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1 Mathematical model

Here, we present the mechanistic models underpinning the control schemes featured in Fig. 1.

We demonstrate that while the regulator R is continuously expressed throughout the entire pe-

riod for non-autoregulated motifs, its expression is only turned on during the induced phase for

autoregulation. Following this, we detail how fitness cost can be mapped to reduced growth

rate, and illustrate that autoregulation can offer superior performance by eliminating the gratu-

itous expression of the regulator R. It is important to note that the results in subsequent sections

and in the main text do not depend on the exact details of the models presented here. Instead,

they are underpinned by the time-varying selection pressures featured in Fig. 2c. As a result, the

particular modeling choices can be flexibly modified without impacting the findings to capture

more complex phenomena, for instance, the multimerization of the regulator or the impact of

shared cellular resources and the resulting metabolic burden.

1.1 Positive control

The dynamics of R and P when the former is not autoregulated are given by

dR
dt

= αR − δRR,
dP
dt

= αP
R + ϵK(I)

R +K(I)
− δPP,

where αR and αP are production rate constants, ϵ ≪ 1 captures promoter leakiness, δR and

δP are degradation rate constants, and K(I) denotes the dissociation constant of the activator

binding to its cognate promoter. Let Kni and Ki denote the value of K(I) in the absence and

presence of the inducer I during the non-induced and induced phases, respectively, such that

Kni ≫ Ki (i.e., binding is stronger in the induced phase). Similarly, the dynamics are given by

dR
dt

= ᾱR
R + ϵK(I)

R +K(I)
− δRR,

dP
dt

= αP
R + ϵK(I)

R +K(I)
− δPP

when R is self-activated, where ᾱR is the production rate constant.
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Introduce τ = tδP , r = RδR/αR, p = PδP/αP , k(I) = K(I)δR/αR, ki = KiδR/αR,

kni = KniδR/αR, and ᾱ = ᾱR/αR. The de-dimensionalized dynamics for non-autoregulated

activation thus become

dr
dτ

= γ (1− r) ,
dp
dτ

=
r + ϵk(I)

r + k(I)
− p, (1)

while for self-activation we obtain

dr
dτ

= γ

(
ᾱ
r + ϵk(I)

r + k(I)
− r

)
,

dp
dτ

=
r + ϵk(I)

r + k(I)
− p, (2)

where γ = δR/δP captures the timescale difference between the dynamics of the regulator and

the product. At the steady state we have r = 1 in the absence of autoregulation, whereas in its

presence we obtain

r =
(ᾱ− k(I))±

√
(ᾱ− k(I))2 + 4ϵᾱk(I)

2
,

hence there is a unique positive equilibrium. During the non-induced phase we have r → ϵᾱ

as kni → ∞, and during the induced phase we obtain r → ᾱ as ki → 0. Therefore, we

can approximate the expression of the regulator R being off/on during the non-induced/induced

phases when ϵ ≪ 1 (yielding negligible basal expression in the non-induced phase, Fig. 1b).

To ensure that r and p take on the same values for non-autoregulated and autoregulated

positive control during the induced phase, note first that we have p = [r + ϵk(I)]/[r + k(I)] in

both cases at the equilibrium. Therefore, it is sufficient to ensure that r takes on the same value

in the absence and presence of autoregulation to guarantee identical steady state behavior of p.

This requirement yields the constraint

0 = ᾱ
1 + ϵk(I)

1 + k(I)
− 1,

hence by choosing ᾱ = (1+ki)/(1+ϵki) we can ensure that the values of both r and p (thus the

concentrations of R and P) are identical in the presence of the inducer (i.e., during the induced

phase) for non-autoregulated and autoregulated positive control of the regulator.
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1.2 Negative control

The dynamics of R and P when the former is not autoregulated are given by

dR
dt

= αR − δRR,
dP
dt

= αP
ϵR +K(I)

R +K(I)
− δPP,

where K(I) now denotes the dissociation constant of the repressor binding to its cognate pro-

moter (all other parameters are defined as before). Let Kni and Ki denote the value of K(I) in

the absence and presence of the inducer I during the non-induced and induced phases, respec-

tively, such that Kni ≪ Ki (i.e., binding is weaker in the induced phase). Similarly, when R is

self-repressed, the dynamics are given by

dR
dt

= ᾱ
ϵR +K(I)

R +K(I)
− δRR,

dP
dt

= αP
ϵR +K(I)

R +K(I)
− δPP,

where ᾱR is the production rate constant. With the same de-dimensionalization steps as for

positive control, for non-autoregulated repression we obtain the dynamics

dr
dτ

= γ (1− r) ,
dp
dτ

=
ϵr + k(I)

r + k(I)
− p, (3)

whereas for self-repression we have

dr
dτ

= γ

(
ᾱ
ϵr + k(I)

r + k(I)
− r

)
,

dp
dτ

=
ϵr + k(I)

r + k(I)
− p. (4)

Thus, at the steady state we obtain r = 1 in the absence of autoregulation, whereas in its

presence r = [(ϵᾱ−k(I))±
√

(ϵᾱ− k(I))2 + 4ᾱk(I)]/2, with a unique positive root, such that

r → ϵᾱ as kni → 0 during the non-induced phase and r → ᾱ as ki → ∞ during the induced

phase. Therefore, we can approximate the expression of the regulator R being off/on during

the non-induced/induced phases when ϵ ≪ 1 (yielding negligible basal expression in the non-

induced phase, Fig. 1b). Finally, to ensure that both r and p (thus the concentration of R and P)

match in the presence of the inducer (i.e., during the induced phase) for non-autoregulated and

autoregulated negative control of the regulator, it is sufficient to choose ᾱi = (1 + ki)/(ϵ+ ki).
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1.3 Fitness cost and growth rate

To relate fitness cost to the resulting growth rate reduction, consider two competing variants.

Normalize time so that the growth rate of variant #1 is precisely 1, and let g < 1 denote

the growth rate of variant #2, reduced due to its fitness cost s when compared to variant #1.

Members of variant #2 produce fewer offsprings than those of variant #1, leading to a reduced

fraction x of the former in the population. Considering the standard Wright-Fisher model of

population genetics (1), this can be modeled as x → x−sx(1−x)/(1−sx). Alternatively, during

an average generation of variant #1 (∆t = 1), the fraction x of the population that represents

variant #2 changes as x → xeg/[xeg + (1− x)xe]. Taken together, we obtain g = G(s) with

G(s) =

{
1 + ln(1− s) , if s < 1− 1/e,

0 , otherwise, (5)

connecting fitness cost and the resulting reduction in growth rate (g = 0 corresponds to growth

arrest in the presence of sufficiently high fitness cost). Importantly, (5) is only used to illus-

trate competition between non-autoregulated and autoregulated motifs in Supplementary Fig. 1–

Supplementary Fig. 3, other results presented in subsequent sections and in the main text are

independent of it.

1.4 Autoregulation can dominate non-autoregulated control

In Supplementary Fig. 1–Supplementary Fig. 2 we present detailed simulation data considering

sp = λp|pref − p| and sr = λrr, where λp, λr > 0 and pref is the reference signal for the product:

pref = 1 during the induced phase, and pref = 0 during the non-induced phase. In the absence

of mutations, growth rate is captured via g = G(s) from (5) with s = sp + sr, together with the

growth law Ṅ = Ng, where N is the population size. These results confirm that (i) the control

schemes work as expected, and (ii) autoregulated motifs can outperform their non-autoregulated

counterparts by eliminating the gratuitous expression of the regulator.
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Supplementary Fig. 1. Autoregulation eliminates the gratuitous expression of the regulator,
thus reducing the associated fitness cost (positive control). Light and dark red corresponds to
non-autoregulated and autoregulated activation, respectively. Induced and non-induced phases
alternate with a period of T = 20γ, the former takes up 25% of each period (gray shaded
regions). Simulation parameters are: ki = 10−3, kni = 103, ϵ = 10−3, γ = 1, λp = 0.3,
λr = 0.1.
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Supplementary Fig. 2. Autoregulation eliminates the gratuitous expression of the regula-
tor, thus reducing the associated fitness cost (negative control). Light and dark blue cor-
responds to non-autoregulated and autoregulated repression, respectively. Induced and non-
induced phases alternate with a period of T = 20γ, the former takes up 75% of each period
(gray shaded regions). Simulation parameters are: ki = 10−3, kni = 103, ϵ = 10−3, γ = 1,
λp = 0.3, λr = 0.1.
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Supplementary Fig. 3. The core regulatory motifs may be embedded in complex pathways.
Gray squares denote the inducer I. Light and dark red/blue corresponds to non-autoregulated and
autoregulated activator/repressor, respectively. Green/purple indicates elements of the pathway
upstream/downstream of the motif. Arrows with square arrowheads represent either activation
or repression. Induced (gray shaded regions) and non-induced phases alternate with a period
of T = 20γ. Simulation parameters are: ki = 10−3, kni = 103, ϵ = 10−3, γ = 1, λp = 0.3,
λr = 0.1. a Demand is D = 0.25. b Demand is D = 0.75.

In Supplementary Fig. 3 we illustrate what happens when the motifs from Fig. 1 are embed-

ded in a complex pathway. In particular, R may be regulated by an upstream process comprising

Ri, Rj , and Rk, with the bioenergetic cost s̄r(t) corresponding to their expression. As a result,

the total fitness cost becomes s = sp + sr + s̄r, where the P-cost sp may depend not only on P

regulated directly by R, but also on other species downstream of it represented by Pi, Pj , and

Pk. As identical upstream and downstream pathways yield identical s̄r and sp for all motifs

considering the same concentrations of the regulator and the product, the relative fitness differ-

ence among them remains unchanged once they are embedded within their context. Therefore,

autoregulated schemes still emerge as dominant (Supplementary Fig. 3), the additional fitness

cost s̄r impacts only the rate at which this dominance is established according to G(s) in (5).
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2 Fitness cost in large populations

In populations of considerable size, the impact of stochastic fluctuations is negligible. Thus, the

effects of mutation and selection can be characterized by relying on a deterministic approach (1),

considering the dynamics
Ṅb =ν+Nnb − ν−Nb − sbNb,

Ṅnb =ν−Nb − ν+Nnb − snbNnb,
(6)

where Nb and Nnb denote the number of binders and non-binders (Fig. 2b), together with the

corresponding time-varying fitness costs sb and snb, and with the gain-of-function and loss-of-

function mutation rates ν+ and ν−, respectively. Introducing x = Nnb/(Nn + Nnb) to denote

the fraction of non-binders in the population, from (6) we obtain

ẋ = ν− − x (ν + s) + x2s (7)

with s = snb − sb and ν = ν+ + ν−. While (7) does not conserve the total population size,

the temporal evolution of x and of the total population size are decoupled from each other as a

result of the deterministic dynamics (1).

Due to the environmental shifts depicted in Fig. 2a, s(t) takes on a periodic form. The

solution of (7) hence also approaches a periodic form, as detailed in (1) and also included in

what follows. Starting with the neutral phase at t = 0, we have s = 0 in all four cases of Fig. 2c

until t = Tn, hence the solution takes the form

x(t) =
ν−
ν

+ Ae−νt (8)

with the free parameter A. Following this, s ̸= 0 in general during the selection period from

t = Tn until t = Tn + Ts, yielding

x(t) =
1

2s

(
s̃− ŝ

1−Be−ŝ(t−Tn)

1 +Be−ŝ(t−Tn)

)
(9)
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with s̃ = s + ν, ŝ =
√

s̃2 − 4sν− and the free parameter B. The value of A and B can be

determined by imposing the boundary condition x(0) = x(T ) and the continuity constraint at

t = Tn, yielding

ν−
ν

+ A =
1

2s

(
s̃− ŝ

1−Be−ŝTs

1 +Be−ŝTs

)
,

ν−
ν

+ Ae−νTn =
1

2s

(
s̃− ŝ

1−B

1 +B

)
. (10)

The constraints in (10) can be solved numerically to obtain the values of A and B, thus the

expression of x(t) from (8)–(9), which in turn yields the average fitness cost

s̄ =
1

T

∫ T

0

[x(t)snb(t) + (1− x(t)) sb(t)] dt. (11)

Note that when (ν + s)T ≪ 1, we have e−νt ≈ 1 for t ∈ [0, Tn] and e−ŝ(t−Tn) ≈ 1 for

t ∈ [Tn, T ], hence during both the neutral and the selection phase the solution in (8) remains

approximately constant. As a result, the fraction x(t) of non-binders remains approximately

constant during the entire period due to the boundary and continuity conditions in this special

case.

In Supplementary Fig. 4–Supplementary Fig. 15 we present detailed simulation data com-

plementing the results featured in Fig. 3, indicating the dominant regulatory scheme(s) first

for only non-autoregulated control (in Supplementary Fig. 4–Supplementary Fig. 9), then also

including autoregulation (in Supplementary Fig. 10–Supplementary Fig. 15) considering low,

medium, and high mutation rates in the presence of both weak and strong selection.
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Supplementary Fig. 4. Dominant regulatory scheme considering only non-autoregulated
control (low mutation rate, weak selection). Light red/blue denotes regions where non-
autoregulated activation/repression dominates the other with at least 1% difference in the aver-
age fitness cost s̄, in the light gray region the difference is less than 1%. Simulation parameters
are: ν− = 10−7, ν+ = ν−/10, sp = 10ν−. The demand D is indicated above each panel.
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Supplementary Fig. 5. Dominant regulatory scheme considering only non-autoregulated
control (medium mutation rate, weak selection). Light red/blue denotes regions where non-
autoregulated activation/repression dominates the other with at least 1% difference in the aver-
age fitness cost s̄, in the light gray region the difference is less than 1%. Simulation parameters
are: ν− = 10−5, ν+ = ν−/10, sp = 10ν−. The demand D is indicated above each panel.
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Supplementary Fig. 6. Dominant regulatory scheme considering only non-autoregulated
control (high mutation rate, weak selection). Light red/blue denotes regions where non-
autoregulated activation/repression dominates the other with at least 1% difference in the aver-
age fitness cost s̄, in the light gray region the difference is less than 1%. Simulation parameters
are: ν− = 10−3, ν+ = ν−/10, sp = 10ν−. The demand D is indicated above each panel.

12



100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.05

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.1

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.15

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.2

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.25

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.3

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.35

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.4

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.45

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.49

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.51

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.55

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.6

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.65

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.7

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.75

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.8

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.85

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.9

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

D = 0.95

Supplementary Fig. 7. Dominant regulatory scheme considering only non-autoregulated
control (low mutation rate, strong selection). Light red/blue denotes regions where non-
autoregulated activation/repression dominates the other with at least 1% difference in the aver-
age fitness cost s̄, in the light gray region the difference is less than 1%. Simulation parameters
are: ν− = 10−7, ν+ = ν−/10, sp = 100ν−. The demand D is indicated above each panel.
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Supplementary Fig. 8. Dominant regulatory scheme considering only non-autoregulated
control (medium mutation rate, strong selection). Light red/blue denotes regions where
non-autoregulated activation/repression dominates the other with at least 1% difference in the
average fitness cost s̄, in the light gray region the difference is less than 1%. Simulation param-
eters are: ν− = 10−5, ν+ = ν−/10, sp = 100ν−. The demand D is indicated above each panel.
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Supplementary Fig. 9. Dominant regulatory scheme considering only non-autoregulated
control (high mutation rate, strong selection). Light red/blue denotes regions where non-
autoregulated activation/repression dominates the other with at least 1% difference in the aver-
age fitness cost s̄, in the light gray region the difference is less than 1%. Simulation parameters
are: ν− = 10−3, ν+ = ν−/10, sp = 100ν−. The demand D is indicated above each panel.
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Supplementary Fig. 10. Dominant regulatory scheme considering both non-autoregulated
and autoregulated control (low mutation rate, weak selection). Colors indicate the control
scheme(s) with the lowest fitness cost s̄: in case of a single winner, the second best is dominated
by at least 1%; in case of multiple winners, their difference is less than 1% and all other variants
are at least 1% worse. Dark red/blue indicates regions where autoregulated activation/repression
dominates, light blue corresponds to regions where non-autoregulated and autoregulated re-
pression dominate non-autoregulated and autoregulated activation, in the dark gray region au-
toregulated activation and autoregulated repression have comparable performance dominating
their non-autoregulated counterparts. Simulation parameters are: ν− = 10−7, ν+ = ν−/10,
sp = 10ν−. The demand D is indicated above each panel.
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Supplementary Fig. 11. Dominant regulatory scheme considering both non-autoregulated
and autoregulated control (medium mutation rate, weak selection). Colors indicate the
control scheme(s) with the lowest fitness cost s̄: in case of a single winner, the second best
is dominated by at least 1%; in case of multiple winners, their difference is less than 1% and
all other variants are at least 1% worse. Dark red/blue indicates regions where autoregulated
activation/repression dominates, light blue corresponds to regions where non-autoregulated and
autoregulated repression dominate non-autoregulated and autoregulated activation, in the dark
gray region autoregulated activation and autoregulated repression have comparable performance
dominating their non-autoregulated counterparts. Simulation parameters are: ν− = 10−5, ν+ =
ν−/10, sp = 10ν−. The demand D is indicated above each panel.
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Supplementary Fig. 12. Dominant regulatory scheme considering both non-autoregulated
and autoregulated control (high mutation rate, weak selection). Colors indicate the control
scheme(s) with the lowest fitness cost s̄: in case of a single winner, the second best is dominated
by at least 1%; in case of multiple winners, their difference is less than 1% and all other variants
are at least 1% worse. Dark red/blue indicates regions where autoregulated activation/repression
dominates, light blue corresponds to regions where non-autoregulated and autoregulated re-
pression dominate non-autoregulated and autoregulated activation, in the dark gray region au-
toregulated activation and autoregulated repression have comparable performance dominating
their non-autoregulated counterparts. Simulation parameters are: ν− = 10−3, ν+ = ν−/10,
sp = 10ν−. The demand D is indicated above each panel.
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Supplementary Fig. 13. Dominant regulatory scheme considering both non-autoregulated
and autoregulated control (low mutation rate, strong selection). Colors indicate the control
scheme(s) with the lowest fitness cost s̄: in case of a single winner, the second best is dominated
by at least 1%; in case of multiple winners, their difference is less than 1% and all other variants
are at least 1% worse. Dark red/blue indicates regions where autoregulated activation/repression
dominates, light blue corresponds to regions where non-autoregulated and autoregulated re-
pression dominate non-autoregulated and autoregulated activation, in the dark gray region au-
toregulated activation and autoregulated repression have comparable performance dominating
their non-autoregulated counterparts. Simulation parameters are: ν− = 10−7, ν+ = ν−/10,
sp = 100ν−. The demand D is indicated above each panel.
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Supplementary Fig. 14. Dominant regulatory scheme considering both non-autoregulated
and autoregulated control (medium mutation rate, strong selection). Colors indicate the
control scheme(s) with the lowest fitness cost s̄: in case of a single winner, the second best
is dominated by at least 1%; in case of multiple winners, their difference is less than 1% and
all other variants are at least 1% worse. Dark red/blue indicates regions where autoregulated
activation/repression dominates, light blue corresponds to regions where non-autoregulated and
autoregulated repression dominate non-autoregulated and autoregulated activation, in the dark
gray region autoregulated activation and autoregulated repression have comparable performance
dominating their non-autoregulated counterparts. Simulation parameters are: ν− = 10−5, ν+ =
ν−/10, sp = 100ν−. The demand D is indicated above each panel.
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Supplementary Fig. 15. Dominant regulatory scheme considering both non-autoregulated
and autoregulated control (high mutation rate, strong selection). Colors indicate the control
scheme(s) with the lowest fitness cost s̄: in case of a single winner, the second best is dominated
by at least 1%; in case of multiple winners, their difference is less than 1% and all other variants
are at least 1% worse. Dark red/blue indicates regions where autoregulated activation/repression
dominates, light blue corresponds to regions where non-autoregulated and autoregulated re-
pression dominate non-autoregulated and autoregulated activation, in the dark gray region au-
toregulated activation and autoregulated repression have comparable performance dominating
their non-autoregulated counterparts. Simulation parameters are: ν− = 10−3, ν+ = ν−/10,
sp = 100ν−. The demand D is indicated above each panel.
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3 Fitness cost in small populations

The stochastic sampling algorithm (“Stochastic simulation of the evolutionary dynamics” in the

Methods) relies on a large number of computational steps, and thus often requires a prohibitively

long time to complete (e.g., approximately 35 hours for Fig. 4a). Data presented in Supplemen-

tary Fig. 16 demonstrate that relying on the diffusion approximation (“Periodic steady state

distribution” in the Methods) does not compromise the results we obtain considering a variety

of scenarios and parameter combinations, while offering a dramatic decrease in computational

time (approximately 100-fold). Following this, in Supplementary Fig. 17a we verify that the

stochastic sampling algorithm we rely on produces results identical to those originally featured

in (1). Additionally, in Supplementary Fig. 17b we include detailed numerical simulations

complementing data presented in Fig. 4a to illustrate that the dominant non-autoregulated regu-

latory scheme is generally in accordance with wear-and-tear principle, and the use-it-or-lose-it

principle emerges only under certain circumstances in small populations.
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Supplementary Fig. 16. Validation of the diffusion approximation. Data are obtained using
the stochastic sampling algorithm (circles) and its diffusion approximation (triangles) described
in the Methods. In all plots ν− = 10−3, ν+ = ν−/10, T = 104, sp = 100ν−, sr = sp/10. Low
demand and high demand refers to D = 0.05 and D = 0.95, respectively. For stochastic sam-
pling, results are averaged over 10 replicates with 10 cycles each, starting from the initial point
x = 0.5. For the diffusion approximation, 30 spatial and 1000 temporal points are considered
when solving the PDE with a uniform initial distribution.
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Supplementary Fig. 17. Detailed numerical simulations complementing Fig. 4a. Red and
blue corresponds to non-autoregulated activation and repression, respectively. Data are obtained
using the stochastic sampling algorithm described in the Methods, averaged over 10 periods and
10 replicates with initial condition Nb = Nnb = N/2. Simulation parameters are: ν− = 10−3,
ν+ = ν−/10, sp = 0.2. Low and high demand refers to Ti = 100, Tni = 5000 and Ti = 5000,
Tni = 100, respectively. a Replicating the data in Fig. 3B of (1) in the low demand case with
the original notation γ = −s̄ representing the mutational load. b Red and blue indicates where
non-autoregulated activation and repression dominates, respectively.
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Supplementary Fig. 18. Impact of population size on rare stochastic events. Data are ob-
tained using the sampling algorithm described in the Methods (“Stochastic simulation of the
evolutionary dynamics”) with initial condition Nb = Nnb = N/2. Gray regions denote the
selection phase. Low and high demand refers to D = 0.02 and D = 0.98, respectively. Simu-
lation parameters are: ν− = 10−3, ν+ = ν−/10, sp = 0.2, T = 5000.
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In Supplementary Fig. 18 we highlight how population size affects the fraction of non-

binders in case of non-autoregulated control. In Supplementary Fig. 19–Supplementary Fig. 20

we illustrate the impact of selection pressure on rare stochastic events to reveal that increas-

ing sp drastically reduces the frequency of non-binders taking over the population in case of

activation/repression in high/low demand scenarios. This phenomenon holds for both non-

autoregulated and autoregulated control. Finally, using the color scheme in Supplementary Ta-

ble 1, in Supplementary Fig. 21 we present detailed simulation data complementing the results

featured in Fig. 4b.
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Supplementary Fig. 19. Impact of selection pressure on rare stochastic events (non-
autoregulated control). Data are obtained using the sampling algorithm described in the Meth-
ods (“Stochastic simulation of the evolutionary dynamics”) with initial condition Nb = Nnb =
N/2. Low and high demand refers to D = 0.02 and D = 0.98, respectively. Weak and strong
selection corresponds to sp = 10ν− and sp = 100ν−, respectively. Simulation parameters are:
ν− = 10−3, ν+ = ν−/10, T = 100, N = 100.
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Supplementary Fig. 20. Impact of selection pressure on rare stochastic events (autoregula-
tion). Data are obtained using the sampling algorithm described in the Methods (“Stochastic
simulation of the evolutionary dynamics”) with initial condition Nb = Nnb = N/2. Low and
high demand refers to D = 0.02 and D = 0.98, respectively. Weak and strong selection cor-
responds to sp = 10ν− and sp = 100ν−, respectively. Simulation parameters are: ν− = 10−3,
ν+ = ν−/10, T = 100, N = 100.

Supplementary Table 1. Color scheme for indicating dominant strategies. Dominant strate-
gies with the lowest fitness cost s̄ are denoted by “x” in each column. In case of a single winner,
the second best is dominated by at least 1%; in case of multiple winners, their difference is less
than 1% and all other variants are at least 1% worse.

■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■
non-autoreg. activation x x x x x x x x
non-autoreg. repression x x x x x x x x
autoregulated activation x x x x x x x x
autoregulated repression x x x x x x x x
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Supplementary Fig. 21. Evolutionary advantageous regulatory motifs based on fitness cost
in small populations. Colors from Supplementary Table 1 indicate the control scheme(s) with
the lowest fitness cost s̄: in case of a single winner, the second best is dominated by at least
1%; in case of multiple winners, their difference is less than 1% and all other variants are at
least 1% worse. Data are obtained using the diffusion approximation described in the Methods.
Low and high demand refers to D = 0.05 and D = 0.95, respectively. Weak and strong
selection corresponds to sp = 10ν− and sp = 100ν−, respectively. Simulation parameters are:
ν− = 10−3, ν+ = ν−/10.
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4 Autoregulation can result in unwanted selection pressure

In Supplementary Fig. 22–Supplementary Fig. 23, we present simulation data (from the stochas-

tic sampling algorithm) complementing the results featured in Fig. 5 to illustrate that while in-

creasing the R-cost via sr shifts the distribution towards non-binders in case of self-activation

(Supplementary Fig. 22) as it decreases the selection pressure s in (7), for self-repression the

shift is the exact opposite (Supplementary Fig. 23) due to increased selection pressure.
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Supplementary Fig. 22. Distribution of the fraction of non-binders considering self-
activation of the regulator. In all plots ν− = 10−3, ν+ = ν−/10, sp = 100ν−, N = 1000,
T = 100. Results represent averages over 100 independent runs, each lasting 100 periods,
where the first 3 periods are discarded to eliminate the effect of the initial condition (x = 0.5).
Darker shades indicate greater values of sr (ranging from sr = 0.1sp to sr = 0.9sp). Distribu-
tions are visualized with identical maximal heights.
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Supplementary Fig. 23. Distribution of the fraction of non-binders considering self-
repression of the regulator. In all plots ν− = 10−3, ν+ = ν−/10, sp = 100ν−, N = 1000,
T = 100. Results represent averages over 100 independent runs, each lasting 100 periods,
where the first 3 periods are discarded to eliminate the effect of the initial condition (x = 0.5).
Darker shades indicate greater values of sr (ranging from sr = 0.1sp to sr = 0.9sp.) Distribu-
tions are visualized with identical maximal heights.

In Supplementary Fig. 24 we reveal the role that the duration T of the period plays with

respect to the critical timescales Tb = 1/ν−, Tw = 1/(sw + ν+), and T ∗ = max(Tb, Tw). When

Tw < Tb, wipe-out happens faster than build-up, thus if T < T ∗ = Tb then non-binders do

not overtake the population during the neutral phase, hence x ≈ 0 throughout the entire period,

whereas once T > T ∗ = Tb, build-up and wipe-out alternate during the neutral and selection

phases (Supplementary Fig. 24a). When Tb < Tw, build-up happens faster than wipe-out, thus

always dominating it, resulting in x ≈ 1 throughout the entire period (Supplementary Fig. 24b).
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Considering the typical value of model parameters (see Methods), we have sp ≫ ν−. As a

result, for non-autoregulated activation and for non-autoregulated/autoregulated repression we

have T ∗ = Tb. For autoregulated activation, we also have T ∗ = Tb as long as sr < sp+ ν−− ν+

(which is the case considering the typical value of parameters), otherwise T ∗ = Tw. Since loss-

of-function mutations are assumed to be more frequent than gain-of-function mutations (i.e.,

ν− > ν+), the former is ensured if sr < sp, that is, if expressing the regulator is less expensive

that the cost of the incorrect expression profile of the product, yielding once again T ∗ = Tb.
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Supplementary Fig. 24. Fraction of non-binders during each period as a function of the
period length. Red and dark indicates activation and repression, light and dark denotes non-
autoregulated and autoregulated control, gray denotes the selection phase. In all plots ν− =
10−7, ν+ = ν−/10, sp = 100ν−, D = 0.5. a Build-up occurs slower than wipe-out (Tw < Tb).
Simulation parameters are sr = 0.1sp, together with T = 104, T = 106, and T = 108 to
yield T < Tw < Tb, Tw < T < Tb, and Tw < Tw < T , respectively, since Tb = 107

and Tw = 105. b Build-up occurs faster than wipe-out (Tb < Tw), which can only happen for
positive autoregulation and only if sr > sp+ν+−ν−. Simulation parameters are sr = 0.9999sp,
together with T = 106, T = 108, and T = 1010 to yield T < Tb < Tw, Tb < T < Tw, and
Tb < Tw < T , respectively, since Tb = 107 and Tw = 109.
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5 Delay can cause non-autoregulated motifs to outperform
autoregulation

In Supplementary Fig. 25, we present simulation data to illustrate how delay affects the perfor-

mance of autoregulation, and thus the emerging dominant strategies in small populations.
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Supplementary Fig. 25. Evolutionary advantageous regulatory motifs in the presence of
delay in small populations. Data are obtained using the diffusion approximation detailed in
the Methods (compare to Supplementary Fig. 21). Colors from Supplementary Table 1 indicate
the control scheme(s) with the lowest fitness cost s̄: in case of a single winner, the second best
is dominated by at least 1%; in case of multiple winners, their difference is less than 1% and
all other variants are at least 1% worse. Simulation parameters are: ν− = 10−3, ν+ = ν−/10.
In case of autoregulation, the delay is td = T/100. Low and high demand refers to D = 0.05
and D = 0.95, whereas weak and strong selection indicates sp = 10ν− and sp = 100ν−,
respectively. The period length T is chosen to ensure that T = 0.1/ν− in the top row, T = 1/ν−
in the middle row, and T = 10/ν− in the bottom row.
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In Supplementary Fig. 26–Supplementary Fig. 27, we present the fraction of non-binders

during each period in the presence of delay when considering the deterministic case applicable

for large population sizes, together with detailed simulation data in Supplementary Fig. 29–

Supplementary Fig. 30 to complement and illuminate the results in Fig. 6. Finally, in Sup-

plementary Fig. 31 we illustrate that the dominant strategy coherent with the use-it-or-lose-it

principle does emerge even in the presence of negligible delays, and that greater selection pres-

sure amplifies this effect.
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Supplementary Fig. 26. Fraction of non-binders during each period in the presence of delay
(low demand). Red and blue indicates activation and repression, respectively; light and dark
denotes non-autoregulated and autoregulated control, respectively; gray denotes the selection
phase. Weak and strong selection indicates sp = 10ν− and sp = 100ν−, respectively, whereas
affordable and expensive regulation corresponds to sr = 0.01sp and sr = 0.99sp, respectively.
In all plots ν− = 10−7, ν+ = ν−/10, sp = 10ν−, D = 0.05, T = 107. Delay is indicated as a
percentage of the period.
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Supplementary Fig. 27. Fraction of non-binders during each period in the presence of delay
(high demand). Red and blue indicates activation and repression, respectively; light and dark
denotes non-autoregulated and autoregulated control, respectively; gray denotes the selection
phase. Weak and strong selection indicates sp = 10ν− and sp = 100ν−, respectively, whereas
affordable and expensive regulation corresponds to sr = 0.01sp and sr = 0.99sp, respectively.
In all plots ν− = 10−7, ν+ = ν−/10, sp = 10ν−, D = 0.95, T = 107. Delay is indicated as a
percentage of the period.
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Supplementary Fig. 28. Evolutionary advantageous regulatory motifs in the presence of
delay (low mutation rate). Colors from Supplementary Table 1 indicate the control scheme(s)
with the lowest fitness cost s̄: in case of a single winner, the second best is dominated by at
least 1%; in case of multiple winners, their difference is less than 1% and all other variants are
at least 1% worse. Simulation parameters are: ν− = 10−7, ν+ = ν−/10. Weak and strong
selection indicates sp = 10ν− and sp = 100ν−, respectively. Delay is indicated as a percentage
of the period.
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Supplementary Fig. 29. Evolutionary advantageous regulatory motifs in the presence of
delay (medium mutation rate). Colors from Supplementary Table 1 indicate the control
scheme(s) with the lowest fitness cost s̄: in case of a single winner, the second best is dom-
inated by at least 1%; in case of multiple winners, their difference is less than 1% and all other
variants are at least 1% worse. Simulation parameters are: ν− = 10−5, ν+ = ν−/10. Weak
and strong selection indicates sp = 10ν− and sp = 100ν−, respectively. Delay is indicated as a
percentage of the period.
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Supplementary Fig. 30. Evolutionary advantageous regulatory motifs in the presence of
delay (high mutation rate). Colors from Supplementary Table 1 indicate the control scheme(s)
with the lowest fitness cost s̄: in case of a single winner, the second best is dominated by at least
1%; in case of multiple winners, their difference is less than 1% and all other variants are at least
1% worse. Simulation parameters are: ν− = 10−3, ν+ = ν−/10. Weak and strong selection
indicates sp = 10ν− and sp = 100ν−, respectively. Delay is indicated as a percentage of the
period.
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Supplementary Fig. 31. Even negligible delay can result in the emergence of the dominant
strategy that is coherent with the use-it-or-lose-it principle, and greater selection pressure
amplifies this effect. Colors from Supplementary Table 1 indicate the control scheme(s) with
the lowest fitness cost s̄: in case of a single winner, the second best is dominated by at least 1%;
in case of multiple winners, their difference is less than 1% and all other variants are at least 1%
worse. Simulation parameters are: ν− = 10−3, ν+ = ν−/10. Selection strength increases from
sp = 10ν− through sp = 100ν− to sp = 1000ν−. Low and high demand refers to D = 0.05 and
D = 0.95, respectively. Delay is indicated as a percentage of the period.
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6 Feedback cost can cause non-autoregulated motifs to out-
perform autoregulation

In Supplementary Fig. 32–Supplementary Fig. 34 we include detailed simulation data comple-

menting the results presented in Fig. 7 to illustrate that (i) the pattern of dominant strategies

remains largely unaffected from the perspective of wear-and-tear or use-it-or-lose-it principle;

(ii) non-autoregulated strategies can outperform their autoregulated counterparts as a increases;

and (iii) this transition happens at lower values of a for repression than for activation.

weak selection weak selectionstrong selection strong selection

0

0.2

0.4

0.6

0.8

1

s r/s
p

0

0.2

0.4

0.6

0.8

1

s r/s
p

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

0

0.2

0.4

0.6

0.8

1
s r/s

p

0

0.2

0.4

0.6

0.8

1

s r/s
p

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

0

0.2

0.4

0.6

0.8

1

s r/s
p

0

0.2

0.4

0.6

0.8

1

s r/s
p

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

0

0.2

0.4

0.6

0.8

1

s r/s
p

0

0.2

0.4

0.6

0.8

1
s r/s

p

100 105 1010

T

0

0.2

0.4

0.6

0.8

1

s r/s
p

low demand high demand

a 
= 

1
a 

= 
2

a 
= 

3

Supplementary Fig. 32. Evolutionary advantageous regulatory motifs in the presence of ad-
ditional fitness cost due to autoregulation (low mutation rate). Colors from Supplementary
Table 1 indicate the control scheme(s) with the lowest fitness cost s̄: in case of a single winner,
the second best is dominated by at least 1%; in case of multiple winners, their difference is less
than 1% and all other variants are at least 1% worse. Simulation parameters are: ν− = 10−7,
ν+ = ν−/10. Weak and strong selection indicates sp = 10ν− and sp = 100ν−, respectively.
Low and high demand refers to D = 0.05 and D = 0.95, respectively.
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Supplementary Fig. 33. Evolutionary advantageous regulatory motifs in the presence of
additional fitness cost due to autoregulation (medium mutation rate). Colors from Sup-
plementary Table 1 indicate the control scheme(s) with the lowest fitness cost s̄: in case of a
single winner, the second best is dominated by at least 1%; in case of multiple winners, their
difference is less than 1% and all other variants are at least 1% worse. Simulation parameters
are: ν− = 10−5, ν+ = ν−/10. Weak and strong selection indicates sp = 10ν− and sp = 100ν−,
respectively. Low and high demand refers to D = 0.05 and D = 0.95, respectively.
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Supplementary Fig. 34. Evolutionary advantageous regulatory motifs in the presence of ad-
ditional fitness cost due to autoregulation (high mutation rate). Colors from Supplementary
Table 1 indicate the control scheme(s) with the lowest fitness cost s̄: in case of a single winner,
the second best is dominated by at least 1%; in case of multiple winners, their difference is less
than 1% and all other variants are at least 1% worse. Simulation parameters are: ν− = 10−3,
ν+ = ν−/10. Weak and strong selection indicates sp = 10ν− and sp = 100ν−, respectively.
Low and high demand refers to D = 0.05 and D = 0.95, respectively.
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7 Reduced bioenergetic cost may contribute to the prevalence
of autoregulation in model organisms

While CoryneRegNet 7 primarily focuses on corynebacterial regulatory interactions, it also of-

fers a convenient platform to access data about other organisms (2), containing up-to-date regu-

latory information about Corynebacterium glutamicum ATCC 13032 (C. glutamicum) based

on CoryneRegNet 6 (3) updated with new data (4), about Escherichia coli K-12 (E. coli)

based on RegulonDB (5), about Bacillus subtilis (B. subtilis) based on DBTBS (6), and about

Mycobacterium tuberculosis H37Rv (M. tuberculosis) based on (7). While (7) reveals thou-

sands of protein-DNA binding events, it does not integrate all known interactions: e.g., no TF

is reported to be negatively autoregulated, despite experimentally documented cases of self-

repression (8, 9). Conversely, on average 42% of TFs are self-repressed (SD: 6%) considering

E. coli, B. subtilis, and C. glutamicum, suggesting that the dataset for M. tuberculosis may be

less comprehensive. Therefore, we decided not to include M. tuberculosis in our analysis.

For other organisms, data availability is considerably more limited (Supplementary Fig. 35).

In particular, for those featured in the state-of-the-art PRODORIC database (10) that contains

curated prokaryotic gene regulation data for almost 30 organisms, the average number of TFs

is 7 (SD: 8). Conversely, for E. coli, B. subtilis, and C. glutamicum from (2) the average is 136

PRODORIC
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Supplementary Fig. 35. Data availability about transcriptional regulatory networks. The
number of TFs contained in CoryneRegNet 7 (2) for E. coli, B. subtilis, and C. glutamicum is
considerably greater than for other organisms in the PRODORIC database (10).
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Supplementary Table 2. Statistical data for the analysis in Fig. 8. Number of trials is denoted
by nr and n, the number of successes are given by Xr and X in the reference and in the sample
of interest, respectively (see Methods). The labels “baseline” and “modified baseline” refer to
the baselines used in Fig. 8ac and Fig. 8d, respectively, whereas “sample of interest” indicates
synergistic regulators.

baseline modified baseline sample of interest
nr Xr nr Xr n X

B. subtilis
self-repression 105 36 466 167 224 118
self-activation 105 8 466 74 117 41

C. glutamicum
self-repression 102 46 1460 699 476 314
self-activation 102 8 1460 325 247 123

E. coli
self-repression 202 92 4453 2729 626 421
self-activation 202 38 4453 1119 777 303

(SD: 57). Therefore, data for Fig. 8 were downloaded from https://exbio.wzw.tum.

de/coryneregnet/, for B. subtilis, C. glutamicum, and E. coli. As some TFs may act as

both activators and repressors depending on cellular conditions (11, 12), interactions that were

indicated as both positive and negative were considered as both. Interactions that were recorded

neither positive, negative, or both, were discarded. In Supplementary Table 2 we include the

data underpinning the statistical analysis in Fig. 8.

We next show that if reduced R-cost contributes to the preferential selection of autoregu-

lated TFs (in addition to other beneficial properties), then their prevalence among all regulators

should be exceeded by their frequency in our samples of interest. While our samples of interest

comprise TFs controlling the expression of synergistically regulated target genes, the synthesis

of other genes may be under the antagonistic control of TFs. Thus, in Supplementary Fig. 36 we

focus on genes that are regulated by two TFs either synergistically or antagonistically (Fig. 8b).

The variable q ∈ [0, 1] captures how loss-of-function mutations affecting only one of the reg-

ulators impact the P-cost. In what follows, we assume that q = 0.5, corresponding to the case

when the impact on the P-cost from the required non-binder regulators is identical and additive.

Other scenarios can be analyzed similarly by choosing a different value of q.
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Supplementary Fig. 36. Fitness cost of core regulatory motifs with two regulators. Dele-
terious loss-of-function mutations affecting either of the regulators may result in the incor-
rect expression profile of the product during the selection phase, captured via q ∈ [0, 1]. For
antagonistic motifs, q does not appear as the activator and repressor behave as if they were
functional during the non-induced and induced phases, respectively, even if they suffer from
loss-of-function mutations.

Let xb,nb(t), xnb,b(t), xnb,nb(t), and xb,b(t) denote the fraction of the population equipped

with binder R1 and non-binder R2, non-binder R1 and binder R2, non-binder R1 and R2, and

binder R1 and R2, respectively. From Supplementary Fig. 36, let sb,nb(t), snb,b(t), snb,nb(t), and

sb,b(t) denote the corresponding fitness costs, respectively. Generalizing the expression in (11),
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the population’s average fitness cost during each period can be calculated as

s̄ =
1

T

∫ T

0

[xnb,nb(t)snb,nb(t) + xb,nb(t)sb,nb(t) + xnb,b(t)snb,b(t) + xb,b(t)sb,b(t)] dt. (12)

Considering the typical range of mutation rates and timescale of environmental shifts, we com-

puted the average fitness cost of all motifs featured in Supplementary Fig. 36 for varying levels

of the demand and selection pressure (Supplementary Fig. 37). Notably, only the two synergis-

tic autoregulated motifs emerged as dominant. This highlights not only that autoregulation of

TFs provides an evolutionary advantage (echoing the findings featured in Fig. 3), but also that

synergistic regulation outperforms antagonistic motifs in case of multiple regulators.

strong selection

0

50

100

0

50

100

T = 102 T = 104 T = 106 T = 108 T = 1010
0

50

100

0

50

100

0

50

100

T = 102 T = 104 T = 106 T = 108 T = 1010
0

50

100

weak selection

lo
w

 m
ut

at
io

n 
ra

te
m

ed
iu

m
 m

ut
at

io
n 

ra
te

hi
gh

 m
ut

at
io

n 
ra

te

synergistic activator-based autoregulated motif (w+) synergistic repressor-based autoregulated motif (w-) synergistic dominant autoregulated motif (wd)

w
+ , 

w
- , 

w
d  (

%
)

w
+ , 

w
- , 

w
d  (

%
)

w
+ , 

w
- , 

w
d  (

%
)

w
+ , 

w
- , 

w
d  (

%
)

w
+ , 

w
- , 

w
d  (

%
)

w
+ , 

w
- , 

w
d  (

%
)

Supplementary Fig. 37. Relative fitness cost improvement upon autoregulation. In all
plots, simulation parameters are ν+ = ν−/10, sr = 0.1sp. Weak and strong selection refer to
sp = 10ν− and sp = 100ν−, respectively. Low, medium, and high mutation rate corresponds to
ν− = 10−7, ν− = 10−5, and ν− = 10−3, respectively. The average fitness cost s̄ is computed
according to (12) for all motifs featured in Supplementary Fig. 36 considering varying levels
of the demand (D = 0.01, 0.02, . . . , 0.99). Red and blue bars represent the percentage of cases
(across the values of D) when ∆s+ < 1 and ∆s− < 1, respectively. Gray bars indicate the
percentage of cases (across the values of D) when relative fitness cost improvement (either
∆s+ or ∆s−) corresponding to the dominant motif is smaller than one.
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Next, we focused on the relative fitness cost decrease when equipping the non-autoregulated

motifs with autoregulation. To this end, introduce s++ and s++
auto for the average fitness cost of

the positive synergistic motif without and with autoregulation, respectively, and define s−−,

s−−
auto for the negative synergistic motif, and s+−, s+−

auto for the antagonistic motif similarly. As a

result,

δs++ =
s++
auto

s++
, δs−− =

s−−
auto

s−− , δs+− =
s+−
auto

s+−

quantify the relative fitness cost change when equipping the non-autoregulated motifs with

autoregulation. Similarly, introduce ∆s+ = δs++/δs+− and ∆s− = δs−−/δs+−, so that if

∆s+ < 1 then the relative fitness gain is greater for the positive synergistic motif than for the

antagonistic one, and similarly for the negative synergistic motif if ∆s− < 1. In other words, the

selection pressure to equip the regulators with autoregulation is greater for the corresponding

synergistic motifs than for their antagonistic counterpart.

Data in Supplementary Fig. 37 suggest that synergistic motifs generally enjoy a greater rel-

ative fitness cost improvement upon autoregulation across a broad range of typical parameter

combinations. In particular, ∆s+ < 1 for w+ = 100% of the cases (red in Supplementary

Fig. 37), whereas ∆s− < 1 in w− = 89% of them (blue in Supplementary Fig. 37). Re-

garding the latter, ∆s− > 1 typically occurs when the positive synergistic autoregulated motif

is the dominant instead of the negative variant (e.g., in the low demand case as the dominant

motif is typically underpinned by the wear-and-tear principle). When considering the motif

that emerges as dominant, the corresponding relative fitness cost improvement (either ∆s+ or

∆s−) is smaller than one in wd = 97% of the cases (gray in Supplementary Fig. 37). Taken

together, these results suggest that we should expect stronger pressure to augment synergistic

non-autoregulated motifs with autoregulation than their antagonistic counterpart if reduced R-

cost was a contributing factor, in accordance with the data presented in Fig. 8 (though other

factors may also play a role in explaining the observed overrepresentation).
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Supplementary Fig. 38. Prevalence of autoregulation in functional modules of E. coli. Func-
tional modules are identified in (13) using transcriptomics data (14). The gray circle denotes
the baseline prevalence of autoregulation among all TFs. The dashed line illustrates the result
of linear regression (slope: -0.43, offset: 38.25) considering the prevalence of autoregulation
among the six functional modules (but not the baseline).

Finally, we focused on the functional modules that were identified in E. coli (13) based

on transcriptomics data (14). Considering the prevalence of autoregulation in these modules

that represent core biological functions, there is a negative correlation between the frequency

of self-activation and self-repression (dashed line in Supplementary Fig. 38). Comparing the

prevalence of these motifs to the baseline observed across all TFs in the dataset (self-repression:

63.9%, self-activation: 25.4%, gray circle in Supplementary Fig. 38), three of the modules ap-

pear to be dominated by self-activation (red region in Supplementary Fig. 38) and three by

self-repression (blue region in Supplementary Fig. 38). This could serve as a promising starting

point for further investigating the potential role that the reduced bioenergetic cost of autoregula-

tion may play in contributing to its prevalence. For instance, functional module 3 encapsulates

the motility system, and comprises five TFs of which two are self-activated (LrhA and RcsA).

At the other end of the spectrum, functional module 5 encompasses the metabolism of carbon,

amino acids, and nucleotides, and comprises 13 TFs of which ten are self-repressed (ArgR,

CysB, CytR, GalR, GalS, LsrR, MelR, PepA, PurR, and TrpR). Focusing on the demand pro-

file of these TFs could thus further clarify the potential relationship between the demand for a

beneficial gene product and the evolutionary advantage that autoregulation may confer.

45



8 Autoregulation can impact genetic stability in synthetic bi-
ology applications

In Supplementary Fig. 39 we consider a collection of population sizes typical in synthetic biol-

ogy applications, spanning the range from microfluidics-based to bioreactor-based experimen-

tal contexts (15–19). Instead of an evolutionary timescale, we assume that environmental shifts

occur much faster with a period of T = 10 generations, and we are interested in how rapidly

non-binders emerge after only Tf = 100 generations. For instance, in E. coli growing under

laboratory conditions, these correspond to approximately 5 hours and 2 days based on typical

doubling times (20). The results reveal two key observations across population sizes.

First, focusing only on non-autoregulated control, positive and negative regulation offer

practically identical performance considering the emergence of non-binders for a given selec-

tion duration and strength (which follows from Fig. 2c). Therefore, non-autoregulated activation

in the low/high demand case and non-autoregulated repression in the high/low demand case are
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Supplementary Fig. 39. Autoregulation can considerably impact the emergence and spread
of non-binders in synthetic biology applications. For N = 10, N = 100, and N = 1000,
data were obtained using the stochastic sampling algorithm described in the Methods for 1000
independent simulations. For N → ∞ the deterministic dynamics in (7) were simulated. Non-
binders are absent at the beginning of each simulation. The fraction of non-binders are measured
at Tf = 100, x and xauto denotes its value in case of non-autoregulated and autoregulated
motifs, respectively. In all plots ν− = 10−3, ν+ = ν−/10, sp = 100ν−, T = 10. Red and blue
denotes activation and repression, respectively. Light and dark shades indicate low demand
(D = 0.1) and high demand (D = 0.9), respectively. Circles and triangles correspond to
affordable (sr = 0.1sp) and expensive regulation (sr = 0.9sp), respectively.
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Supplementary Fig. 40. Population level composition and spread of non-binders for typical
population sizes in synthetic biology applications. For N < ∞ data were obtained using
the stochastic sampling algorithm described in the Methods for 1000 independent simulations.
For N → ∞ the deterministic dynamics in (7) were simulated. Non-binders are absent at the
beginning of each simulation. The fraction of non-binders x is measured at Tf = 100. In all
plots ν− = 10−3, ν+ = ν−/10, sp = 100ν−, T = 10, sr = 0.9sp. The standard deviation
for the deterministic case is not displayed as it is zero. a Mean and standard deviation of x for
non-autoregulated motifs. b Mean and standard deviation of x for autoregulated motifs.
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interchangeable (Supplementary Supplementary Fig. 40a) as a result of their time-invariant R-

cost. This is not true for autoregulation (Supplementary Supplementary Fig. 40b), since their

R-cost varies over time. These results hold across a wide range of population sizes typical in

synthetic biology applications.

Second, the difference between non-autoregulated and autoregulated control increases with

the cost of regulation. When regulation is affordable (circles in Supplementary Fig. 39), the

two modes encounter similar fitness cost as the reduction in R-cost plays a minor role (Fig. 2c).

Conversely, as the fitness cost gain of autoregulation increases with the price of regulation by

eliminating the gratuitous expression of the regulator (Fig. 2c), non-autoregulated and autoreg-

ulated control offer considerably different performance once regulation becomes expensive (tri-

angles in Supplementary Fig. 39). In particular, while self-repression eliminates non-binders,
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Supplementary Fig. 41. Fraction of non-binders decreases as selection becomes stronger
and longer. Data were obtained using the deterministic dynamics in (7). Non-binders are absent
at the beginning of each simulation. The fraction of non-binders x is measured at Tf = 100.
In all plots ν− = 10−3, ν+ = ν−/10, and T = 10. Affordable and expensive regulation
corresponds to sr = 0.1sp and sr = 0.9sp, respectively.
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self-activation instead facilitates their spread (Fig. 5). For instance, the former can result in a

25% decrease (dark blue triangle in Supplementary Fig. 39), whereas the latter in a seven-fold

increase (dark red triangle in Supplementary Fig. 39) in large populations. Finally, in Sup-

plementary Fig. 41 we confirm that non-binders are eliminated as selection becomes stronger

and longer, and while self-repression further enhances this effect, self-activation instead atten-

uates it (as expected, the impact increases with sr, and there is no change for non-autoregulated

control).
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