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CHAPTER

1
Introduction

All organisms experience fluctuations in their environment. In response they use regu-

latory mechanisms, either to attempt to maintain a status quo, or to achieve an appro-

priate change. Regulation has a broad range of manifestations: from the maintenance

of constant body temperature in warm-blooded animals, timing and spatial control of

embryo morphology, to circadian rhythms which are found across all domains of life.

Clearly, regulation is not just superimposed on organisms. It is a product of evolution

and itself shaped by fluctuating selective pressures. Therefore a regulatory system is

not only a ’device’ that realizes its present function, but also a reflection of its evolu-

tionary history. In fact, neither aspect of it can be fully understood in isolation. In

this thesis we focus on the evolution of a functionally well-studied bacterial regulatory

system that allows Escherichia coli to respond to fluctuating levels of a metabolizable

sugar. Regulation in this case, as formany bacterial responses, is achieved at the level of

gene expression. We addressed issues concerning its (non-)optimality and the specific

selective conditions that favor or disfavor regulation. Under artificial fluctuating se-

lective pressures we investigated adaptation towards novel regulatory phenotypes at a

quantitative and molecular level. This introduction will give a brief, sometimes histor-

ical, overview of the main approaches and concepts used throughout this thesis, such

as laboratory evolution experiments and fitness landscapes. The text outlines some of

the current questions in the field and the progress that is beingmade toward answering

them.

1.1 Laboratory experiments on evolution

The main advantage of laboratory experiments (or at least controlled experiments) on

evolution is that the selective pressures at work are known to a much greater extent

than they are in nature. For many evolutionary questions this considerably simplifies
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1. INTRODUCTION

Figure 1.1: Image of the thermostat in which W.H. Dallinger performed his heat-adaptation ex-
periments in the 1880s, taken from the original report [1]. The device consisted of three glass
containers (B) kept in a water bath heated by a gas burner (P). A glass tubing containing mer-
cury (F) was located in the water bath and ended in a vertical tube near (H). When the mercury
expanded due to heating of the water bath, the mercury meniscus rose and decreased the gas
supply (via O) to the burner. The required temperature could be set by screwing the plunger (K)
into a mercury reservoir (J). Dallinger reported the temperature to be stable within 0.1oC.

matters: one does not have to make a ’deconvolution’ of the influence of unknown se-

lective conditions. Of course, this implies that important classes of evolutionary issues

– specifically those investigating natural selective pressures, but also in general systems

that are too large, too slow, or too complex to experiment on – are out of reach. Still,

experimental evolution has proven a powerful approach to understand evolutionary

processes: short-term experiments can yield estimates for genetic variation and her-

itability, whereas long-term experiments are a powerful tool to uncover the potential

and limits of evolutionary adaptation.

One of the first and at the same time one of the most extraordinary selection ex-

periments was reported by the reverend W. H. Dallinger in 1887 in his address to the

Royal Microscopical Society [1]. In the preceding years Dallinger had built an inge-

nious apparatus (fig. 1.1), which contained three glass vessels kept in a thermostat that
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Laboratory experiments on evolution

was stable to within almost a tenth of a degree centigrade. The three vessels contained

"putrefactive fluids and organisms" that at the time were a rewarding object of study

for microscopists. During a six year experiment in which he focused on three species

of unicellular flagellate eukaryotes that were most familiar to him, Dallinger raised the

temperature of the thermostat by small increments from its initial 16oC to an astonish-

ing 70oC. Although at that point a not further specified catastrophic event destroyed his

device, Dallinger’s intent "to observe critically how far changes in the organisms led to

responsive adaptations and successive survival" had been fulfilled to a surprising level.

Even just prior to the destruction, Dallinger had managed to perform the appropriate

’reciprocal transplants’: not only did the non-heat-adapted organisms die at elevated

temperatures, but also the organisms that could survive 70oC were killed when placed

in a nutritive liquid at 16oC.

After Dallinger’s experiment, whose clarity of approach and conclusions seem al-

most like an anachronism, selection experiments have been performed on organisms

throughout all domains of life. For instance, extensive selection for morphological

changes in water fleas was performed by Woltereck [2], and around 1910 Drosophila

became established as an important organism to study evolution (e.g. [3]). In the early

days (see [4]) one of the main questions was whether selection is able to produce per-

manent changes outside the ranges of naturally occurring variation. Somewhat later,

studies focused on what changed under selection – the gene under consideration it-

self or genes at other loci that determine whether it is expressed. A third important

area of exploration were the limits of the response to selection [5]. One study should

be mentioned here for its sheer duration and its remarkable results: the current record

holder for duration, the Illinois Long-Term Selection Experiment for grain protein and

oil concentration in maize (Zea mays) started in 1896 and is still running [6]. Even after

about 110 generations, lines selected for high protein and high oil contents have not

yet plateaued, while selection for low oil content has hit the 0% limit. As this study has

made it into the genetics era, it is a rich source of information on plant evolution. This

experiment has an obvious relevance not only for evolutionary adaptation itself, but

also for studying a key event in early human civilization.

Surprisingly, after the initial selection experiments on microbes, the combination

evolution and micro-organisms (particularly bacteria) has been unpopular for most of

the twentieth century. One of the main causes was their small size and relative lack

of features, which hampered the creation of a microbial phylogeny [7]. Microbiology

became a field that was almost void of evolutionary thinking. It was not until an appre-

ciable level in nucleic acid sequencing technology [8, 9] was reached by the 1980s that

renewed consideration was given to microbes in evolution, and that the advantages of

working with organisms whose "cycle of life is so relatively short, and [whose] genera-

tions succeed each other so rapidly", as Dallinger had put it [1], were re-realized. Apart

from their short generation times, bacteria are small (up to 109 in a ml), clonal, easy

to grow (which also creates possibilities for parallel lines), easy to store (many years in
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1. INTRODUCTION

a -80oC freezer) and amenable to artificial mutation. This explains their rise as model

systems in evolutionary studies, in which their adaptation to artificial environments

and population dynamics [10, 11] were explored, as well as the influence of mutation

rates [12], and the interactions with bacteriophages [13], to name a few. The rigorous

control the researcher can exert over the environment is a reason for the more recent

popularity of microbial systems in the study of ecological questions [14]: for example

diversification [15, 16], predator-prey dynamics [17], and the maintenance of genetic

variation [18] are studied, often in a mathematical framework.

Clearly, micro-organisms, and especially bacteria, being unicellular haploid and

mainly reproducing asexually, are in many aspects different from sexual multi-cellular

’higher’ organisms. The differences play out even in a very conceptual way: think e.g.

about the distinction between lifetime versus generation time that is problematic in a

bacterium, or the concept of the individual. But inmany other aspects the evolutionary

processes are similar and the understanding of mechanisms at work in bacteria must

turn out fruitful for the study of higher organisms too. In the words of C. R. Woese:

"[Bacterial evolution] holds the key to the evolution of the eucaryotic cell." [7]. And

this is of course apart from the value of studying them for their own sake. An addi-

tional important benefit of studying bacterial evolution is their relative (!) biochemical

simplicity, which facilitates our access to the molecular level.

1.2 The functional synthesis

Apart frommicrobiology, a second element that was conspicuously lacking in the study

of evolution up until the mid-1980s was the explicit link between the genetic level and

the level of phenotype and fitness. Evolutionary biology on one hand focused on the

genetic level where polymorphisms were studied, phylogenetic relations constructed,

and where statistical inferences were made about the contribution of positive selec-

tion and neutral drift to the observed genetic variation. On the other hand, phenotypic

evolution and influences on fitness were mostly approached in a comparative and de-

scriptive way. It was a major problem that often even for related species many genetic

differences had accumulated over evolutionary time, of which it was hard to assess the

importance for phenotype and adaptation. With the advent of novel molecular tech-

niques and catalyzed by the return of microbiology to the evolutionary stage, attention

was directed to the biochemical and structural basis of adaptation [19]. This integration

between evolutionary biology and experimental molecular biology has recently been

labeled ’the functional synthesis’ [20], reminiscent of the earlier ’modern synthesis’ of

evolution and genetics.

Two elegant early examples are the so-called gene resurrection [21] studies [22,23],

in which phylogenetic analysis provided the sequence of extinct biological molecules,

an ancient lysozyme and a ribonuclease, which were reconstructed and assayed in the

laboratory. Remarkably, this approach had already been foreseen by Pauling and Zuck-
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erkandl [24], but in a time that the appropriate molecular methods were not yet avail-

able. The functional synthesis opens new perspectives on old questions and allows

new questions to be posed. For example, in what order have the molecular alterations

taken place during adaptation? Howmany mutations are needed to produce new phe-

notypes, and does adaptation proceed by many mutations of small effect or few muta-

tions of large effect [25–27]. And also: what is the biochemical or physical ’paleoenvi-

ronment’ that ancient molecules experienced [28]?

Important to note is that the benefits of the functional synthesis go both ways: the

historical perspective of evolutionary biology is also essential for the mechanistic un-

derstanding of bio-molecules in a reductionist field as molecular biology. The review

byGolding andDean [19] contains clear examples where phylogeny has pointed at spe-

cific residues that were key for molecular function, but had been overlooked by other

approaches. Even more so, as often multiple solutions exist for performing the same

molecular task, evolutionary analysis could reveal the reason why a certain solution

is picked. Similarly, constraints on the evolutionary process and neutral drift (to both

of which we will devote some attention later) could have co-shaped the present-day

molecules.

Not to be omitted in the discussion of the functional synthesis is the emergent field

of synthetic biology [29, 30]. A reductionist science par excellence, the prospects for

the role of this discipline in evolutionary study should be favorable. The power of the

synthetic approach is the necessity of a precise functional understanding of the sys-

tems under investigation: one is not allowed to overlook details, otherwise the sys-

tem simply does not work. Synthetic biology provides a bottom-up perspective that

makes it possible to single out specific biological components for evolutionary or mu-

tational analysis [30]. Another niche for synthetic biology is the exploration of early

life [31,32]. What are the minimal biochemical requirements for replication, what bio-

chemical characteristics of DNA and RNA make it suitable for carrying genetic infor-

mation and replication [33]? Here again, the answers to evolutionary questions have

consequences not only for evolutionary biology; they should also foster biotechnology

and bio-engineering.

Most of the discussion sofar has addressed adaptive changes in organisms. A brief

caveat is in order here. In the second half of the twentieth century the adaptionist pro-

gram took a double blow. First, when confronted with the high amount of sequence

difference between related species, it was proposed that many of the observed genetic

changes should be neutral with respect to fitness (or also with respect to phenotype)

[34,35]. Provocatively, the phenomenonwas labeled "non-darwinian evolution" in one

of the two initial papers [35]. The issue of howmuch change at the genetic level is neu-

tral and how much is selected for is still actual today [27]. Addressing it satisfactorily

will not be possible without explicitly taking into account protein structure and func-

tion. Secondly, a seminal paper by Gould and Lewontin [36] argued that not all changes

need to be adaptive, even when they do have effect on the phenotype or the fitness.
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Apart from pointing to random drift, they argued that traits of organisms could for ex-

ample be imposed by their developmental program, or when a part of an organism

acquires a new function, by the former function of that part (cooption). These limits

to adaptation, or constraints (as they are excellently discussed in [37]), became a pop-

ular concept in evolutionary reasoning. However, a lack of solid quantitative basis also

surrounded it with an aura of vagueness [38,39]. With the rise of the functional synthe-

sis more quantitative inferences can be made about the origin and extent of adaptive

constraints. It is, in fact, essential to our understanding of natural selection to know

whether it is limited by genetic or functional constraints [40], and what is the role of the

specific selective pressures [41,42].

1.3 The fitness landscape

A concept that is married very naturally to the functional synthesis is that of the fit-

ness landscape, adaptive landscape, or adaptive topography. Introduced by Wright in

1932, it served as ametaphor to think about the effects of mutation, selection and drift.

Wright’s landscape (fig. 1.2) depicts organismal fitness as a function of its ’gene combi-

nations’ (whose high-dimensionality is reduced to two dimensions as a simplification).

Well-adapted combinations are located on the peaks of the landscape, while valleys

indicate poorly adapted combinations. When there are multiple peaks present, this

implies that there are multiple solutions to the same evolutionary challenge. To give a

well-known example, the gaits of ostrich, antelope, and kangaroo are different solutions

to the same problem of animal locomotion [43].

Several kinds of fitness landscapes have been considered (but also confused) since

Wright’s introduction of the concept. When promoting fitness landscapes from ameta-

phor to a mathematical construction aimed at a quantitative understanding of adapta-

tion, a dichotomy arose in what specified the horizontal axes of the landscape [45]. The

axes in the first type of landscape define a (DNA or protein) sequence space, being the

set of all genotypes. The other type of landscape specifies fitness as a function of geno-

type frequencies in a population. For example, in a population with two alleles A and a,

it specifies the population averaged fitness as a function of the frequency of allele A. As

the latter type of fitness landscape is derived from the former andmoreover makes im-

plicit assumptions about the evolutionary dynamics (as is clearly explained in [45]), we

will only use the former type. Simply stated: it is a mapping from genotype to fitness.

To complicate matters a bit, the term fitness landscape is also used for mappings from

phenotype to fitness, where the axes specify the value of certain phenotypic parame-

ters such as the catalytic rate of an enzyme. Since it is usually clear from the context

which one is meant, the term fitness landscape will be used here interchangeably for

genotype-fitness or phenotype-fitness landscapes. When the distinction is not clear, or

requires attention, the specific mapping will be indicated.

The concept of a fitness landscape is useful, since its shape determines what kind
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The fitness landscape

Figure 1.2: Sewall Wright’s representation of an adaptive landscape, or fitness landscape from ref
[44]. His original caption reads: Diagrammatic representation of the field of gene combinations
in two dimensions instead of many thousands. Dotted lines represent contours with respect to
adaptiveness.

of evolutionary dynamics can be expected. If a population of individuals is located

on or around a peak, natural selection will tend to keep it there. This can be under-

stood as follows: when an individual in a population acquires a mutation that lowers

its fitness (makes a step away from the peak), it will most probably be removed from

the population by selection, so that the population remains at the peak. When a pop-

ulation is located on a slope of a peak, selection will push it upwards: an individual

acquiring a beneficial mutation (makes a step towards the peak) is fitter than the rest

of the population, outcompetes the less fit individuals, and may increase its frequency

in the population until it reaches fixation. In that case the new population approached

the adaptive peak. If the landscape is smooth, adaptation can proceed by consecutive

steps until a high fitness is reached. If the landscape is rugged, adaptation will proba-

bly not reach a high peak: the population gets stuck in a local optimum, as downwards

movements are prohibited by selection. Implicit in the above description is the idea of

an evolutionary trajectory (through DNA sequence space, or protein space) consisting

of consecutive singlemutational changes. It is based on the assumption thatmutations

occur only one at a time, which is usually realistic in view of naturally occurring muta-

tion rates as was realized byMaynard Smith [46]. Adaptation can thus be visualized as a

continuous path between an initial sequence and an end sequence. Multiple different

paths connect the same points. Some paths will be more likely than others to be fol-
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lowed by an adapting population, depending on the topology of the fitness landscape.

Also heterogenous populations can be considered, which are usually referred to as a

quasispecies [47], and can be represented as a cloud in the landscape.

Many theoretical studies have explored the effects of fitness landscape topology on

adaptation. In spite of its apparent similarities with an (upside-down) energy land-

scape, often used in physics and chemistry, the analogy only holds when certain pop-

ulation genetics conditions are fulfilled [48]. Important for the theoretical elaboration

of the concept were the contributions by Gillespie [49, 50], where dynamics governing

taking steps and the step sizes are studied, those of Levin and Kauffman [51,52], where

the influence of ruggedness is explored in models with varying levels of epistasis (see

below). More recent work by Van Nimwegen and Crutchfield [53] has focused on the

escape from local (suboptimal) peaks, and the evolutionary dynamics when a neutral

region separates two well-adapted states.

Important in the light of fitness landscapes is the concept of epistasis, which refers

to the situation where the effect of a mutation depends on the genetic background in

which it occurs. For example, the effect of a mutation from a to A can be different de-

pending on the state of another locus, being b or B. The basis of this phenomenon often

lies in the physical interactions of the gene products of A and B. The fitness (or pheno-

type) effect when mutating from a to A in different backgrounds can differ not only in

magnitude, but also in sign: ab to Ab can be advantageous, while aB to AB can be dele-

terious. The latter form of epistasis is referred to as sign epistasis [54]. A more severe

form, referred to as reciprocal sign epistasis [55] occurs if there is also sign epistasis

for mutations b/B with respect to the background a/A. If (reciprocal) sign epistasis is

present in a fitness landscape it tends to increase the ruggedness of the surface. In this

way we can see the molecular or biochemical structure of the evolving system being

reflected in the topology of the landscape.

An important issue is, obviously, what natural fitness landscapes look like. Recently

studies have began to appear that construct fitness landscapes based on experimen-

tal data [55]. Attention has been focused on the accessibility of trajectories between

evolutionary important starting and ending points: between naturally occurring poly-

morphisms [56], between ancient and present-day sequences [57, 58], or between se-

quences that are key in likely evolutionary scenarios [59]. So far these studies have

shown that in general a solid fraction of pathways are inaccessible, but that accessible

paths are present. The generality of these initial findings needs to be verified in future

studies. The inaccessibility of pathways are directly related to adaptive constraints [60].

If no paths are accessible there is a strong genetic constraint in the system under con-

sideration [61]. In that case a biochemical or structural cause can be further inspected.

If accessible paths are present, but no adaptation is observed (for example in a lab-

oratory evolution experiment), this might point to a lack of genetic variation. Cur-

rently landscape predictions for the distributions of beneficial mutations [62, 63] and

for the occurrence of epistasis are being verified [64]. An intriguing and medically rel-
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evant example is the finding is that the epochal appearance of new influenza viruses

that transiently escape our immune system, can be explained by the viruses’ wander-

ings through neutral regions in the landscape until they can access a beneficial muta-

tion [65,66].

1.4 Selection in variable environments

Most environments in which organisms live and develop are variable with respect to

temperature, amount of light, chemical composition, or the presence of other organ-

isms. This environmental heterogeneity may be spatial, temporal, or a combination of

the two. When one shifts focus from selection in a constant environment to selection

in variable environments, one immediately faces complications as many new param-

eters emerge. For example, if the environment is spatially heterogenous, what are the

length scales of the variations, what is their distribution, and how much migration oc-

curs between habitats? If the environment is temporally fluctuating, what is the nature

of these fluctuations, stochastic or periodic, what is their time scale, and what are the

ratios of time spent in each environmental state? For both types of heterogeneity the

extent to which the environmental states are contrasting plays an important role.

Due to this multitude of possibilities, no encompassing theoretical framework for

the evolution in variable environments has been developed. Nevertheless, the basis for

describing dynamics in fluctuating environments is (often, but not always) directional

selection in each environmental state, with a changing direction of selection among

states. Such afluctuating selective pressure canbe a factor inmaintaining genetic varia-

tion as was described by Levene [67] for spatial heterogeneity with highmigration rates,

and for temporal fluctuations by Haldane and Jayakar [68]. At the level of the individual

organism, it is important to consider the trade-offs it experiences when environmental

states impose contrasting demands. We have seen a clear example above: the heat-

adapted organisms from Dallinger’s experiment were not able to grow anymore at the

much lower temperature their ancestors did and vice versa. This is commonly referred

to as ’the cost of adaptation’. In general, in a changing environment such cost can arise

from two factors. First, while adapting to one environmental state, mutations could

accumulate that are detrimental to the fitness in the other state, but are not currently

selected against. Second, which is more likely in Dallinger’s case, the cost originates

fromwhat is referred to as ’antagonistic pleiotropy’: amutation increases fitness in one

state, but decreases it in another. Both mutation accumulation, which is a property

of the selective process, and pleiotropy, which is an inherent property of the genetic

architecture of an organism, can constitute a constraint for adaptation to a variable

environment.

The influence of trade-off structure on adaptation was explicitly considered from a

theoretical viewpoint by Levins when he introduced his concept of a fitness set [69,70].

He plotted the fitness in one environment versus the fitness in another for different
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Figure 1.3: Selection in variable environments as represented by Levins [69]. The graph on the
left depicts the effect of a certain phenotypic parameter on the fitness (F) in two environmental
states I and II. When fitnesses in each state are plotted against each other, a so-called fitness
set is obtained (middle and right graphs): the set of fitnesses resulting from different values of
the phenotypic parameter. The more contrasting the demands are that the environmental states
impose on the organism, the further the two peaks in the left graph shift apart. The amount of
overlap determines the shape of the fitness set: more overlap results in a convex set (middle) and
strongly contrasting demands result in a concave set (right). When the organism resides equally
long in each environmental state, equal average fitness is indicated by the dotted isoclines. It
can be seen that under a convex fitness an optimal strategy is to perform moderately well in
both environments (middle), and adaptation could be expected to lead to generalists. Strongly
contrasting states will favor specialization (right).

values of a phenotypic parameter that determines these fitnesses (fig. 1.3). From the

resulting fitness set, one can determine which value(s) of the phenotypic parameter

maximizes the overall fitness in the fluctuating environment. Interestingly, depending

on the shape of the fitness set, this can correspond to a generalist phenotype that per-

forms moderately well in both environmental states, or to specialist phenotypes that

have a high fitness in one state only. When evolution would optimize this phenotypic

parameter, the outcome therefore will critically depend on the strength of the trade-off,

which in turn is determined by the contrast between the environmental states.

One way to escape the trade-off is by varying the phenotype in response to the

environmental state, a phenomenon that in several biological disciplines is known as

phenotypic plasticity [71, 72]. As adaptations to environmental variation, organisms

possess regulatory systems that sense and process environmental signals to accom-

plish altered gene expression, metabolic change, mechanic responses, or even genetic

changes. The remainder of this introduction will be primarily focused on an altered

gene expression in response to the environment, carried out by gene regulatory net-

works. As gene regulation is subject to selective forces, the expression of a gene as a

function of the relevant environmental parameter should in some way reflect the na-

ture of the environmental fluctuations. Recent experimental work addressed the adap-

tive optimization of expression levels in terms of cost (spurious expression when not

required) and benefit (high expression when needed) [73]. Theoretical [74–78] and

some experimental [42] studies have appeared that analyze the environmental condi-
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tions under which it is beneficial to employ a regulatory system.

Another line of research into the effects of variable environments are experiments

into diversification in microbial ecosystems [79]. Here, controlled spatial and/or tem-

poral variation is imposed and adaptive responses are observed. Fitness trade-offs are

inferred and attempts are made to understand the underlying causes for costs of adap-

tation (e.g. [80, 81]). Although these studies have been successful in demonstrating

pleiotropic trade-offs and the effect of several population dynamical phenomena, there

is usually a limited access to the molecular level.

To conclude this section, wenote that gene regulatory change is commonly believed

to be the main factor underlying phenotypic and morphological evolution [82–87]. It

is found that regulatory elements often undergomuch faster evolutionary change than

sequences coding for structural,metabolic, or other proteins [88]. Therefore, in order to

study evolution at all levels ranging from immediate phenotypic responses, through de-

velopmental control, to speciation, it is necessary to understand selection under vari-

able environments. As will be clear by now, this is a big challenge, but an important

one.

1.5 The lactose operon

Most work presented in this thesis is an investigation into (evolutionary) aspects of the

Escherichia coli lactose operon. E. coli, an intestinal inhabitant of warm-blooded an-

imals, has been a model system for studying bacterial physiology and genetics, and is

often the organism of choice in laboratory evolution studies. The lactose operon can be

said to be the model organism’s model regulatory system. Expression of the lac operon

gene products allows E. coli to efficiently metabolize lactose, in the absence of other

substrates that would sustain higher growth rates. When a mix of sugars is available,

expression of this and other sugar metabolizing operons is regulated in such a way

that the bacterium sequentially utilizes the substrates that yield the highest instanta-

neous growth rate. These and similar observations in other organisms, led Jacob and

Monod in the late 1950s to postulate themodel of "negative control", where expression

of metabolic genes is shut off by an inducible repressor [89]. Immediately after this dis-

covery theoretical models (based on reaction kinetics) began to appear (e.g. [90, 91]),

aimed at a quantitative description of the system. Although the lac operon became

the paradigm for gene regulation, subsequent experimental discoveries and theoretical

refinements have continued to date (see also the introduction of chapter 7).

As for the structural parts of this operon, the current knowledge is summarized in

figure 1.4. The lactose operon consists of four genes: lacI, the repressor that can bind in

three locations to operon DNA where it suppresses the expression of the downstream

lacZ, lacY, and lacA genes. lacZ encodes the catabolic enzyme β-galactosidase that

hydrolyses lactose into glucose and galactose. The gene product of lacY is a permease

for α and β galactosides. Lastly, lacA codes for a thiogalactoside transacetylase, whose
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lacI lacZ lacY lacA

O1O3 O2

CAP
lacI lacZ

O1O3 O2CAP

ATG

-82 -62 +10 +411+37

a

b

Figure 1.4: Schematic overview of the lac operon of E. coli. a) The location of genes and sites
in the operon DNA an their sizes are drawn to scale. lacI codes for the lac repressor that can
bind specifically to three locations, operators O1, O2, and O3, thereby competitively inhibiting
RNA polymerase from transcribing the downstream genes lacZ, lacY, and lacA. CAP represents
the binding site of the transcriptional activator protein CAP or CRP. A transcriptional terminator
is located downstream of lacA, determining the boundary of the operon. b) The lac regulatory
architecture in more detail. Distances from the transcriptional start (grey arrow) are given in
base pairs. The translational start of lacZ is denoted as ���. Note the overlap between operator
O3 and the CAP site. Exact locations as given in EcoCyc [92]

function in the lac operon is, remarkably, still unknown [93].

The control region of the lac operon has been zoomed into in figure 1.4b. Distances

in base pairs from the transcriptional start are shown, as well as the binding sites for

LacI: the operators O1, O2, and O3. The lac operators are (partly) palindromic DNA se-

quences with a length of 22 base pairs. The symmetry of the operators reflects the sym-

metry of the lac repressor where two monomer subunits bind to one operator. Since

the lac repressor acts as a tetramer, it can bind two operators at the same time by loop-

ing the DNA. Also shown is the binding site for the CAP or CRP activator protein, which

partly overlaps with O3. As this region is described and modeled in much more de-

tail in chapter 7 and the references therein, here the description is limited to its essen-

tials. In short, the lac control region integrates two signals1, that enable it to express the

metabolic enzymes only when lactose is present and amore optimal substrate, glucose,

is not. Lactose, in its modified form of allolactose, binds to the repressor to release it

1The role of a third signal, being the nucleoid structuring protein H-NS, is less relevant for the current
description.
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from the operators (induction). The absence of glucose causes a rise in the cytoplasmic

concentration of cAMP, which is a cofactor of CAP and hence results in activation of the

lac promoter. Recent mechanistic descriptions of the lac operon behavior include ex-

plicit descriptions of DNA bending due to binding of the repressor and the CAP protein,

and include the CAP-LacI competitive binding. They take into account the association

of multiple inducer molecules to the tetrameric repressor, the stochastics due to the

low number of repressors per cell, and focus on nonlinear characteristics of the system,

such as feedback and bistability.

The lac system has been elucidated to the present high level of detail as a result

of a tremendous research effort in the course of nearly 50 years. Our knowledge of its

evolutionary history, however, is still in its infancy, let alone our knowledge of other

(including eukaryotic) gene regulatory systems. Many aspects are wide open for ex-

ploration. It is almost an empty statement that lac regulation somehow evolved in re-

sponse to an environment where the presence of lactose is fluctuating. As we have seen

earlier, evolution in variable environments has many more dimensions (also literally)

than evolution in a constant environment. We may ask ourselves for which fluctua-

tion time scales the lac system is optimal. And under what conditions the regulatory

system is retained, lost, ormodified? Moreover, since transcriptional activation is avail-

able as an alternative mode of regulation, what conditions favor repression in the case

of lactose metabolism [75, 76]? The answers to these questions will depend heavily on

the dynamics of natural populations of E. coli, which in fact is another subject in its

infancy.

Notably, the previous questions mainly address the optimality of a regulatory sys-

tem already in place, and are markedly different from questions about its origin. We

may wonder what are the early stages of the development of a regulatory system. Phy-

logenetic inquiries, also in the case of the lac operon, lift a part of the veil: the lac

repressor is a member of an extended family of transcriptional regulators in E. coli and

related bacteria [94]. The existence of such families (based on sequence or structural

homology) can be explained by either horizontal gene transfer [95] or by duplication

and divergence of the constituting genes [59, 96]. Most probably both processes are

responsible in part. In any case, having a number of homologous regulators in one or-

ganism poses the interesting question how two dedicated parts, the transcription fac-

tor and its operator, which function like a key and a lock, can change while retaining

their tight binding affinity, when one realizes that evolution usually proceeds by one

mutation at a time. Another way of phrasing this question is: does the system exhibit

rampant (reciprocal) sign epistasis, or are there evolutionary trajectories where this is

avoided? In the case of duplication, cross-talk and possible heterodimerization of the

repressor multimers could play important roles. These issues cannot be resolved by

looking at the phylogeny alone: a detailed understanding of the system’s function and

its influence on organismal fitness are essential.
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1.6 This thesis

This thesis will present a number of explorations into the evolution of regulation in

a temporally varying environment. We have employed a number of approaches and

concepts described above.

First, in chapter 2 we review four studies that analyzed evolutionary trajectories in

fitness landscapes representing a variety of molecular components in different organ-

isms. These studies have focused on the accessibility of trajectories from one function-

ality to another, taking as begin and end point ancestral and present day forms, specific

clinical isolates, or inferred points from homology analysis. In all cases viable path-

ways exist, although there were also indications for non-accessible trajectories. Since

these studies have access to the molecular, phenotypical, and/or fitness level, all cases

revealed interesting features of the selective process. For example a potential adap-

tive constraint due to key-lock issues governing multi-component evolution could be

avoided by either molecular cooption or interactions at the network level.

Chapter 3, which is one of the studies discussed in chapter 2, uses the abundant

evidence for gene duplication anddivergence being amajor creative evolutionary force,

as a starting point to investigate regulatory divergence at the level of the operator and

repressor’s recognition domain. Here the link between the genotype and phenotype is

formed by a large collection of measured mutant binding affinities, originating from

the group of B. Müller-Hill. Assuming a relevant selective pressure, we investigated the

nature of the divergence pathways and how their accessibility is affected by alternative

selective conditions. We found that divergence can proceed relatively unconstrained,

in spite of a rugged fitness landscape. It appears that also the high dimensionality of

this landscape (owing to its large mutational dataset) favorably affects the amount of

accessible trajectories.

Subsequently, chapter 4 presents an experimental investigation into the trade-off

structure that leads to an effective selective pressure for regulation. Again, the study

employs a fitness landscape (here a phenotype-fitness map) that could be fully exper-

imentally determined. By varying the selective stringency, analogous to the situation

in fig. 1.3, we could quantitatively control the selective advantage of regulatory pheno-

types over non-regulatory phenotypes. We followed the adaptation of randomly mu-

tated lac repressors and a regulatory cascade to the imposed fluctuating selective pres-

sure. In this work we combined an evolutionary and synthetic approach to be able to

directly observe the molecular basis of regulatory adaptation and its constraints.

Chapter 5 elaborates on the results of the previous chapter. Taking a lac repressor

with a novel, inverse functionality as starting point, we tried to assess which genetic

substitutions with respect to the wild-type lac repressor are functional, which are neu-

tral and what is the extent of epistasis between the mutations. The approach followed

here is useful in reducing the combinatorial complexity of that arises when one wants

to assess the selective importance of genetic substitutions between an ancestral and an

evolved sequence. Also we should be able to obtain information on the ruggedness of
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an actual repressor fitness landscape.

In chapter 6 we use a laboratory evolution approach to investigate how the natural

lac regulatory system adapts to a selective regime for which it is not optimal. We were

able to map and vary the extent of non-optimality by using both an artificial inducer

and an artificial carbon source, thereby separating two features normally incorporated

in lactose. In this case genetic variation originates from spontaneousmutation, in con-

trast with work in the chapter 4. By performing adaptation experiments, we explored

the conditions under which lac regulation is conserved, lost, or modified, and compare

the results to our prior optimality analysis. Information about selective pressures in

constant environments is used to interpret the evolutionary outcomes of experiments

in alternating environments.

In order tomake inferences about the selective pressures governing regulatory adap-

tation, one has to have a sufficient level of quantitative understanding of the regulatory

system, and vice versa. For example, the noise properties of molecular systems (due to

a small number of constituentmolecules), could be a factor that has been optimized by

selection, as is proposed e.g. in refs. [97,98]. In chapter 7 we argue that residual affinity

of induced lac repressor, which is omitted in recent thermodynamic descriptions of the

lac operon, is directly relevant for the optimal functioning of lac regulation. We worked

out a basic thermodynamic model that includes residual affinity, and highlight predic-

tions that are different from models without residual affinity. The results point to an

optimal relation between the lac repressor copy number and its residual affinity for the

operator.

Chapter 8 contains a theoretical exploration of the consequences of reciprocal sign

epistasis for the shape of a fitness landscape. It was noted by Weinreich et al. [54] that

sign epistasis is a necessary and sufficient condition for having inaccessible trajectories

in the fitness landscape. Here we conclude that reciprocal sign epistasis is a necessary

condition for multiple adaptive peaks in the landscape. However, sufficient conditions

of any simple form do not exist.

Biological systems not only reflect their evolutionary history, but in the age of ge-

neticmanipulation and synthetic biology, another history is sometimes also important:

that of human practice. Appendix B briefly discusses how a widely used expression

marker, lacZα became incompatible in combination with plasmids containing pBR322

origin of replication. It is an inheritance from the pre-sequence era. The cloning steps

leading to this incompatibility are discussed, and an alternative lacZαwas constructed.

Finally, along the way it was found that the complementary part of this marker lacZω,

when present in the common genotypic marker φ80dlacZΔ(M15) is unexpectedly ac-

companied of a highly expressed lac repressor. That this is never stated in specifications

of the genotype is the result of a historic typographical accident (appendix A).

Summarizing, this thesis presents a number of experimental and theoretical explo-

rations into (mainly) evolutionary aspects of gene regulation. As always, each of the

followed approaches will have its strong points and its limitations. The idea is that
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these and other approaches will contribute to a quantitative understanding of regula-

tory evolution. It is with the current state of knowledge, experimental tools, and the

growing amount of genetic information [99], an exciting field to work in, asking for a

multidisciplinary approach. What was true in the time of the synthesis between evolu-

tionary biology and genetics is as true for present evolutionary research, as expressed

by G.G. Simpson in 1944 [100]: "The basic problems of evolution are so broad that they

cannot hopefully be attacked from the point of view of a single scientific discipline."
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