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1Institut für Genetik, Universität zu Köln, Zülpicherstrasse 47a, 50674 Cologne, Germany
2Institut für Theoretische Physik, Universität zu Köln, Zülpicherstrasse 77, 50937 Cologne, Germany
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I. ADDITIONAL EXPERIMENTS AND CONTROLS

A. Absolute growth rates and toxicity of IPTG

One of the possible sources of the additional cost in IPTG is the direct toxicity of this molecule. IPTG was previously
proposed to be toxic, with lacA conferring protection against it [1]. It was also observed that an intermediate product
of lactose metabolism might be toxic [2]. In order to test the toxicity of IPTG, we measure the absolute growth rate
of the reference strain (which does not have any of the lac genes) and of the wild type at 0 and 1 mM IPTG (see
Figure S7). The reference strain is still able to internalize IPTG through the cell membrane but, since it lacks LacY,
the deleterious effect of the activity of this protein is absent. No effect of IPTG on the reference strain is observed,
indicating that it is not toxic 1. This measurement also confirms that the growth rate of the reference is the same at
all IPTG concentrations used in this work.

The reference strain does not have lacY and the internal concentration of IPTG (Cint) it achieves is likely to be
much lower than that of the wild type (see below). Is IPTG toxic at high internal concentrations? We can estimate
the increase in Cint due to the presence of LacY from the differences in the IPTG induction curves of mutants with and
without this protein because the expression rate of the lac promoter is a function of Cint. Kuhlman and co-workers
have shown that the maximum of induction was reached when the external IPTG concentration C was 30 µM for the
wild type and 200 µM for a LacY− strain [4]. It appears thus that the presence of LacY causes a ∼ 10 fold increase in
Cint. At steady state the internal and external concentrations of IPTG are identical for the reference strain (C = Cint)
because the flux of inducer through the membrane is expected to be proportional to concentration differences between
the outside and inside of the cell [5, 6]. Thus the internal concentration of IPTG for the wild type growing at 100 µM
of IPTG should be similar to the internal concentration of the reference growing at 1 mM. We observe a fitness cost
for the wild type at C = 100 µM but no effect on the reference at C = 1 mM (see Figures S1 and S7). Furthermore,
if toxicity was a major effect, the reference would be expected to be more sensitive than the wild type because it
lacks lacA [1]. Hence we conclude that the supplementary cost associated with LacY in presence of IPTG cannot be
entirely attributed to toxicity per se.

1 Dekel and Alon also did not measure any effect of 150 µM IPTG on the growth rate of a lac mutant [3].
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B. Depletion of IPTG

Since cells are internalizing IPTG, it is possible that they reduce its concentration in the medium. A depletion of
external inducer would stretch the x-axis on Figure S1. If depletion is an important effect, the induction curve for the
wild type at low IPTG concentrations will deviate from the prediction based on the external concentration. As can
be observed in Figure S1, the prediction matches well the experimental data, indicating that at low concentrations
depletion is not significant. Furthermore, fitness reaches its lowest value at 200 µM and does not change further with
increasing IPTG (Figure S1), showing that at high concentrations IPTG is in excess and any depletion that might
exist does not affect the results. We conclude that depletion of IPTG from the medium is not a major factor during
the competitions.

C. Fitness of lacO1 mutants before transduction

In order to control for any fitness effects caused by the strain construction method, a wild type strain is constructed
through the same steps as the operator mutant strains. Strain T45 is constructed following [7] by replacing the wild
type lac operon with a chloramphenicol resistance cassette and subsequently replacing this cassette with the wild type
lac promoter again (see Table S2 for details). This strain is then competed against the reference strain (∆lacIZYA)
and its protein expression is measured. The procedures used are the same as described in Materials and Methods
of the main text. As can be seen in Figure S5, the constructed strain has a similar protein expression but a clear
decrease in fitness to the “real” wild type strain (BW30270). We were able to eliminate this effect by reconstructing
the strains with T4GT7-mediated transduction (see Materials and Methods of the main text): the new wild type built
in this way (T273) cannot be differentiated from BW30270, see Figure S5. Throughout this work, “wild type” refers
to the BW30270 strain.

D. Strain, plasmid and oligonucleotide lists

The strains, oligonucleotides, lacO1 operator sequences and plasmids used in this work are shown in Tables S1, S2,
S3 and S4.

E. Expression parameters

Figure S6 shows the expression levels measured for all strains. Their estimated maximal rate of expression at 1
doubling/hour α0 and ratio of repressed to unrepressed rates ρ are shown in Figure S9 (see Materials and Methods of
the main text). The corresponding values are listed in Table S1. α0 and ρ depend only on the sequence of the lacO1
operator and, as Figure S9 shows, all operator mutants are distinguishable using these variables, making them ideal
genetic variables.

As expected: (i) The strain T523-∆lacI as a ρ value equal to 1, and an α0 value close to that of the wild type
(green and red dots respectively in Figure S9). (ii)T407-∆lacY has α0 and ρ values identical to those of the wild type
(orange and red dots respectively). (iii) Finally, mutants with the whole operator sequence mutated have ρ close to
1, i.e. very poorly bind the LacI repressor (yellow dots).

Also, the different operator mutants cover a wide region of α0 and ρ values, thus allowing us to check our model in
a large part of the genotypic space.

Let us note here that not considering growth effects on gene expression leads to an unrealistic ρ = 1.8 for the T275
mutant (implying higher expression in absence of inducer). This is a hint that such effects apply here; further model
comparisons are discussed in Section II C below.

II. THE MODELING

A. Detailed transport model

The model presented in the main text does not take into account diffusion through the cell membrane or efflux
through LacY. Here we model IPTG transport in more detail and show that Equation 1 of the main text is a good
approximation and retains the relevant growth dependences.
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The first step in IPTG uptake is diffusion through the outer membrane into the periplasmic space (see [8] and
references therein). We make the simplest assumption that this first step is fast and that IPTG can diffuse perfectly
to inner membrane (where the LacY molecules are located). We denote by γ̃ the absolute (not normalized) net
transport rate per LacY molecule. Taking efflux into account, it can be written [9]:

γ̃ = Ey
C − Cint(Kp/Ke)

Kp + C
, (1)

where Ey is the maximum transport rate per LacY molecule, Kp and Ke are the half saturation constants for influx
and efflux respectively, and C and Cint are the external and internal concentrations of IPTG respectively.

Values for LacY kinetic parameters have been reported, but they vary greatly between different studies and depend
on the LacY substrate, the strain, the temperature, and the culture medium [5, 6, 10]. To our knowledge, they
were not measured for IPTG. However, Ke is consistently two orders of magnitude larger than Kp. Furthermore,
as explained Section I A above, Cint is expected to be less than 100 higher than C (possibly only about 10 fold
higher). Hence we expect Cint(Kp/Ke) to be small compared to C and we can neglect efflux in the equation above:
γ̃ ≈ EyC/(Kp +C). The normalized transport rate γ is defined as γ̃(C)/γ̃(C1), where C1 = 1 mM. This leads to the
expression of γ written in Materials and Methods of the main text:

γ ≈ C

C1

Kp + C1

Kp + C
. (2)

The cost related to toxicity of IPTG or another transported molecule (the third term in Equation 1 of the main
text) is proportional to its internal concentration Cint. To estimate Cint we consider the fluxes into the cell. The first
influx is due to transport through LacY, and equals Cy γ̃, with Cy the concentration of LacY molecules. Secondly,
there can be diffusion through the cell membrane. The resulting flux is proportional to the difference between the
external and internal concentrations, and, denoting by kd the diffusion constant, is equal to kd(C − Cint). Lastly,
molecules are lost by cell division, the pace of which is the growth rate measured in min−1 and denoted by µ. This
results in a flux −µCint. At steady state, all three fluxes cancel each other:

Cy γ̃ + kd(C − Cint) − µCint = 0. (3)

Solving this equation for the internal concentration leads to

Cint =
kd C

kd + µ
+

Cy γ̃

kd + µ
. (4)

The first term of this equation shows the accumulation due to diffusion, and is of same amplitude for the studied and
reference strains. However, since no growth reduction was measured for the reference strain in IPTG, and lactose
or protons do not diffuse (i.e., they have small kd), the contribution of this term can be neglected in all cases, and
Cint ≈ Cyγ̃/(kd + µ).

We now express the cost related to toxicity in terms of the phenotype Γ = Ny γ, with Ny the number of LacY
molecules, and the cell volume V . The concentration of LacY is equal to its number divided by the volume, such
that Γ is proportional to V Cyγ̃. Lactose and protons diffuse very little, and kd is negligible compared to µ. Thus,
the internal concentration of these molecules is approximately Cyγ̃/µ. With µ being proportional to F , this leads to
a toxicity proportional to Γ/FV , as stated in the main text.

On the other hand, IPTG diffuses well through the cell membrane, and its diffusion constant kd is much larger than
the typical growth rate in our experiments (close to 0.008 min−1, whereas kd has been measured to be 0.1 min−1

for TMG [9], which is known to diffuse much less than IPTG). A toxicity of IPTG would thus contribute a term
proportional to Γ/V to the fitness cost. Considering a supplemental term in Γ/V would add one coefficient to be
fitted, without qualitatively changing our results. Moreover, the accumulation of protons is more likely to be the
direct cause of the fitness cost because: (i) IPTG it is not likely to be toxic (see above); (ii) it was shown that cellular
pH is disrupted by the presence of inducer in the medium [11]; (iii) it was suggested that osmotic effects of IPTG
do not contribute to the overall fitness cost in an important way [11]. This is in agreement with our results, which
suggest a major contribution from the term in Γ/FV .

B. Growth effects on gene expression and cell volume

Correlations between cellular physiology, growth rate and gene expression have been recently highlighted [12, 13],
leading us to the introduction of the factor fG (see Material and Methods of the main text). Furthermore, the protein
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concentration Cz would unrealistically tend to infinity as the growth rate F tends to zero if Cz correlated to growth
through dilution only (implying Cz ∼ 1/F ). For simplicity, we follow [13] and consider a linear correlation between
the LacZ concentration Cz and the growth rate F at all values of F (as illustrated in Figure S8A). Such correlations
were observed for constitutively expressed genes when cells were grown in media of different nutrient qualities. It is
thus not obvious a priori that they should apply here (for instance, an inverse correlation is observed when cells are
grown in a translation inhibiting drug [13]).

As explained in the Materials and Methods of the main text, the protein production rate α can be estimated from
Cz by considering that, at steady state α = CzV F , with V the cell volume. In order to understand how the correlation
between Cz and F extends to α, we have to take into account that V also correlates with the growth rate F . We
choose a linear function for V (F ), shown in Figure S8B (red line) along with previous estimates (black dots) [12].
An exponential dependence for V (F ) leads to a more realistic finite volume as the growth rate goes to zero and was
observed for the bacterium Salmonella typhimurium [14]. However, both dependences agree equally well with the
data up to 1.5F0, and lead to similar results. We present results with the simplest dependence V ∼ F .

Once the volume dependence on the growth rate F is taken into account, the rate of protein synthesis α of a
constitutively expressed gene also has to correlate with F to produce the linear dependence of protein concentration.
We denote by fG this dependence (see Materials and Methods of the main text for the full expression and derivation)
and plot it in Figure S8C. As discussed in Sections I E above and II C below, the inclusion of fG helps explain our
data.

C. Statistical score, model and data comparison

In order to measure the agreement between data and theory, we compute a statistical score S. By maximizing it,
we can find the best model parameters and measure the goodness of the fit.

We consider that the growth rate F and the phenotypes α and Γ depend on three fundamental, independent
variables: two fixed by lacO1 sequence (α0 and ρ), one by the environment (the external IPTG concentration C).
Moreover the cell volume V and the protein synthesis rate α depend on F . Applying these dependences to Equation 1
of the main text, decomposing Γ in αγ/F in their dependences on the independent variables (see Materials and
Methods of the main text) and solving for F produces:

F = Fr − a× α(α0, ρ, C, F ) − b× α(α0, ρ, C, F ) γ(C)
1

F
− c× α(α0, ρ, C, F ) γ(C)

1

F 2

1

V (F )
, (5)

which is solved for F and allows us to compute the fitness cost ∆F = Fr − F .
To estimate the coefficients a, b and c, we fit the model to all experimental data by score maximization. The

statistical score S is defined as:

S = −
Nd∑
k=1

(∆F (xk) − ∆Fk)2

2σ2
k

, (6)

where xk ≡ (α0, ρ, C)k is the triplet of genetic and environment variables at data point k, α0 and ρ being estimated for
each strain (see Materials and Methods of the main text) and the external IPTG concentration C being experimentally
fixed; ∆F (x) is the theoretical value of the fitness cost at point x; and ∆Fk and σ2

k are the measured fitness cost
mean and variance at point k. There are Nd = 130 measurement points.

The highest score, Smax = −417, is obtained for a = 0.21, b = 0.0026 and c = 0.17. However, it decreases slowly in
one direction of the (b, c) plane, suggesting that this fit cannot definitively rule out some contribution of direct cost
of transport (see Figure S10). However, as can be seen in Figure S10, c is significantly larger than 0.

Data and the result of the fit are shown in Figure S11 and Figure S1. Only the stable solution was used for
the fits (see below the discussion of stability). Figure S1 shows the fitness of the wild type and four mutants at
various external IPTG concentrations and the corresponding theoretical curve. Fitness decreases rapidly with IPTG
concentration and saturates around 300 µM, well beyond the point of full induction, as previously observed [15]. The
model is able to capture the general behavior without any further fitting. The fitness of the strain T275 seems to
saturate earlier than the model predicts. This could stem form uncertainty on the parameter Kp

2. It is also possible

2 The half-saturation constant Kp of LacY strongly depends on the transported molecule, the strain and other conditions [5, 6, 10], and
was not measured for IPTG: we followed a consensus in considering Kp = 420 µM [16], but note its arbitrariness.
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that at these low growth rates and high internal inducer concentrations, efflux via LacY and other processes start
playing a role.

The score also allows for a quantitative comparison of models. We find a best score of −704 for a model without
the growth effects described in Section II B. Taking these effects into account thus highly improves the agreement of
the model with data.

D. Dynamical analysis

Equation 1 of the main text is a model of the stationary fitness, but it can also be seen as an indication of the way
the population will converge toward its steady growth. The effect of a change in IPTG concentration would not have
an immediate impact on the growth rate. If we assume that the typical time scale is of the order of one cell cycle, as
in particular is induced by dilution, we can rewrite Equation 1 of the main text as a discrete update process:

Fn+1 = H(Fn), (7)

where n is the number of generations and H(F ) := Fr − aα − b γ α/F − c γ α/F 2. Solving Equation 7 when n goes
to infinity gives back the steady-state solutions. But we can now also study the stability of these solutions. Indeed, if
H(F + δF ) is lower than F upon a perturbation δF around a steady state, then the growth rate will decrease back
toward this steady state; that state would thus be stable. Inversely, if it is larger than F , then growth rate will keep
increasing away from the steady-state, meaning that the solution is unstable. The stability of the solutions can be
read graphically by plotting H(F ), as shown in Figure S3A.

We find generically two positive solutions for the growth rate, the largest being stable, the lowest unstable (see
Figure S3A). For some parameter values, there are no solutions. Figure S3A shows that then H(F ) < F for all
values of F . This means that the growth rate decreases until it reaches its minimum value, zero. We see here how a
vicious circle leads to population extinction: cells do not grow fast enough to dilute a toxic product, thus reinforcing
its toxicity, and leading to even slower growth. Cells fall in this regime for parameters beyond the “cliff” shown in
Figures 4 and 5 of the main text.

We can now also represent the fitness cost ∆F “as a function” of the rate of protein synthesis α and the protein
concentration Cz. These two quantities depend on the growth rate. Thus they also vary as the population goes
toward its steady state, and one has to be careful while interpreting the dependence of the fitness cost ∆F on α and
Cz (see Figure S4). We also see how two different strains, having different initial conditions upon the addition of
IPTG, can have the same phenotype α but two different steady-state fitnesses (see Figure S4A, in the range 0.2 to
0.3 of α).

Not only the stability of the steady states, but also the whole time evolution of the population can be read from
Equation 7. Indeed, iterating from the initial time n = 0 (when for example cells were transferred to a growth medium
containing IPTG) leads to:

Fn = H(n)(Fn=0). (8)

Considering that one time step is one generation, we can translate this evolution in “objective” time t = n× ln 2/Fn.
The result is shown on Figure S3B. The steady state seems to be indeed reached during the experiments. Moreover,
one can consider a continuous time process, under the assumption that F varies on a time scale longer than one cell
cycle:

Fn+1 − Fn = Ft+ln 2/Ft
− Ft ≈ Ḟt ×

ln 2

Ft
. (9)

This leads to:

Ḟt =
(
H(Ft) − Ft

)
Ft ln 2. (10)

Figure S3B shows the time evolutions thus obtained, for various initial growth rates. The stability of the first solution
and the instability of the second are clearly visible. This second solution is a threshold of initial growth rate, below
which the cells enter the vicious circle described above, and go to extinction.

Overall, the continuous time description matches well the discrete update process. However, both the discrete time
description and the approximation leading to Equation 9 break down as F approaches zero and the generation time
becomes larger and larger. Here a more careful approach is needed to show the population go asymptotically to
extinction.
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III. GENOTYPE-ENVIRONMENT INTERACTIONS

Figure S2 shows plots of the fitness cost ∆F , as a function of α0 and ρ for fixed external IPTG concentration C =
0, 30 and 1000 µM (Figure S2A, B and C), and as a function of C and α0 for fixed ρ = 0, 0.32 and 1 (Figure S2D, E
and F).

The form of the fitness landscape (drawn as a function of α0 and ρ) dramatically depends on the external inducer
concentration, another evidence of strong genotype-environment interactions. The shape of the surface on panels D,
E and F of Figure S2 is reminiscent of the recently inferred growth landscape of yeast in presence of glucose [17].
A growth feedback is expected to be at play in this system as well, and could thus explain the shape of its growth
landscape.

IV. ERROR PROPAGATION

The uncertainties on α0 and ρ are obtained by assuming independent experimental errors on F and Cz:

δα0 = α0 ×

√(
δCz(C1, F1)

Cz(C1, F1)

)2

+

(
δF1

4F0 − F1

)2

,

δρ = ρ×

√(
δCz(0, F∅)

Cz(0, F∅)

)2

+

(
δF∅

4F0 − F∅

)2

+

(
δα0

α0

)2

,

where δF and δCz are the measured standard errors of the mean of F and Cz. They are then propagated to evaluate
the uncertainty δα on the phenotype α:

δα =

√√√√ ∑
x=α0,ρ,F

(
∂α

∂x
δx

)2

.

A possible error on the IPTG concentration C is not considered as it is expected to be small.
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SUPPLEMENTAL FIGURES

Figure S1. Fitness cost ∆F as a function of the IPTG concentration for five strains: (A) the wild type, (B) T274, (C) T320,
(D) T523−∆lacI, (E) T275. The full lines are model predictions; dots show the experimental data (the error bars represent

the standard error of the mean on 4 replicates, on 12 replicates for data at 0 and 1 mM IPTG). See Table S1 for a list of
strains and the corresponding values of α0 and ρ.

http://dx.doi.org/10.1002/bit.1111
http://dx.doi.org/10.1038/nature08653
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Figure S2. Fitness cost ∆F as a function of α0 and ρ, at fixed external IPTG concentration (A) C = 0, (B) C = 30 µM and
(C) C = 1000 µM; as a function of α0 and C, at fixed (D) ρ = 0, (E) ρ = 0.32 and (F) ρ = 1. The dots are the experimental
data, the grey vertical bars show the distance between data and model prediction. Strains shown: (A) and (C) all operator

mutants, wild type, T523−∆lacI (D) wild type, T319, T320, T378, T379; (B) wild type, T274, T275, T320, T523−∆lacI; (E)
T323; (F) T275, T523−∆lacI. The light-green surfaces show the stable solutions, the dark gray the unstable one. The blue

line marks their boundary: when α0 or the external IPTG concentration is increased beyond this “cliff”, the population falls
on the no-growth solution, and thus goes to extinction. Panel D is identical to Figure 5 of the main text.
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Figure S3. Dynamical analysis. (A) H(F ) for the wild type at different IPTG concentrations: 0.1 mM (red), 1 mM (blue)
and 100 mM (green). The steady-state solutions F = H(F ) lie at the intersection of H with the first bisecting line (black line);

if it crosses it from above, the solution is stable (full dot), otherwise it is unstable (empty dot). (B) Time evolution of the
growth rate of the wild type in 1 mM IPTG obtained by a discrete process (Equation 8 of Text S1, with a time step ln 2/Fn
between step n+ 1 and n; dots) and a continuous-time description (Equation 10 of Text S1; lines), for various initial growth

rates. The generation time in minutes is (1/µr)(ln 2/Fn), with µr the growth rate of the reference strain measured to be
0.008 min−1. The full black line shows the stable steady state, the dashed line the unstable one. See Text S1 for definitions.

Figure S4. Fitness cost ∆F as a function (A) of the protein synthesis rate α, (B) of the protein concentration Cz. The dots
show the measured fitness cost for different strains, in absence of IPTG (blue circles) and in 1 mM IPTG (mauve squares).
The red dot shows the fitness cost measured for T407−∆lacY in 1 mM IPTG. The data shown in panel B are the same as

those shown in Figure 2 of the main text. Error bars represent the standard error of the mean. The lines are the theoretical
prediction, in absence of IPTG (blue) and in 1 mM IPTG (mauve). The dashed lines show the unstable solutions. The gray
lines show the correlation of α and Cz with ∆F due to growth effects (see Text S1), for different values of α0. Starting from

an initial selection coefficient (e.g., upon a change of medium), a given strain moves along a gray line toward the stable
steady-state solution, and away from the unstable one.
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Figure S5. Comparison of protein expression (left) and fitness cost ∆F (right) on control strains. BW30270 is the wild type
strain, T45 is a direct Datsenko-Wanner wild type construction and T273 is a transduction wild-type construction which went
through the same procedures as all the lac operon mutants. Measurements were made in glycerol minimal medium without
IPTG (white) and with 1 mM of IPTG (blue). Fitness was measured in competition against ∆lacIZYA. See Materials and

Methods of the main text for a description of the strain constructions and competition experiments. The error bars represent
the standard error of the mean.

Figure S6. Expression levels of the different lac operator mutants. Protein expression was measured as described in
Materials and Methods of the main text without IPTG (white) and with 1 mM of IPTG (blue). The error bars represent the

standard error of the mean, with at least three replicates in each condition.

Figure S7. Growth rate, in min−1, measured in the same conditions as described for the competition experiments, except
each strain was grown separately. Every hour, for 10 hours, 10 µl of the culture was taken and diluted appropriately, then

plated on LB plates. Their mean lag phase was about 2 hours, therefore points 0, 1 hour and 2 hours were not used to
estimate the growth rate. The growth rate µ was estimated as the slope of the regression of lnN(t) on time t, where N(t) is
the population size, such that: N(t) = N(0)eµ t. The error bars represent the standard error of the mean of 3 independent
replicates. The Malthusian fitness F defined in Materials and Methods of the main text is equal to µ/µr, with the growth

rate of the reference strain µr = 0.008 min−1.
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Figure S8. Growth effects on gene expression and cell volume. (A) The protein concentration Cz of a constitutively
expressed gene has been proposed to correlate linearly with the growth rate F (red line), instead of the hyperbolic
dependence dilution alone would induce (black line) [13]. (B) The cell volume V also correlates with F ; dots show

experimental data taken from [12]; we choose to represent this correlation via a simple proportional dependence (red line).
(C) Both correlations lead to a dependence fG(F ) of the rate of protein synthesis on the growth rate F (red line; see

Materials and Methods of the main text). Following [12, 13], the dependences are shown relative to the values at a growth
rate F0 = (1 doubling/hour)/µr = (0.012 min−1)/(0.008 min−1) = 1.5. The highlighted area F ≤ Fr = 1 ≈ 0.7F0 shows the

range of growth rates relevant in this study.

Figure S9. Estimated maximal rate of expression at 1 doubling/hour α0 and ratio of repressed to unrepressed rates ρ (see
Materials and Methods of the main text), for all mutants used in this study. The wild type (red) and T407−∆lacY (orange)
are barely distinguishable, as expected. In purple, the mutants which have a ρ value very close to that of the wild type and

are shown on Figure 5 of the main text (these are strains T319, T320, T378 and T379). In yellow, the whole operator
mutants (T274, T275, T318). In green, the strain T523−∆lacI. The values of α0 and ρ are reported in Table S1. Errors were

computed as described in Text S1.
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Figure S10. Statistical score of the model for a range of coefficients b and c, with a fixed at its fitted value. The higher the
score, the lighter the shading color. The contours are drawn at scores -420, -450, -500, -550, -600, -650, -700, and -750. The

highest score -417 is obtained for b = 0.0026 and c = 0.17 (red dot), significantly better than the best model with c = 0
(which has score -426).

Figure S11. (A) Fitness cost ∆F as a function of ρ · α0, in absence of IPTG. (B) Fitness cost ∆F as a function of α0, in
1 mM IPTG. Dots show the selection coefficient measured for different strains (error bars represent the standard error of the

mean), lines are model predictions. In presence of IPTG, the stable solution shown as a full line in panel B was used to
compute the score S and fit the data. α0 and ρ are estimated for each strain as explained in Materials and Methods of the

main text. Errors were computed as described in Text S1.
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Table S1. List of the strain studied, their lacO1 alleles and sequences (starting at the +1 site; underlined: mutations with
respect to the wild type). The estimated values for the maximum rate of protein synthesis at 1 doubling/hour α0 and ratio of

repressed to unrepressed rates ρ are also shown (see Materials and Methods of the main text). Errors were computed as
described in Text S1.

strain lacO1 allele / gene deleted lacO1 sequence α0 ρ

BW30270 lacO1 (wild type) AATTGTGAGCGGATAACAATT 1.29 ± 0.17 (8.1 ± 1.3) 10−4

T274 lacO1-20R ATCGCGACTGTCCACTGTGCA 0.35 ± 0.02 0.73 ± 0.06

T275 lacO1-20GCW AGTGTCATTATACATCGATAG 1.54 ± 0.08 0.86 ± 0.06

T318 lacO1-20GCI AATGCCACAGTCGCTCACCGG 0.089 ± 0.005 0.62 ± 0.04

T319 lacO1-SN2 ATTTGTGAGCGGATAACAATT 1.05 ± 0.05 (5.7 ± 0.3) 10−4

T320 lacO1-SN3 AACTGTGAGCGGATAACAATT 0.50 ± 0.03 (1.3 ± 0.1) 10−3

T321 lacO1-SN4 AATGGTGAGCGGATAACAATT 1.10 ± 0.04 (1.4 ± 0.07) 10−2

T322 lacO1-SN5 AATTCTGAGCGGATAACAATT 1.15 ± 0.06 0.16 ± 0.01

T323 lacO1-SN8 AATTGTGCGCGGATAACAATT 1.35 ± 0.05 0.32 ± 0.02

T377 lacO1-SN9 AATTGTGATCGGATAACAATT 1.31 ± 0.09 (1.6 ± 0.1) 10−2

T378 lacO1-SN12 AATTGTGAGCGCATAACAATT 0.93 ± 0.02 (6.1 ± 1.3) 10−4

T379 lacO1-SN19 AATTGTGAGCGGATAACAGTT 0.46 ± 0.01 (1.7 ± 0.1) 10−3

T522 lacO1-SN7 AATTGTAAGCGGATAACAATT 1.35 ± 0.08 (5.0 ± 0.5) 10−2

T407-∆lacY lacO1 (wild type) / lacY deleted AATTGTGAGCGGATAACAATT 1.30 ± 0.06 (8.7 ± 0.8) 10−4

T523-∆lacI lacO1 (wild type) / lacI deleted AATTGTGAGCGGATAACAATT 1.25 ± 0.10 0.98 ± 0.1
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Table S2. List of the strains used in this study, their genotype and the way they were constructed.

Strain Genotype Construction/Reference

BW30270 K12 MG1655 rph+ E. coli genetic stock center

S4078 BW30270 ∆lacIZYA::pKD3-cm BW30270/pKD46 x pKD3 PCR S911/S937

S4085 BW30270 ∆lacIZYA:: FRT S4078 x pCP20 flp

T386 BW30270 ∆lacY::pKD4-Kan BW30270/pKD46 x pKD4 PCR T280/T281

T407 BW30270 ∆lacY::FRT T386 x pCP20 flp

T521 BW30270 ∆lacI::pKD4-Kan BW30270/pKD46 x pKD4 PCR T361/T362

T523 BW30270 ∆lacI::FRT T521 x pCP20 flp

S3974 BW30270 ilvG+ [1]

S4197 BW30270 ilvG+ ∆lacZ S3974 ∆lacZ-pFDY217

T765 BW30270 ilvG+ ∆lacI::pKD4-Kan ∆lacZ S4197/pKD46 x pKD4 PCR (T361/T362)

T792 BW30270 ∆lacI::pKD4-Kan ∆lacZ T765 x T4GT7(T765)

T807 BW30270 ∆lacI ∆lacZ T792 x pCP20 flp

S4146 BW30270 ∆lacPO::pKD3-cm BW30270/pKD46 x pKD3 PCR T125/T126

T45 BW30270 S4146/pKD46 x pKELP01 PCR (T123/T124)

T109 BW30270 lacO1-20R S4146/pKD46 x pKELP04 PCR (T123/T124)

T46 BW30270 lacO1-20GCW S4146/pKD46 x pKELP05 PCR (T123/T124)

T47 BW30270 lacO1-20GCI S4146/pKD46 x pKELP06 PCR (T123/T124)

T48 BW30270 lacO1-SN2 S4146/pKD46 x pKELP07 PCR (T123/T124)

T49 BW30270 lacO1-SN3 S4146/pKD46 x pKELP08 PCR (T123/T124)

T50 BW30270 lacO1-SN4 S4146/pKD46 x pKELP09 PCR (T123/T124)

T110 BW30270 lacO1-SN5 S4146/pKD46 x pKELP10 PCR (T123/T124)

T111 BW30270 lacO1-SN7 S4146/pKD46 x pKELP12 PCR (T123/T124)

T112 BW30270 lacO1-SN8 S4146/pKD46 x pKELP13 PCR (T123/T124)

T265 BW30270 lacO1-SN9 S4146/pKD46 x pKELP14 PCR (T123/T124)

T267 BW30270 lacO1-SN12 S4146/pKD46 x pKELP17 PCR (T123/T124)

T268 BW30270 lacO1-SN19 S4146/pKD46 x pKELP16 PCR (T123/T124)

T218 BW30270 ∆lacPO::pKD3-cm BW30270 x T4GT7(S4146)

T273 BW30270 T218 x T4GT7(T108)

T274 BW30270 lacO1-20R T218 x T4GT7(T109)

T275 BW30270 lacO1-20GCW T218 x T4GT7(T46)

T318 BW30270 lacO1-20GCI T218 x T4GT7(T47)

T319 BW30270 lacO1-SN2 T218 x T4GT7(T48)

T320 BW30270 lacO1-SN3 T218 x T4GT7(T49)

T321 BW30270 lacO1-SN4 T218 x T4GT7(T50)

T322 BW30270 lacO1-SN5 T218 x T4GT7(T110)

T522 BW30270 lacO1-SN7 T218 x T4GT7(T111)

T323 BW30270 lacO1-SN8 T218 x T4GT7(T112)

T377 BW30270 lacO1-SN9 T218 x T4GT7(T265)

T378 BW30270 lacO1-SN12 T218 x T4GT7(T267)

T379 BW30270 lacO1-SN19 T218 x T4GT7(T268)

[1] G Raja Venkatesh, Frant Carlot Kembou Koungni, Andreas Paukner, Thomas Stratmann, Birgit Blissenbach, and Karin
Schnetz, “BglJ-RcsB heterodimers relieve repression of the Escherichia coli bgl operon by H-NS,” J. Bacteriol. , JB.00807–10
(2010).
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Table S3. List of the plasmids used in this study, their relevant traits and the way they were obtained.

Plasmid Structure Construction or reference

pKD3 FRT-flanked cat gene in oriRγ replicon requiring
the pir gene product

[1]

pKD4 FRT-flanked kan gene in oriRγ replicon requiring
the pir gene product

[1]

pCP20 flp-recombinase repts catR ampR [1]

pKEM72 pUV5-proV(+1 to+303)-rrnBT1 in pUC12 ampR laboratory collection

pKELP01 wild type lac promoter (-90 to +163) - rrnBT1 in
pUC12, ampR

MG1655 PCR T121/T122 in pKEM72 XbaI SalI

pKELP04 lac promoter lacO1-20R(-90 to +163) - rrnBT1 in
pUC12, AmpR

pKELP01 PCR T131/S133 and T132/T24 in
pKEM72 XbaI SalI

pKELP05 lac promoter lacO1-GCW(-90 to +163) - rrnBT1
in pUC12, AmpR

pKELP01 PCR T133/S133 and T134/T24 in
pKEM72 XbaI SalI

pKELP06 lac promoter lacO1-GCI(-90 to +163) - rrnBT1
in pUC12, AmpR

pKELP01 PCR T135/S133 and T136/T24 in
pKEM72 XbaI SalI

pKELP07 lac promoter lacO1-SN2(-90 to +163) - rrnBT1 in
pUC12, AmpR

pKELP01 PCR T150/S133 and T151/T24 in
pKEM72 XbaI SalI

pKELP08 lac promoter lacO1-SN3(-90 to +163) - rrnBT1 in
pUC12, AmpR

pKELP01 PCR T152/S133 and T153/T24 in
pKEM72 XbaI SalI

pKELP09 lac promoter lacO1-SN4(-90 to +163) - rrnBT1 in
pUC12, AmpR

pKELP01 PCR T154/S133 and T155/T24 in
pKEM72 XbaI SalI

pKELP10 lac promoter lacO1-SN5(-90 to +163) - rrnBT1 in
pUC12, AmpR

pKELP01 PCR T156/S133 and T157/T24 in
pKEM72 XbaI SalI

pKELP12 lac promoter lacO1-SN7(-90 to +163) - rrnBT1 in
pUC12, AmpR

pKELP01 PCR T160/S133 and T161/T24 in
pKEM72 XbaI SalI

pKELP13 lac promoter lacO1-SN8(-90 to +163) - rrnBT1 in
pUC12, AmpR

pKELP01 PCR T162/S133 and T163/T24 in
pKEM72 XbaI SalI

pKELP14 lac promoter lacO1-SN9(-90 to +163) - rrnBT1 in
pUC12, AmpR

pKELP01 PCR T164/S133 and T165/T24 in
pKEM72 XbaI SalI

pKELP16 lac promoter lacO1-SN19(-90 to +163) - rrnBT1
in pUC12, AmpR

pKELP01 PCR T184/S133 and T185/T24 in
pKEM72 XbaI SalI

pKELP17 lac promoter lacO1-SN12(-90 to +163) - rrnBT1
in pUC12, AmpR

pKELP01 PCR T170/S133 and T171/T24 in
pKEM72 XbaI SalI

pFDY217 lacI lacOP[∆lacZ] lacY lacA pSC101-repTS tetR [2]

[1] K A Datsenko and B L Wanner, “One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products,”
Proc Natl Acad Sci U S A 97, 6640–6645 (2000).

[2] Sudhanshu Dole, Sandra Kühn, and Karin Schnetz, “Post-transcriptional enhancement of Escherichia coli bgl operon
silencing by limitation of BglG-mediated antitermination at low transcription rates,” Mol Microbiol 43, 217–226 (2002).
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Table S4. List of the oligonucleotides used in this study, their sequence and the strain for the construction of which they
were used.

Oligonucleotide Sequence (5’-3’)

S911 GTTCCTGCGCTTTGTTCATGCCGGATGCGGCTAATGTAGAGTGTAGGCT
GGAGCTGCTTCG

S937 ATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATCATATGAAT
ATCCTCCTTAGTTCCTATTCC

T125 AGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCGTGTAG
GCTGGAGCTGCTTCG

T126 TCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTA
AGCATATGAATATCCTCCTTAGTTCCTATTCC

T200 CCGCATCATCTTCGGCATTTTTGCCCCATGCAAACGGGAAGTGGGAAT
GGACCGTGTAGGCTGGAGCTGCTTCG

T201 TACTGTTTCTCCATACCCGTTTTTTTGGATGGAGTGAAACGATGGCGAT
CATATGAATATCCTCCTTAGTTCCTATTCC

T280 AACCGGGCAGGCCATGTCTGCCCGTATTTCGCGTAAGGAAATCCATTC
GTGTAGGCTGGAGCTGCTTCG

T281 TGATATGTTGGTCGGATAAGGCGCTCGCGCCGCATCCGACATTGATTG
CCATATGAATATCCTCCTTAGTTCCTATTCC

T361 CGCAGGCTATTCTGGTGGCCGGAAGGCGAAGCGGCATGCATTTACGT
TGACACCATCGTGTAGGCTGGAGCTGCTTCG

T362 TCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGC
GGGGAGACATATGAATATCCTCCTTAGTTCCTATTCC

S133 GTGGATAACCGTATTACCGC

T24 GAAAAGTGCCACCTGACGTCTAA

T121 GATAGTCGACCAGTGAGCGCAACGCAATTAATG

T122 GATATCTAGATCTTCGCTATTACGCCAGCTGG

T131 ATCGCGACTGTCCACTGTGCATCACACAGGAAACAGCTATGACC

T132 TGCACAGTGGACAGTCGCGATCCACACAACATACGAGCCGG

T133 TGTGGAGTGTCATTATACATCGATAGTCACACAGGAAACAGCTATGACC

T134 GTGACTATCGATGTATAATGACACTCCACACAACATACGAGCCGG

T135 AATGCCACAGTCGCTCACCGGTCACACAGGAAACAGCTATGACC

T136 CCGGTGAGCGACTGTGGCATTCCACACAACATACGAGCCGG

T150 ATTTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACC

T151 AATTGTTATCCGCTCACAAATCCACACAACATACGAGCCGG

T152 AACTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACC

T153 AATTGTTATCCGCTCACAGTTCCACACAACATACGAGCCGG

T154 AATGGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACC

T155 AATTGTTATCCGCTCACCATTCCACACAACATACGAGCCGG

T156 AATTCTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACC

T157 AATTGTTATCCGCTCAGAATTCCACACAACATACGAGCCGG

T160 AATTGTAAGCGGATAACAATTTCACACAGGAAACAGCTATGACC

T161 AATTGTTATCCGCTTACAATTCCACACAACATACGAGCCGG

T162 AATTGTGCGCGGATAACAATTTCACACAGGAAACAGCTATGACC

T163 AATTGTTATCCGCGCACAATTCCACACAACATACGAGCCGG

T164 AATTGTGATCGGATAACAATTTCACACAGGAAACAGCTATGACC

T165 AATTGTTATCCGATCACAATTCCACACAACATACGAGCCGG

T170 AATTGTGAGCGCATAACAATTTCACACAGGAAACAGCTATGACC

T171 AATTGTTATGCGCTCACAATTCCACACAACATACGAGCCGG

T184 AATTGTGAGCGGATAACAGTTTCACACAGGAAACAGCTATGACC

T185 AACTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
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