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How neutral diversity (molecular markers) is affected
by selection and adaptation?

@ Eco-evolutionary framework.

@ How the ecological phenomena (which only depend on the trait
values) will influence the generation and maintenance of neutral
variation?

@ How patterns of neutral molecular evolution could be used to
infer the history of trait mutation that have driven past
adaptation?

@ Abundant literature on the impact of selection on neutral
polymorphism. The models make the assumptions of constant
population and selection.

(Barton, Durrett-Schweinsberg, Etheridge-Pfaffelhiiber-Wakolbinger and
references therein).

@ Our goal is to relax these assumptions.



The individual-based model

Our model:

Asexual population

Individual-based eco-evolutionary process of adaptive trait and
neutral marker dynamics with varying population size (and selection).
Each individual is characterized

@ by an adaptive trait which influences its intrinsic demographic
rates and the ecological interactions.
The ability of the individual to survive and reproduce depends on
its trait.

@ by a genetic marker supposed to be selectively neutral.



Trait and Marker Dynamics

The evolution of the trait and marker distribution results from three
basic mechanisms.

@ Heredity. Transmission of the ancestral trait and marker to the
offsprings.

@ Mutation. Generates variability in the trait and marker values.

Main assumption: marker mutation process much faster
than trait mutation process but much slower than the
ecological time-scale of birth and death events.

@ Selection. Acts on the death rates as the result of competition
between individuals - for limited resources ( depends only on the
traits).

Three time scales: ecological birth and death, marker mutation, trait
mutation.



Biological assumptions

@ (1) large population

@ (2) rare trait mutations

@ (3) rare marker mutations

@ (4) "small" marker mutation steps

@ (5) marker mutation process much faster than trait mutation
process

and long (evolutive) time scale.

Adaptive Dynamics framework: Successive invasions of successful
trait mutants.



Description of the successive invasions of mutants:

@ Game Theory - Dynamical Systems:
Hofbauer-Sigmund 1990, Marrow-Law-Cannings 1992,
Metz-Geritz-Meszéna et al. 1992, 1996, Dieckmann-Law 1996.

@ PDE Approach. Perthame-Barles-Mirrahimi 07-10, Jabin, Desvillettes,
Raoul, Mischler 08-10.

@ Our Approach: Individual-based model (birth and death process with
mutation and selection).
(Bolker-Pacala 97, Kisdi 99, Dieckmann-Law 00, Fournier-M. 04,
Ferriere-Champagnat-M. 06, Champagnat 06, Champagnat-M. 10)

Our aim: To explain by this adaptive dynamics framework the
underlying dynamics of the neutral markers.

We will prove that if a trait mutant appears and sweeps through the
population to fixation, the marker distribution undergoes a bottleneck
and diffuses after the adaptive jump

Neutral diversity will be restored after each adaptive jump.



Individual-based model

@ Trait under selection x inasubset X of R (rate of nutrient
intake, body size at maturity, age at maturity .. .).

@ Neutral marker u in asubset ¢/ of R.

@ The type of an individual i: (x;, u;).

@ K scales the size of the population.

@ pi scales the mutation probability of the traits under selection.
@ gx scales the mutation probability of the neutral markers.

@ Population of NX(t) individuals weighted by & with types
((X1 , U )7 Tty (XNK(t)7 UNK(T)))'

K _ NK (t)
It is represented by the pomt measure vf =} O(x,u1)-

<Vt ,9) = K Z, 1 (Xi;Ui) ; NK(t) = K<VtK»1>-



Transitions

BIRTHS:

Each individual with characteristics (x, u) gives birth to a single
individual at (inhomogeneous) rate b(x); 0 < b(x) <b.

At each birth time:

@ with probability (1 — px) (1 — gk), the offsprings inherits of (x, u).

@ Mutations on trait and marker occur independently with
probability px and gk.

Pk~ 7z 5 Gk =Tk Pk ; Gk — 0 ; rx — +oo.

@ Trait mutation: the new trait is x 4+ ¢ chosen according to
m(x, ¢)de.



@ Marker mutation: the new marker is u+ h chosen according to
GK(U, dh).

@ 1 (A, D(A)) generator of a Feller semi-group such that
Vg € D(A),

lim su
K up

o [ (atu+ by~ g(u))G(u.dr) - Ag| =0,

("Small" marker mutation steps)



DEATHS:

@ Each individual with characteristics (x, u) dies at rate

d(x) + n(x)C = y;((x) =d(x) + ”/5:)

K
o Theterm 5(x)C v/ (x) = 20 S~V () C(x — x;) describes the
competition pressure for external resources.

@ Assumptions:
b(x) —d(x) >0 ; n(x)C(x —y)>n>0.

@ The demographic functions b, d, n, C and the mutation
measures m(.,¢)d¢ and Gk(., h)dh are continuous functions.



Examples

@ Example 1: U = [uy, u2] and Gk ~ N(uK,aﬁ) with px — 0 and
ok — 0 and
rK,’éK = lim rK;(”% — o2

Then Af = uf + %" for fe C? and f'(us) = f/(t) = O.

lim
K

1 1 , o

Pr = 42+ Tk gk VK MK VK

@ Example 2:
Gk is the law of a Pareto variable with index o € (1, 2) divided by
Ka
such that n < 1, limg % =7 and

dh

Af = F/(f(u+ h) — f(u) — hf'(u)1 “"SOW’



@ Example 3: Discrete case U = {a, A}.

Marker mutation: the new marker h is chosen according to
GK(U, dh):

Ik

Gk(u,dh) =1,_2q9204(dh) + 1,=4qada(dh) ; Ii,r(n K= r.

Then

Af(u) =T (1u=a a(f(A) — £()) + 1u—a qa(f(a) — f(A))).

ak =

X[~



Marker and trait population processes

NX ()
1
Zé(x,u,)e{KZ(sx,u,;n>0(X17U1) 7(Xn;Un)€Xxu}-

i=1 i=1
Trait marginal measure (on X):

NK (1)

Z dx, :/ (dx, du).

Marker distribution (probability on /) for a given trait value x:

NK(T) 1 S5
< (x, du) = —Z’:A‘,K(,) x=x0u
2ict Da=x

We get
v (dx, du) = X[ (dx) 7 (x, du).

Behavior when K tends to infinity?



Example

Inspired by a model of beak’s size. (Dieckmann-Doebeli 1999)

° X =[-22];U=[-66].

1 . 1
aziak =K¥2 g = = .

9 Pk = TR

® m~N(0,107") and Gk ~ N(0, )

conditioned to [—2, 2] and [—6, 6].

are two Gaussian laws

@ b(x) = exp(—x2/202) ; op = 0.9. Maximum at 0.

@ Symmetric competition for resources. n(x) =1 and

C(x — y) = exp(—(x — y)?/20%).

@ Initial condition: K =1000; xo = —1,up = 0.



Simulations: Genealogies of the individuals

We only keep the trajectories of the individuals alive at time t.
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Ecological time scale - Invasion fitness function
Monomorphic initial population with fixed trait x.

When K — oo, no mutation at this scale.

Theorem: Assume that XX (dy) = nf 5x(dy) and nf — no.

Then (N,K ,t > 0) converges to (n;, t > 0), where n; is the solution of
the (deterministic ) logistic equation

he = (b(x) — d(x) — n(x)C(0)n;) ny,
which converges when t tends to infinity to the charge capacity

5 _ b0~ d(x)
n(x) C0) -

The invasion fitness function is given by

f(y: x) = b(y) — d(y) = n(x)C(y — x)x.

It represents the growth rate of a sub-population with trait mutant y
in a resident trait-monomorphic population with trait x.



Evolutive time scale: asymptotic behavior of (X%).

Trait Substitution Sequence: (Metz et al. 1996; Champagnat 06,
Champagnat-Ferriere-M. 08).

Assume v§(dy) = nf 6, (dy) and that limx_e N = Ny,

Assume "Invasion Implies Fixation".
(If C=1, x~ hy is a monotonous function).

Theorem: The population process (X, t > 0) converges to a jump
process (fy, dy,; t > 0) on monomorphic states, called Trait
Substitution Sequence (TSS).

@ The TSS jumps from 7, individuals with trait x to .,

individuals with trait x + ¢ at rate
L f(x+ 6 X))+
b(x) ThxiD) m(x, ¢)d?.

@ Each jump corresponds to a successful invasion of a new mutant
trait.



population size

A
ﬁx Ox
Ny NN
ANAA ~
-V ‘v\\;’/\— ~ nx+£ 6x+£
R V
Nx4e '*‘{H"/’{\V\/J'k\'&?f o
1? Ox+e
e M,
0 1 t2 g1

log K




@ The selection process has sufficient time between two trait
mutations to eliminate disadvantaged traits.

@ Since the population size is of order K, the duration for this
competition phasis is of order log K.

@ Succession of phases of trait mutant invasion, and phases of
competition between traits.

@ Convergence in the sense of finite dimensional distributions and
convergence in law of the sequence of random measures
X[ (dx)dt to the random measure fy, 5y, (dx)dt.

Question: what happens for the marker distribution 7/ (x, dv) ?



Fleming-Viot process (pawson-Hochberg)
For x € X and u € U, the Fleming-Viot process (F/(x, dv),t > 0) is
@ a process with values in the probability measures on U,
@ started at time 0 with initial condition ¢,
@ associated with the (marker) mutation operator A,

@ its law is characterized as the unique solution of the following
martingale problem: For any g € D(A),

. ot
| /M g(v) F¥(x, dv) = g(u) + b(x) /o (FU(x,.),Ag) ds + M*V)(g).

M®™:Y)(g) is a continuous square integrable martingale with
quadratic variation

20(x) / (2. ) — (R0, 007 ) .

Ny Jo




Substitution Fleming-Viot Process
Theorem: Assume v{(dy,dv) = nff 6(x,.u)(dy, dv) and that
Mk 00 NE = iy,

Assume that x — Ny is a monotonous function. (Invasion implies
fixation).

The population process (vl t > 0) converges on Mg(X x U) to the
process (V;, t > 0) defined by

Vi(dy, dv) = fy, dy,(dy) F2( Yz, dv).

The process (Y;, U;) started at (xo, Up) jumps from (x,u) to (x + ¢, V)
with the jump measure

b(x) Py W FY(x, dv) m(x, £)dL.

The convergence holds in the sense of finite dimensional distributions on
Mg(X x U) and in the sense of occupation measures.



Comments

@ Three qualitative behaviors due to the three scales:
- deterministic equilibrium for the transitory size of the population,
- transitory diffusive behavior for the marker distribution,

- jump process for the trait and marker distribution.

@ After the jump (at time S), the marker dynamics is the
Fleming-Viot process F}(Ys,dw) started at ¢, attime S and
parametrized by Ys.

@ The marker v has been chosen following the probability
Fo (Ys_, dv).

@ Every jump creates a bottleneck for the genealogy of the marker.

@ The distribution of the neutral marker depends on the ecological
processes.



Extension to coexisting traits.

When "Invasion implies fixation" fails, several traits may coexist: the
polymorphism evolution sequence (PES).
( Champagnat-M., PTRF 2011).

Between the jumps of the PES, the marker distribution is the sum of
independent Fleming-Viot processes parametrized by the coexisting
traits.

Thus, when there is a trait diversification, the distribution of the
neutral diversity in one of the subpopulations does not evolve as
completely forgetting the other ones. It depends on the complete trait
distribution.



The model of beak’s size

o X=[-11]:uU=[-22].

® px =gz iak = K¥?; qx =

&

@ m~ N(0,10~") and Gk ~ N(O, ﬁ) are two Gaussian laws
conditioned to [—1, 1] and [-2, 2].

@ b(x) = exp(—x?/202) ; op = 0.9. Maximum at 0.

@ Symmetric competition for resources. n(x) =1 and

C(x —y) =exp(—(x — y)?/202) , oc = 0.8.



Individual-based Simulations

a0 =




Coexistence case.
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Wright-Fisher Evolutionary process

Discrete marker space U = {A, a}, probabilities g4 and g, to mutate
from A to a andfrom ato A and limgx % =TF.

The process (vf;, t > 0) converges to

hYt (W[a 6(Yz,a)(dyv dU) (1 - Wa) (dy7 dU))

where between jumps,

Y,

dWZ =TFb(Y:)(ga(1 — WF) — qaW7)dt + \/2177( t W@ (1 — W2)dB:.

The limiting process jumps with the TSS (Y;, t > 0).

At jump time ¢, the process (W7, 1 — W§) goesto (1,0) with
probability W2 andto (0,1) with probability 1 — WZ.



Trait and Allele values
—— Residentrait ---- mutant trait Aloio A — Neloa

MW q A Mﬂk \

Size
0 800

601

400

A mutant trait appears around time 18290.

At that time, the A-allele frequency is 85%.

After fixation time around 18490, the a-allele population is extinct.
It is regenerated by mutation but gets extinct 3 times before time
19600.



Marker Distribution in a mutant trait population

Let us consider a mutant (y, v) appearing in a monomorphic
population with trait x, and marker distribution 7 (xo, du). Assume
that f(y; xo) > 0.

Let ¢ > 0 and consider a sequence (fx; K € N*) such that

liMmg 100 tx/l0g K = 400 ;  limg_ 1o tk/K = 0. (for example
tx = VKlog K).
Then
lim P((vX,1 >>5):f(yx): lim Pt (y, du) = 8, (du));
K—+o0 ber 1Y ( ) K—+ A v '
0y 1 f(y; Xo)
(B 1) =0) = 1= —p

The fixation of the mutant creates a genetical bottleneck.

Idea: The rate of marker mutations can be large: of order Kgx ~ v/K.
But until time sk, log K < sk < (log K)?, the marker mutation
frequency is small and between sk and tx, the mutant markers
remain in negligible proportion.



Marker distribution in a trait-monomorphic population -
time scale Kt

vE(dy, dv) = nf 5(x,.u,)(dy, dv) and n§ — fy,. Let 7% be the time of
first trait mutation.

Proposition

() liMy o0 T = 7
(i) The process (TI';EU ATK)(XO, dv),t > 0) converges in law to the

Fleming-Viot process (F°(xo,dv),t > 0) started at é,, and
parametrized by xy and stopped at .

Proof:

K K,
<7rK(1‘/\TK)(XO7 )7g> = g(uo) + HK(?ATK)
tark

g 1

/Mwﬁs(xo,dv)[/u (9(v + h) — g(v)) G (v, h)dh]



The process HX:9 is a square integrable martingale.

Computation shows that its quadratic variation behaves as

/'{b(Xo) +d(x0) +7(0) (Vs 1) (s
0

<I/;§ 1> 7"'Ks(X07 ')792> - <7Ti;§s(X07 -)a g>2)7

as K tends to infinity.

Remark: Fundamental to choose K21pK ~ 1 to get a non degenerate

limiting quadratic variation process.



