,
identify potential outliers

e.g. 18 oak pops,

3,090 SNPs among the

| 1,349,416 investigated SNPs
exhibit values that are
higher than the highest F¢;
value observed for the

simulations
| Realdata Simulations
Assuming this criteria
e 3,090/1,349,416
00 =>0.23% of the genome is
’ ® XX aloes © ® under selection

Leroy etal. 2020 New Phytologist 226:1171-1182



The general strategy is to generate a neutral expectation

Strategy 2: First, reconstruct the demographic history of a given species’anad
then perform neutral simulationsunder this best demographic scenario

Raw Data Pool-Se [ Data per species ~ 1.6x10% paired-end reads ~ 320 Gbp |
q

Mapping against the oak reference genome, deduplication & filtering

| Random sompling of |__ i

I_L__fﬂ_”f'if_”f‘_ 3 A ﬂ

« 2 scenarios of speciation investigated per pair of species . Outlier detection

SNPs with Ggp values outside the 0,9999 quantile are

. Past . considered to be outliers
i — + Sliding windows approach (Fig. 3)
._=‘ M, ] o _‘_ J | Proportion of outliers among all SNPs per non-overlapping
'} Ma '_'% < sliding window of 10 kb (after excluding SNPs with very low
! 2 heterozygosities, Fig. S9)
- Models include genomic heterogeneities in migration rates i NT i - Local enrichment (Fig. 3)
. . eu "
and population sizes { Envelopes ' | The top 0.1% of windows enriched in outliers in at least one
- 1 million multilocus datasets simulated per scenario ' (Fig. 83) ! species were further investigated for candidate genes for
+ Model choice (Tables 1 & S1) & posterior distributions aiaink Bl reproductive isolation
| Parameter estimates endrthe Heah Madel (Tables 1 & S2) | » Candidate regions

Undetected window

5-kb G 5-kb | e x 5-kb
Outlier rich-window > Outlier rich-window
flanking flanking”  flanking| ﬂankin?

Backward Simulations

+ Simulation of 5 million neutral SNPs assuming: . A .
Confidence intervals of the ABC-based parameter estimates Candidate genes for reproductive isolation (Tables 2 & 583)

Same number of individuals as in the real datasets
Genomic homogeneities for migration rates

+ Distribution of Gg; values as a function of heterozygosity (Fig.S3)

Manual functional annotations of genes predicted within these
candidate regions (oak gene catalog [10])

Leroy etal. 2020 New Phytol, 226:1183-1197



The general strategy is to generate a neutral expectation

Strategy 2: First, reconstruct the demographic history of a given species and
then perform neutral simulationsunder this best demographic scenario

A
0
<
o
TsruTi ===

Tsput2 |

Tspura L

Tsc |-
Present

—> Best scenario identified using ABC (recent secondary
contact between all species)

Leroyetal. 2017 New Phytologist



The general strategy is to generate a neutral expectation

Strategy 2: First, reconstruct the demographic history of a given species and
then perform neutral simulationsunder this best demographic scenario

A Q.robur/Q.petraea B Q.pyrenaica/Q.petraea c Q.pubescens/Q.petraea
o
&1.00 . 1.00 1.00
kS ’
§075 ' 075 075 .
5 /
2 , !
% 0.50 0.50 0.50 4
) -~
] o
2025 025 0.25 i
5 ———
3 —
E
@ 0.00 0.00 0.00
0.0 0.1 02 03 0.4 05 0.0 01 02 03 04 0.5 0.0 01 0.2 03 0.4 05
He He He
D Q.robur/Q.pubescens E Q.robur/Q.pyrenaica F Q.pubescens/Q.pyrenaica
7]
& 1.00 1.00 ; 1.00
k]
_é 0.75 075 0.75 f
3 ‘
£ 050 050 0.50 4
i) ’
o -
-8 -
L 025 0.25 0.25 T
& -
] o
E =
3 0.00 0.00 0.00
00 041 02 03 04 05 0.0 041 0.z 0.3 04 05 0.0 04 02 0.3 04 0.5
He He He

——>  Generate neutral distribution based on the simulations
under the best demographic scenario

—>  |dentify SNPs that exhibit values higher than this ‘neutral
envelope’

Leroy etal. 2020 New Phytol, 226:1183-1197



The general strategy is to generate a neutral expectation

Strategy 2: First, reconstruct the demographic history of a given species and

then perform neutral simulationsunder this best demographic scenario
i For each species pair,
proportion of ‘outliers’, i.e.

chri2

=
ZEE. EEEE.
o
s
;

“‘/-&M :ﬂi\\ z roportion of SNPs deviatin
L ey ? i tral tati )
e e . rom neutral expectations .

- : under the best demographic

scenario

J

—> ldentify narrow
regions with
elevated
differentiation
levels

—> |dentify candidate
genes in these
narrow regions

E0iyy

Leroy etal. 2020 New Phytol, 226:1183-1197



Variation of local recombination rate: another issue!

Recombination rates {cM/Mb)

1.504

1.259

1.001

pair
pubescens—-petraea
=#= pubescens-pyrenaica
=o= pyrenaica-petraea
=o= robur-pefraea
=#= robur-pubescens
robur-pyrenaica

. <+ <«— Chr2

0.04 0.05 0.06 0.07 0.08
Mean FST values

Leroy etal. 2020 New Phytol, 226:1183-1197

MOLECULAR ECOLOGY
T —

FROM THE COVER

Variation in recombination rate affects detection of outliers in
genome scans under neutrality

Tom R. Booker i, Sam Yeaman, Michael C. Whitlock

Some other sources of variation (local
or interchromosomal differences in
recombination rates, effective
population size variations...) are
generally not taken into account!

Thatis now changing, because we more
and more know that the neutral F¢;
distribution also highly depends on the
recombination rate!

MOLECULAR ECOLOGY
I —

PERSPECTIVE

B Free Access

It's time to stop sweeping recombination rate under the genome
scan rug

Laurie S. Stevison g, Suzanne E. McGaugh

First published: 14 June 2020 | https://doi.org/10.1111/mec.15501 | Citations: 1

First published: 15 October 2020 | https://doi.org/10.1111/mec.15690



The general strategy is to generate a neutral expectation

Strategy 2: First, reconstruct the demographic history of a given species and
then perform neutral simulations under this best demographic scenario

scenario

/;‘;, M For each species pair,
'%’-:‘,— g‘.{g e . o o
/_*,M M«@\\ & proportion of ‘outliers’, i.e.
W = P . ..
P Y- proportion of SNPs dey|at|ng
Vyy,.»—-— ‘“““"\\ from neutral expectations |
W B under the best demographic

—> Alot of regions
identified on the
chromosome 2

—> False positives
because of the

3 lower
recombination

rate?

Leroy etal. 2020 New Phytol, 226:1183-1197



Summary

Most non-synonymous mutations are neutral or deleterious, some can be advantageous

Advantageous mutations are more frequently observed among substitutions than among
polymorphisms because advantageous mutations rapidly fix in the population and are therefore
ephemeral in the polymorphism (Reciprocally deleterious mutations are more frequent in the polymorphism)

Substitu-
tions

B Stricthy deleterious (-) @ Meurral (M) B Slightly advantageous (N*)
B Slightly deleterious (N7} B Strictly advantageous (+}

Substitution data are informative about historical selection, while polymorphism data are
more informative about recent/ongoing selection

Can be investigated with very different kinds of data, from a handful of genes from two or few species
(substitutions) to whole-genome sequence of one or many populations (polymorphisms)!

Selective sweep methods (incl. Tajima’s D) only require data from a single population, ‘FST scans’
require at least 2 populations

Identifying footprints of selection remains a complex task (e.g. detecting soft sweeps, neutral envelopes)



