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Thermodynamic threshold for Darwinian evolution

Darwinian evolution: when, in a population Selection coefficient s € [—1,1]:
of replicators, replicators with higher fitness measure of relative fitness difference
outcompete those with lower fitness between replicators (s = 0 for no difference)

“Strength of selection” can be quantified via a lower bound on s,
the critical selection coefficient that is “visible” to selection

Finite population sizes Finite mutation rate y Preview of main result:
s > 1/N 4 (Eigen’s “error catastrophe”) a thermodynamic threshold
S > U for molecular replicators
’ | Selforganization of Matter s>e °
and the Evolution of Biological Macromolecules
of molecular T——
evolution - s : selection coefficient (1 — f'/f)

(between 0 and 1)

o : Gibbs free energy dissipated
by fitter replicator (k7/copy)

MotooKimura

doi:10.1073/pnas.212514799
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Main results

« Reaction volume contains n types of “eof o oo

replicators ’j\ . J(‘ °
* Replicators flow out at dilution rate ¢ o ° ) j o
» Consider (deterministic) °© ° %0 ° :

concentrations in steady state ° e

b l :
Each replicator X undergoes autocatalytic reaction: Autocatalytic current
X+ 2. a0A 2 X+X+ ). BA J(x,a, )
Gibbs free energy of reaction Outflow and autocatalysis balance
6c=—Inx+) (a—p) Ing — AG’ ¢x = J(x,a, )

¢: dilution rate x: concentration of replicator X a = (a, ..., ay): concentrations of substrate/waste A, ..., A;



Main results

Flux kinetics are “mass-action-like”

Jt =«k%(a, P)x
J~ =k (a,p)x*

¢: dilution rate x: concentration of replicator X

a = (Cll,

J(x,a, @)

Flux-force inequality

J+
O'Zhl—_

ey ak): concentrations of substrate/waste A, ...



Main results

Definition of fithess

Fitness of replicator: maximum per-capita growth rate

f(a,¢) :=supJ(x,a, p)/x

x>0

J(x,a,¢d) = kT (a,d)x — k(a, p)x> dx = J(x,a, P)

Fitness is the forward rate constant If ¢ > f(a, @), replicator must be extinct, x = 0
f(a,¢) = x"(a, ) If ¢ < f(a, @), there is non-extinct steady state, x > 0



Main results

(Non)elementary replicators

Elementary replicator

Mass action current

J(x,a) = kH ai“ix — keAG°H al.ﬁ ix?

AQ@
Non-elementary
replicator X "
"9 X @0
O o]e)
@0 =— —_— — > 00
. o0 00— 00 oo

Mass-action-like current
J(X, a, ¢) — Ke—li_if(a7 ¢)X — Ke_ff(a7 Qb)XZ

Flux-force equality

c = In

Yoo A

k[ a/x

keAG°Hi al_ﬂi X2

> A;
+

X % Yi %
Ky LY)

doB1,iA D> P2 iA;

Flux-force inequality

> In

ki@, @) = kf [kf (M + D)7 +2c5M + @D | —1]

Ker(@, ) = Ky [2 = KT (M + @D);L  + 26 M + gDt ]

m—1,m—

k(a, P)x

Ke_ff(a’ ¢)X2

e o o
e o o —
o o o

Fithess

f=k[]a"

i

> oum i A

—+

Vi1 == X +X
Z/Bm,iAi

Fithess

f@a,¢) = kly(a, @)



Main results

Derivation of main results

Flux-force ineaualitv

f=1
f=2
f=3
f=4
. O
Defi =,
Ste: 2
¢
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.9 4.0
Defi ?
¢ Lo Actual growth rate
c>—In(1—-— Dissipation > —In | 1 —
f Max growth rate



Main results

Consider two replicators:

1. Replicator X with fitness f'that is not extinct, x > 0 | If ¢ > f, replicator X" must be extinct, x’ = 0
If ¢ < f’, there is non-extinct steady state, x’ > 0

2. Replicator X’ with fitness f’ that is extinct, x’ = 0

c> —In <1 — ﬂ)
/
A thermodynamic bound on
selection for molecular replicators
, s>e °
c> —1n <1 — L)
f
= —1Ins

s:=1—fIf



lllustration of result



Comparison to real-world replicators

A thermodynamic bound on
selection for molecular replicators

s>e

Self-replicating prion
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Example: elementary replicators in a chemostat



Example: elementary replicators in a chemostat
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X, +A2 X +X,
X,+A2X,+X,

a
0.0
o
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- X, +A2 X, +X,

o

Steady state:
a=v—> i, z;=max{0,e 2% (a—¢/k;)}

Schuster and Sigmund, Dynamics of Evolutionary Optimization,
Berichte der Bunsengesellschaft fiir physikalische Chemie, 1985

a
Gl — ln_ - AG;
x.

fi=ka
s;=1—flfi=1-kl/k

c>—1Ins

6, > —Ins, = — In(1 — k./k;)

o increases with the dilution rate ¢

. v X, +A 2 X+ X, ¢ dilution rate
inflow substrate concentration

a(t) substrate concentration in volume ~ x,(¢)

Ei(t) = kiwi (D)[a(t) — €2 a(1)] — das(t)

(e}

= o(y —a(t)) = Y kizi(t)[a(t) — 2wy (1)]

k; rate constant of replicator X;
—AG; standard Gibbs energy of X;

concentration of replicator X

ki > ky > ks > ky

N

5 — X
=

< — X5
=

S s
g . ]

o X4
@)

Dilution rate ¢



Other issues + future work



Collectively autocatalytic systems (autocatalytic sets)



Collectively autocatalytic systems (autocatalytic sets)

Fitness of a cross-catalytic cycle

a ' 1>0,2€R”
X& @ J€{l.m} mod m >0,zeRY
$o-/
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%P N\ Za+t Y oA2Z  +Z+ Y BA | fla,$):= sup A suchthat J(z,a, ) = Az



Future work

1. Stochastic fluctuations 2. Mutations

3. More general topologies for nonelementary 4. Second-order replicators
replicators and for autocatalytic sets

AQ QA

o.,&g,,&gg_.ggﬁ..o The Hypercycle

“The Shlogl Model”
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