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Abstract 

Epistatic interactions can frustrate and shape evolutionary change 1,2 3-7. Indeed, phenotypes may fail to 

evolve because essential mutations can only be selected positively if fixed simultaneously 5,8,9. How 

environmental variability affects such constraints is poorly understood. Here we studied genetic constraints 

in fixed and fluctuating environments, using the Escherichia coli lac operon as a model system for genotype-

environment interactions. The data indicated an apparent paradox: in different fixed environments, 

mutational trajectories became trapped at sub-optima where no further improvements were possible, while 

repeated switching between these same environments allowed unconstrained adaptation by continuous 

improvements. Pervasive cross-environmental trade-offs transformed peaks into valleys upon 

environmental change, thus enabling escape from entrapment. This study shows that environmental 

variability can lift genetic constraint, and that trade-offs not only impede but can also facilitate adaptive 

evolution. 
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It is widely believed that epistatic interactions can direct evolutionary change 1. Epistasis has been implicated 

in shaping RNA 10 and protein 4,6,7 sequences, sensing 5 and translation 11 functions, as well as developmental 

programs 12 and speciation 13-15. Indeed, phenotypes may fail to evolve not because they are impossible 

biochemically or physically, but because essential mutations are mutually dependent, and must be fixed 

simultaneously to be selected positively 5,8,9. How the constraining effects of such genetic interactions are 

affected by environmental variability remains poorly understood. It has been shown that mutational effects 
16-19 and epistasis itself 20,21 can depend on the environment, that bacterial resistance evolution can be 

contingent on the rate of antibiotic increase 22, and that adaptation in silico can be accelerated by 

environmental change 23-25. These observations suggest that environmental variability may not only produce 

variable selection, but could also control phenotype accessibility and stasis.  

 

To investigate how environmental variability affects genetic constraints, we focused on a model system for 

genotype-environment interactions, the lac regulatory system of E. coli. Its physiology has been studied 

extensively: in the presence of lactose, expression of the lac genes allows E. coli cells to import and 

metabolize lactose, while in the absence of lactose, repression of these genes limits physiological costs 26,27. 

The ability to regulate lac expression relies on the binding of the lac repressor to the lac operator DNA 

upstream of the coding region. We surmised that the co-evolution of such protein-DNA interfaces could be 

constrained by epistatic interactions. In lock-key recognition, mutating either lock or key is expected to lead 

to recognition loss 2,9. At the same time, mutating both lock and key may produce a different, better-

matching pair. Indeed, the lac transcription factor phylogeny suggests extensive historic adaptation of the 

repressor-operator interface, and reveals multiple homologous repressors that bind specifically to their 

cognate operator 28,29. 

 

Mutational analysis of the lac repressor-operator interface has shown that two repressor residues and four 

operator bases control binding specificity (Fig. 1a and b) 30,31. We constructed repressor and operator 

variants in these sites, and assayed them in the two contrasting conditions of lac regulation. We quantified 

the ability to repress the lac genes (R) as the inverse of the measured lac expression level in the absence of 

inducing ligand (Fig. 1c, Methods). The ability to express the lac genes (E) was quantified by the measured 

lac expression level in the presence of ligand (Fig. 1c). Note that the repression ability (R) is thus not the 

inverse of the expression ability (E). We identified two repressor-operator pairs, denoted as MK:acca and 

YQ:tggt (Fig. 1c), for which the fold-changes between the induced and non-induced expression level RE 

were substantial (6 and 55 respectively), with E being approximately equal but R about 20-fold lower for 

MK:acca. The MK:acca genotype is thus able to regulate lac expression, but can improve repression ability by 

mutating the repressor (MK to YQ) and operator (acca to tggt). 
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We investigated the interaction between non-cognate pairs by swapping around the two operators. R was 

found to be low for MK:tggt and YQ:acca (100 to 200-fold lower than for the cognate pair YQ:tggt). These 

data were consistent with the reciprocal sign epistasis hypothesised for lock-key interactions: exchanging 

either of the binding partners leads to binding loss, but changing both can restore it. This notion was 

supported by the overall expression levels for the intermediate MK:tggt and YQ:acca, which were high and 

unresponsive to ligand (RE = 1).  However, while the presence of reciprocal sign epistasis is required, it is 

not sufficient to constrain phenotypes on sub-optima 9. Indeed, the repressor and operator modifications 

both involve multiple mutations, and their one-by-one fixation in particular order 1 could confer continuous 

improvements in repression ability. 

 

To test trajectories for all possible orders of all essential mutations, we constructed the remaining 

intermediate genotypes between MK:acca and YQ:tggt. In total, 720 trajectories can be taken along the 26 = 

64 genotypes. Analysis showed that all trajectories contained depressions in both R and E (Fig. 2, 

Supplementary Fig. 1). The depressions were at least 2 mutations wide and peaked at a width of 5 

mutations, while the involved decrease was at least 3-fold and reached up to approximately 100-fold. Thus, 

none of the trajectories to YQ:tggt was accessible by fixing mutations one-by-one in either of the two 

environments. While this analysis concerns only direct trajectories, i.e. without mutational reversions, 

allowing for reversions did not open up accessible trajectories. Overall, these data indicate that higher-order 

genetic interactions (i.e. epistasis involving multiple mutations) limit optimization of the lac regulatory 

phenotype in either of the two environments.  

 

How does environmental variability affect these constraints? We first explored this question with individual 

trajectories starting with MK:acca. For instance, R could be increased through an operator mutation 

(MK:acca to MK:tcca) in the environment without ligand, but then remained trapped because the other 

mutations yielded no further improvements (Fig.3a and Supplementary Fig. 2). However, switching to the 

other environment opened up various trajectories that increased E, such as the repressor mutation MK:tcca 

to MQ:tcca. The system became trapped again on a suboptimum after a further increase in E (MQ:tcca to 

MQ:tgca). Switching back to the first environment now allowed escape, and provided access to YQ:tggt by 

increasing R. We found that a significant fraction of the direct trajectories (21%) became accessible in this 

manner (Supplementary Fig. 3). Thus, mutational pathways that failed to confer gradual optimization in 

either constant condition could do so when alternating between these same conditions.  
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These findings cannot be understood from genotype x environment interactions that alter the magnitude of 

the mutational effect, as they would affect only the depth of constraining valleys. Rather, they can be 

explained by cross-environmental tradeoffs, in which increases in R occur at the expense of decreases in E, 

and vice versa, increases in E lead to decreases in R (Fig. 3b). Such tradeoffs were pervasive (85% of all 

mutations, Fig. 3c, Supplementary Fig. 4), and can be understood mechanistically. For example, a low but 

significant level of repression can be maintained in the presence of inducer through residual binding 32. We 

found that for several genotypes (22), the induced expression level was significantly lower than the highest 

measured level for the involved operator; consistent with the idea that induced repressors can reduce 

expression. Mutations that increase both this residual repression as well as the repression without inducer, 

as for instance achieved by overall increases in repressor-operator affinity, lead to opposite effects on R and 

E, and hence to cross-environmental trade-offs (Supplementary Fig. 4). 

  

The cross-environmental trade-offs have important consequences for the relation between constraints in 

different conditions. We find multiple local optima for each of the two environments (3 in R and 13 in E), but 

none coincided at the same genotype. This feature allowed trajectories to repeatedly ‘surf’ ascending slopes 

in a ratchet-like mechanism: once trapped on a local optimum, waiting for an environmental change enabled 

repositioning on a new ascending slope. Thus, the fluctuating environment goes beyond providing a 

fluctuating selection strength, and rather opens up new trajectories by inverting the selective effect of 

mutations. 

 

To assess the robustness of this evolutionary mode systematically for different conditions we extended a 

fixed-environment Markov approach 33 to include environmental fluctuations (Fig. 4a-c, Methods, 

Supplementary Text 1-6 and Supplementary Fig. 6 and 7). We consider a discrete-time Moran process in the 

strong selection weak mutation (SSWM) regime, in which trajectories can be of arbitrary length and allow 

mutational reversals (Methods) 34,35. Consistent with the observed constraint in fixed conditions (Fig. 2), we 

found that the rate to access YQ:tggt from MK:acca (ke) was null for either constant environment (Fig. 4d). 

However, ke was consistently above zero when the environmental fluctuation rate kf was lower than the 

mutation rate km (Fig. 4d, blue and green lines) and maximized when kf = km, consistent with previous related 

work 25. This can be understood as follows: for kf << km the waiting time for an environment-triggered escape 

is long, while for kf >> km, there is an effective averaging over the two environments, which remains 

constraining. 

 

Environmentally triggered escape was robust to changes in switching time between environments (Fig. 4d), 

as well as to the known non-linearity in the relation between lac expression and cellular growth rate 
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(Supplementary Text 7, Supplementary Fig. 8) 26,36. The mechanism broke down only when lac expression 

costs outweighed the benefits in the inducing environment, which is inconsistent with experimental 

observations 26,27. Overall, these results showed that trade-offs can promote adaptive evolution in 

fluctuating conditions. 

 

In summary, we report a mode of evolution in which phenotypes can break away from genetic constraints. 

In the presence of tradeoffs, environmental fluctuations can ‘ratchet’ phenotypes across valleys by 

continuous improvements. As environmental fluctuations and trade-offs are ubiquitous, this adaptive 

mechanism may well be relevant to a broad range of evolutionary transitions, and could have implications 

for clinical multi-drug protocols as well as evolutionary engineering.  
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Figure 1 Repression and expression ability of lac repressor-operator mutants.  

(a) Schematic representation of the Escherichia coli lac system. β-galactosidase (LacZ) and the lac permease 

(LacY) are co-regulated by the repressor LacI. Expression is induced by isopropyl-β-d-1-thiogalactopyranoside 

(IPTG). Red lines correspond to mutated positions. (b) Mutated positions, responsible for specific repressor-

operator binding in red. (c) Characterization of the 64 lac repressor-operator variants. The starting and final 

sequences are indicated by open and filled circle respectively. Repression ability (R) is the inverse of the 

measured expression level in the absence of IPTG. Expression ability (E) is the measured expression level in 

the presence of IPTG (Methods). 
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Figure 2 Genetic constraints in constant environments.  

(a) Valley width in repression ability (R), for all 720 mutational trajectories from MK:acca to YQ:tggt. Valley 

width equals the number of mutations required to regain a repression ability greater than or equal to the 

previous sub-optimum on a mutational trajectory. (b) Valley depth in repression ability. Valley depth is the 

largest decrease in repression ability along a mutational trajectory. (c) Valley width in expression ability (E). 

(d) Valley depth in expression ability. Welch’s t-tests were performed to determine the statistical 

significance of measured differences (Methods). 
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Figure 3 Escape from genetic constraint in fluctuating environments.  

(a) Mutational trajectory accessible by continuous improvements in a changing environment. Central 

genotypes correspond to the trajectory in Fig. 3b. Red indicates the mutated position. Forward arrows 

indicate mutations conferring increases in repression or expression ability, backward arrows indicate 

decreasing or neutral steps. Top color bar represents environmental changes that confer continuous 

improvements. Without these changes the system would be trapped at MK:tcca and MQ:tgca, where no 

further improvements are possible in the current environment. (b) Expression and repression ability along 

the trajectory indicated in panel (a). The trajectory starts at MK:acca (open circle) and ends at YQ:tggt (large 

filled circle). This trajectory contains a valley in repression ability (top right panel, blue line) and in expression 

ability (bottom left panel, orange line). Top left panel: Blue lines indicate mutations that confer 

improvements in repression ability, orange lines indicate mutations that confer improvements in expression 

ability. Bottom right panel: Dashed lines indicate mutations conferring deterioration. Grey dotted lines 

indicate environmental changes that allow escape from sub-optima. The grey area indicates the envelope of 

all trajectories. Error bars indicate standard errors. (c) Histogram of repression and expression ability effects 
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of all mutations in all 720 trajectories. Most entries are in the top left and bottom right quadrants, indicating 

pervasive trade-off: mutations typically confer improvements in one and deterioration in the other 

environment. Mutations in the upper right quadrant are accessible in both environments. Color indicates 

Hamming distance, with lighter green corresponding to larger Hamming distance. 
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Figure 4 Landscape-crossing in stochastically alternating environments.  

(a) Environmental fluctuations and occurrence of mutations (crosses) (Supplementary Text 1). Environments 

R and E refer to the environment selecting for repression, resp. expression ability. (b) Schematic 

representation of genotype space. Large open and filled circles are start and end genotypes of mutational 

trajectories. Arrows indicate increasing repression ability (R, blue) or expression ability (E, orange); arrow 

thickness reflects magnitude and hence transition probability (Supplementary Text 2). Shadowed arrows 

indicate one possible path of continuous improvement from the initial to the final genotypes. The structure 

of the space is schematic and does not reflect the actual system. (c) Schematic depiction of the Markov chain 

method for computing crossing rates. The probability vector lists all N genotypes, with the grey-scale 

indicating the probability of populating a genotype at a given indicated time. Initially only the beginning 

genotype is populated. The N x N environment-dependent transition probability matrices (colour squares) 

reflect the arrows in panel B: a matrix entry at position i,j indicates the transition probability from genotype i 

to genotype j. Each matrix multiplication yields a novel probability of genotype-occupancy after a mutation 

occurred in a given environment. This illustration is schematic: we use (an infinite time limit) analytical 

solution for this process considering a range of possible scenario of environmental fluctuations. (d) Crossing 

rate as a function of fraction of time spent in each environment, for different environmental fluctuation 

rates. The unit of time is the time between two fixed mutations. Red line: environment dwell time << 1, 

meaning that the environment fluctuates much faster than the time between mutations. Top green line to 

bottom blue line: environment dwell time = 1, 2, 5, 10, 20, 50 (i.e. decreasing frequency of environmental 

fluctuation; Supplementary Text 3-6). The crossing rate is the inverse of the mean number of mutations that 
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are necessary to cross the landscape. The maximum crossing rate is 0.17 (6-1, corresponding to six 

mutations). 

 
References 
 
1. Weinreich, D.M., Delaney, N.F., Depristo, M.A. & Hartl, D.L. Darwinian evolution can follow only very 

few mutational paths to fitter proteins. Science 312, 111-4 (2006). 
2. Poelwijk, F.J., Kiviet, D.J., Weinreich, D.M. & Tans, S.J. Empirical fitness landscapes reveal accessible 

evolutionary paths. Nature 445, 383-6 (2007). 
3. de Visser, J.A. & Krug, J. Empirical fitness landscapes and the predictability of evolution. Nat Rev 

Genet 15, 480-90 (2014). 
4. Breen, M.S., Kemena, C., Vlasov, P.K., Notredame, C. & Kondrashov, F.A. Epistasis as the primary 

factor in molecular evolution. Nature 490, 535-8 (2012). 
5. Kvitek, D.J. & Sherlock, G. Reciprocal Sign Epistasis between Frequently Experimentally Evolved 

Adaptive Mutations Causes a Rugged Fitness Landscape. PLoS Genet 7, e1002056 (2011). 
6. Salverda, M.L. et al. Initial mutations direct alternative pathways of protein evolution. PLoS Genet 7, 

e1001321 (2011). 
7. Poelwijk, F.J., de Vos, M.G.J. & Tans, S.J. Tradeoffs and optimality in the evolution of gene regulation. 

Cell 146, 462-470 (2011). 
8. de Visser, J.A., Park, S.C. & Krug, J. Exploring the effect of sex on empirical fitness landscapes. Am 

Nat. 174, S15-S30 (2009). 
9. Poelwijk, F.J., Tanase-Nicola, S., Kiviet, D.J. & Tans, S.J. Reciprocal sign epistasis is a necessary 

condition for multi-peaked fitness landscapes. J Theor Biol 272, 141-4 (2011). 
10. Meer, M.V., Kondrashov, A.S., Artzy-Randrup, Y. & Kondrashov, F.A. Compensatory evolution in 

mitochondrial tRNAs navigates valleys of low fitness. Nature 464, 279-82 (2010). 
11. Lind, P.A., Berg, O.G. & Andersson, D.I. Mutational robustness of ribosomal protein genes. Science 

330, 825-7 (2010). 
12. Qu, X. et al. Genetic epistasis between heparan sulfate and FGF-Ras signaling controls lens 

development. Dev Biol 355, 12-20 (2011). 
13. Via, S. The ecological genetics of speciation. Am Nat 159 Suppl 3, S1-7 (2002). 
14. Schluter, D. & Conte, G.L. Genetics and ecological speciation. Proc Natl Acad Sci U S A 106 Suppl 1, 

9955-62 (2009). 
15. Dettman, J.R., Sirjusingh, C., Kohn, L.M. & Anderson, J.B. Incipient speciation by divergent adaptation 

and antagonistic epistasis in yeast. Nature 447, 585-8 (2007). 
16. Remold, S.K. & Lenski, R.E. Pervasive joint influence of epistasis and plasticity on mutational effects 

in Escherichia coli. Nat Genet 36, 423-6 (2004). 
17. Bataillon, T., Zhang, T. & Kassen, R. Cost of Adaptation and Fitness Effects of Beneficial Mutations in 

Pseudomonas fluorescens. Genetics (2011). 
18. Hall, A.R., Iles, J.C. & MacLean, R.C. The fitness cost of rifampicin resistance in Pseudomonas 

aeruginosa depends on demand for RNA polymerase. Genetics 187, 817-22 (2011). 
19. Stiffler, M.A., Hekstra, D.R. & Ranganathan, R. Evolvability as a Function of Purifying Selection in 

TEM-1 beta-Lactamase. Cell 160, 882-92 (2015). 
20. de Vos, M.G., Poelwijk, F.J., Battich, N., Ndika, J.D. & Tans, S.J. Environmental dependence of genetic 

constraint. PLoS Genet 9, e1003580 (2013). 
21. Flynn, K.M., Cooper, T.F., Moore, F.B. & Cooper, V.S. The environment affects epistatic interactions 

to alter the topology of an empirical fitness landscape. PLoS Genet 9, e1003426 (2013). 
22. Lindsey, H.A., Gallie, J., Taylor, S. & Kerr, B. Evolutionary rescue from extinction is contingent on a 

lower rate of environmental change. Nature 494, 463-467 (2013). 
23. Kashtan, N., Noor, E. & Alon, U. Varying environments can speed up evolution. Proc Natl Acad Sci U S 

A 104, 13711-6 (2007). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 20, 2015. ; https://doi.org/10.1101/016790doi: bioRxiv preprint 

https://doi.org/10.1101/016790
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

24. Tan, L., Serene, S., Chao, H.X. & Gore, J. Hidden randomness between fitness landscapes limits 
reverse evolution. Phys Rev Lett 106, 198102 (2011). 

25. Mustonen, V. & Lässig, M. Molecular Evolution under Fitness Fluctuations. Physical Review Letters 
100, 108101-1- 108101-4 (2008). 

26. Dekel, E. & Alon, U. Optimality and evolutionary tuning of the expression level of a protein. Nature 
436, 588-92 (2005). 

27. Eames, M. & Kortemme, T. Cost-benefit tradeoffs in engineered lac operons. Science 336, 911-5 
(2012). 

28. Nguyen, C.C. & Saier, M.H., Jr. Phylogenetic, structural and functional analyses of the LacI-GalR 
family of bacterial transcription factors. FEBS Lett 377, 98-102 (1995). 

29. Weickert, M.J. & Adhya, S. A family of bacterial regulators homologous to Gal and Lac repressors. J 
Biol Chem 267, 15869-74 (1992). 

30. Sartorius, J., Lehming, N., Kisters, B., von Wilcken-Bergmann, B. & Muller-Hill, B. lac repressor 
mutants with double or triple exchanges in the recognition helix bind specifically to lac operator 
variants with multiple exchanges. Embo J 8, 1265-70 (1989). 

31. Lehming, N., Sartorius, J., Kisters-Woike, B., von Wilcken-Bergmann, B. & Muller-Hill, B. Mutant lac 
repressors with new specificities hint at rules for protein--DNA recognition. Embo J 9, 615-21 (1990). 

32. Lewis, M. Allostery and the lac Operon. J Mol Biol 425, 2309-16 (2013). 
33. Draghi, J.A., Parsons, T.L., Wagner, G.P. & Plotkin, J.B. Mutational robustness can facilitate 

adaptation. Nature 463, 353-5 (2010). 
34. Gillespie, J.H. Some properties of finite populations experiencing strong selection and weak 

mutation. Am Nat 121, 691-708 (1983). 
35. McCandlish, D.M. On the findability of genotypes. Evolution 67, 2592-603 (2013). 
36. Perfeito, L., Ghozzi, S., Berg, J., Schnetz, K. & Lässig, M. Nonlinear fitness landscape of a molecular 

pathway. PLoS Genet 7, e1002160 (2011). 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 20, 2015. ; https://doi.org/10.1101/016790doi: bioRxiv preprint 

https://doi.org/10.1101/016790
http://creativecommons.org/licenses/by-nc-nd/4.0/

	References

