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Supplementary Material
Analysis of induction curves and competitive inhibition by Pgal
The lac repressor does not only bind IPTG, it also has a affinity for Pgal. Pgal does not induce the repressor, but does competitively prevent IPTG from binding and thus effectively anti-induces the repressor. Since the equilibrium dissociation constants differ by three orders of magnitude (
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 for Pgal (Miller 1978)), this effect is only noticeable when the Pgal concentration is much higher than the IPTG concentration. In other cases IPTG and Pgal can be considered to be decoupled with respect to induction of the lac repressor. We measured the effect of Pgal anti-induction by growing cultures under different concentrations of Pgal and IPTG. Immediately before the LacZ assay, all concentrations of IPTG and Pgal were equalized to prevent unequal inhibition at the level of LacZ. The results are given in Figure S1.

The data for 
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 = 0 was fitted with a general Hill function (Kuhlman 2007)
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where 
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 is a parameter relating the number of LacZ molecules to the measured LacZ activity, F is the ratio between induced and uninduced LacZ activity, 
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 is a dissociation constant associated with the affinity of IPTG to the repressor, and 
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 is a phenomenological Hill exponent incorporating non-linear behavior of the lac induction (due to e.g. cooperative binding of the repressor to multiple operators).

The curves for higher Pgal concentrations in Figure S1 were obtained by incorporating Pgal anti-induction into the Hill description of the system. Pgal anti-induction increases the effective equilibrium dissociation constant of IPTG to the lac repressor (or equivalently lowers the effective IPTG concentration). 
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where 
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 is the apparent equilibrium dissociation constant of Pgal binding to the repressor (which incorporates a potential difference in internal and external Pgal concentrations).

All curves in Figure S1 could be fitted using a 
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 of 0.45 mM. A minor vertical offset of the curves was observed due to the different growth rates under the different (Pgal, IPTG) conditions, as can be expected on the basis of a slightly different dilution rate associated with cell division.

Comparison to reaction kinetics model for transport and degradation
Here we modeled our system according to the cost-benefit analysis for a fixed expression level as reported in (Dekel 2005). We modify this model by including induction by IPTG and anti-induction by Pgal. A comparison of this model to the obtained growth data in Figure 1 is made.

The proposed (Dekel 2005) functional form for relative growth due to the cost and benefit of lac operon gene expression is 
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where 
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 is the cost term and 
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 the benefit term, that depend on the concentration of LacZ (
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), lactose (
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), and the equilibrium dissociation constant of the LacY permease and lactose (
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). This expression was derived under the assumption of low lactose concentrations (
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 1 mM). This assumption assures that the rate limiting step in lactose metabolism is the import of lactose into the cell by LacY. In our system this condition is also fulfilled, as the equilibrium dissociation constant of LacY for Pgal is of the same order of magnitude as that for lactose, being 1.3 mM 


(Sahin-Tóth 2002) ADDIN EN.CITE , while the dissociation and rate constants of LacZ for lactose and Pgal are comparable (Tenu 1971, Martinez-Bilbao 1991). Hence the assumption for Pgal is justified.
We thus modified the expression for relative growth as follows
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where the LacZ expression 
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 depends on IPTG as well as on Pgal concentration (the latter being of influence only at high concentrations). Using this model we fitted the growth at high IPTG concentrations (220 M ), which works well for Pgal concentrations up until 1 mM (Figure 4). Indeed for higher concentrations the assumptions of the model may be violated. 
When we compare model predictions using the obtained parameters from the fit for 200 M IPTG to reproduce the data at lower IPTG concentrations, we observe a qualitative correspondence only (Figure S2). The major difference is the occurrence of a cost and a benefit at very low IPTG concentrations (e.g. 5 M), while LacZ expression levels have only increased marginally (from Figure S1 we see that they are still a factor ~100 below fully induced levels). These observations suggest that the cost and benefit terms may exhibit a steeper dependence on operon expression levels than assumed in the model. Alternatively, the model might need to incorporate competition between Pgal and IPTG for LacZ. However this would imply that Pgal import by LacY is not rate limiting, and hence violate the assumptions underlying the present model, which precludes an analytical solution. A more complete description of the system is beyond the scope of this work.

Non-stochastic competition model
Evolutionary traces were fitted (dotted and solid curves in expression history graphs) using a non-stochastic model for the change in expression when a mutant fixes in the population. It is known that the fate of mutants in a population that is periodically bottlenecked is influenced by 'sampling noise' when the mutation is initially only present in a few individuals (Azevedo 2002). However, when the mutation rate is such that the expected number of mutants after bottlenecking is significantly larger than 1 (b >> 1 where 
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 is the bottleneck size and 
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 the mutation rate), these stochastic effects can be ignored. This seems to hold in our case at least for the hotspot mutations that occur at a rate of  ~1
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, while our bottleneck size is ~10
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. Moreover, the selection coefficients are estimated from the rate of the fixation process, which is independent of the mutation rate (unless the population is very small or the mutation rate very high).

As both the wild-type and the mutant population grow exponentially in between the bottlenecks we have for their numbers 
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where 
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 is the wild-type growth rate, 
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 is the selection coefficient. On the basis of these numbers of individuals, we have for the expression levels of a population average 
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where 
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 the ratio of the expression levels of the mutant and the wild-type. This expression assumes that a mutant arises close to the start of the experiment and further does not address consecutive mutations.

Enzyme dilution
Important for both the correct determination of expression levels, as well as important to take into account when setting up an experiment with alternating medium conditions, is the fact that we observed a 'superinduced' LacZ activity for cells after spending a stationary phase at high expression levels. We found that the expression levels of induced cells as determined immediately after they leave stationary phase, can be up to a factor of 10 higher that the expression during exponential growth. If this happens, it can take very long before LacZ molecules are diluted out by cellular division, even when their production is low. To demonstrate this effect, a culture of wild-type cells was grown overnight at full induction (200 M IPTG). The next morning the culture was washed and grown in fresh medium without IPTG. At specific time points samples were taken and frozen at -80
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C. Afterwards the expression levels for these samples were determined (Figure S3). In the figure induced and uninduced levels of expression for an exponentially growing population are given as dotted lines. We indeed observe that the cells initially have a much higher LacZ expression than exponentially growing induced cells. The expression levels decrease over time, which corresponds to the observed growth rate of the cells. Remarkably, even after 8 hours of growth the expression level of exponentially growing uninduced cells has not yet been reached.

In our determination of expression levels (see above), we have taken into account the long times it may take to be able to determine the expression levels associated with exponential growth. Importantly, for evolution experiments under alternating conditions, it is essential to take into account enzyme dilution effects on the response times of the regulatory system.

Determination of β-galactosidase activity
To determine the β-galactosidase activity (and thus the expression level) of mutant pools and clones in our experiments, we used the fluorogenic substrate fluorescein-di-β-D-galactopyranoside (FDG), which allows for an accurate determination of the LacZ activity over at least 4.5 orders of magnitude. FDG contains two galactose groups that both have to be cleaved in order to release the fluorescein. 
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An extended model for the FDG-FMG hydrolysis has previously been proposed (Huang 1991). In our concentration range of LacZ and FDG, the increase in fluorescence is given by (eq. 7 in ref. (Huang 1991)): 
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where 
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 is the relaxation constant (time scale to reach maximum fluorescence rate), 
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 is the (total) concentration of enzyme, 
[image: image42.wmf]2

k

 is the catalysis rate constant of FDG to FMG, and the 
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's are proportionality factors between product and fluorescence, in the paper given as 
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 is product (fluorescein) and M is FMG). 
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 is the Michaelis-Menten constant for FDG and 
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 is the initial FDG concentration. We can see that at time 
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Ref. (Huang 1991) gives measured values for 
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. Although assigning arbitrary units to the fluorescence counts, they are relevant as relative quantities between FMG and fluorescein. Thus at 
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In order to determine the enzyme concentration per cell, fitted slopes are divided by the cell density. We use here 
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 is the LacZ concentration per cell.

Immediately prior to adding the fluorogenic substrate, we added IPTG and Pgal so that in each sample their concentrations are equal, to prevent unfair comparison due to competitive inhibition of LacZ by IPTG or Pgal.
Supplemental Figures
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Figure  S1. Induction profiles for wild-type cultures grown at different Pgal concentrations. The data is fitted with a Hill function that incorporates anti-induction by Pgal.
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Figure  S2. Comparison of growth data in the presence of various concentrations of IPTG and Pgal (left), with a model incorporating transport and catalysis of Pgal, as well as induction by IPTG and anti-induction by Pgal (right). The qualitative trend and the predictions at higher IPTG concentrations correspond well. For lower IPTG concentration there is a discrepancy: cost and benefit of expression occur at lower induction levels than is predicted by the model, on the basis of the measured induction profiles (Figure S1).

  [image: image65.jpg]normalized expression level

0.14

0.014

OO;OO | 02;00 | 04200 | 06;00 | 08;00
growth time w/o IPTG (hh:mm)




Figure S3. Enzyme dilution by cellular division, visualized by decreasing expression levels. At t=0 a stationary overnight culture of induced (200 M) wild-type cells is inoculated in fresh medium. At the indicated time points, samples are taken from this culture of which the expression is determined. Dotted lines are uninduced (lower) and fully induced (upper) expression levels of an exponentially growing wild-type population. On the logarithmic vertical scale we observe a near linear decay, corresponding to exponential dilution of the enzyme. From the decay rates a slowly increasing decay rate (1/t
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) was determined, starting at 0.92 h
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 and ending at 1.3 h
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 . The initial rate corresponds well to the growth rate of the population at full induction, whereas the end rate is somewhat higher than that of an uninduced population, which might be caused by intrinsic degradation of LacZ.
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