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Abstract

Gaining an understanding of how biological regulation evolves is a fundamental research
qguestion in both evolutionary biology and molecular genetics. In order to gain more insight
into this topic, we focus on studying the simple gene regulatory system of the lac operon in
E. coli. We show that simple population genetic models can shed light on evolution
experiments and that this combined approach of modelling the experimental system gives
insight to better understand the causes of evolutionary change in the experiment. We also
study the natural diversity in the lac operon from 308 publicly available E. coli genomes that
come from various host species and different regions of the world. Evidence that selection is
generally maintaining the function of the lac operon across the sample regardless of host
species is provided and we show that different protein coding genes in the operon are under
different selective constraints on protein sequence preservation. A similar frameshift
mutation found in experimental evolution studies is shown to be present in the sample we
analyzed, indicating that selectively relevant variants in evolution experiments are also
present in natural populations. We show that there is no simple phylogenetic relationship
between host species, geographical location and the lac operon sequence. Finally, we argue
that a combined approach of comparative genomics, experimental evolution and theoretical
modelling contributes to a more complete understanding of molecular evolution.
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1) Introduction

Understanding the evolutionary origins and functional properties of gene regulation has been
a developing research topic in the intersection of molecular biology and evolution (Kalisky et.
al, 2007; Friedlander et. al, 2017). Theoretical, comparative and experimental approaches
have been utilized in order to gain a better insight into the processes that govern regulatory
evolution.

However, each one of these approaches has its limits. Many theoretical studies focus on
general models that can suffer from unrealistic oversimplifying assumptions that are hard to
apply to specific biological examples and can often lack knowledge on the realistic biological
parameters. Experimental studies are usually constrained to organisms with short generation
times (bacteria) and while quite particular in the molecular details, they can be limited in what
can be inferred outside of the specific experimental setup. Comparative and bioinformatic
approaches can give a broad overview of the diversity present in gene regulatory networks,
but can lack a mechanistic interpretation of what causes the observed differences.

One of the most studied and well-known model systems in molecular biology is Escherichia
coli (E. coli). E. coli is a gram-negative bacterium, that comes from the family of
Enterobacteriaceae. This organism contains a small molecular network that is used to
regulate lactose consumption called the lac operon. As E. coli occupies different environments
in nature, ranging from the guts of many animal species to different extraintestinal
environments (Jang et. al, 2017; Jesse, 2017) it is exposed to different amounts of glucose and
lactose as well as other sugars in different time periods.

In this study we focus on combining different approaches in order to gain a better insight into
the evolution of the lac operon in E. coli. This combined approach allows us to get a more
detailed picture of the evolutionary properties of the lac operon.

1.1) Molecular biology of the lac operon

In order to gain a deeper understanding of the model system in question and how the
molecular details of the system can influence the evolutionary trajectory, we will start by
describing what is known about lac operon structure and function.

1.1.1) The basic picture of lac operon structure and function

The lac operon in E. coli, since it was first described by Jacob and Monod (1961), has become
a classic model system for studying gene regulation. Its discovery set the paradigm for
understanding bacterial regulation and the basic principles have been extended to apply to
all other domains of life. The operon consists of 4 protein coding genes (lacl, lacZ, lacY, lacA)
and a short ~100 nucleotide long regulatory region that lies between lacl and lacZ.

The main known function of the operon is to transcribe genes that allow lactose to enter the
cell and to metabolize lactose in order to obtain energy rich molecules to support cellular
function. In addition, it regulates the expression of these genes depending on the presence



of lactose in the medium through repression. When lactose is present in the medium, the
metabolic genes are expressed and when no lactose is present in the medium then their
expression level is significantly lower due to the binding of a repressor protein. Three genes
(lacz, lacy, lacA) deal directly with lactose metabolism, while lacl is the repressor protein that
controls the expression of the other genes in the operon sequence.

The gene lacZ (B-galactosidase) is an enzyme that breaks down lactose into glucose and
galactose, as well as transforms lactose into allolactose. The gene lacY (B-galactoside
permease) is an inner membrane symporter that transports lactose into the cell using a
proton gradient. The final gene in the sequence is lacA (B-galactoside transacetylase), it
transfers acetyl group to B-galactosidase. The exact function of the lacA protein is not known,
and it is not an essential component in the operon, but has a possible cellular role in
detoxification (Mackey et. al, 2016; Roderick, 2005; Jesse, 2017).

When lactose is not present in the cell, the repressor protein lacl is bound to the operator
sites near the promotor region and blocks the polymerase from binding and transcribing the
downstream genes. However, in the presence of allolactose that binds the repressor it
changes confirmation and is released from the DNA molecule, which in turn leads to
expression of the downstream lac genes (Mackey et. al, 2016).

The regulatory region of the lac operon consists of a promoter region, a repressor binding site
(operator site: 04, O3; there is an additional operator site outside of this region and within the
lacZ gene 0,) and an activator binding site (CAP binding site). The repressor when bound only
to O;can decrease the expression of the operon genes 18 times, while when bound to all 3
sites the repression can reach as high as 1300 fold (Oehler, 1990; Mackey et. al, 2016). The
sites differ in binding strength, O, binds the repressor the strongest, while the other two have
weaker interactions with the protein. If the function of 0, is knocked out then the other two
binding sites have minimal effects on lowering expression of the operon (Oehler, 1990).

When intercellular glucose levels are low, then this leads to a higher production of cyclic
adenosine monophosphate (cAMP) that binds to the CRP receptor creating the CAP complex.
The CAP complex binds a single DNA position upstream of the promotor region in the lac
operon. When the CAP complex is bound it increases the affinity of the RNA-polymerase for
the promotor (Reznikoff, 1992), leading to an increased rate of expression of lac genes.

1.1.2) The protein coding genes of the lac operon

The lacl repressor protein is a homotetramer. It binds operator sites in the lac operon and can
bend the DNA molecule in a cooperative binding process in order to decrease expression. It
is @ 360 amino acid long protein that has a DNA and ligand (allolactose) binding domain. The
lacl repressor is one of the most well studied proteins in bacteria (Lewis, 2005), and the
functional and structural characteristics are well understood. The LacZ gene from E. coli is also
one of the most studied enzymes in bacteria. It is 1024 amino-acids in length and in E. coli
exists as a tetramer of 4 identical subunits making it one of the larger bacterial proteins to be
studied, with a molecular weight of around 500kDa (Mackey et. al, 2016). The central catalytic
activity of the protein (galctosylation and degalctosylation) is done by two glutamic acid
residues at positions Glu537 and Glu461 (Juers et. al, 2012). The lacY is a membrane protein
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that functions in the form of a monomer. It is 417 amino acids in length and consists of 12
helices that intersect the membrane in a zigzag pattern (Kaback, 2005). Lastly, the lacA protein
is the smallest in length compared to all other proteins in the operon, having a total of 203
amino acids. It forms a homotrimer and unlike the other proteins in the operon is not an
essential component for lactose metabolism, even though it is hypothesized that it has a
function in detoxification. It transfers an acetyl group form acetyl-Co-A to other [-
galactosides.

1.2) Evolutionary studies on the lac operon

Given the extensive knowledge we have on the molecular biology of the lac system, in recent
decades there was a focus on studying its evolutionary properties. The studies include both
long term and short-term evolution experiments as well as theoretical models of regulatory
evolution.

One approach in studying the gene regulation and the lac operon in particular has been using
optimality models. The basic assumption is that natural selection will optimize the system to
a fitness peak such that the properties of the system perfectly reflect the ecological conditions
(Alon, 2019), even to the extent where from the structure of gene regulatory networks one
can directly infer the ecological conditions under which the organism evolved (an approach
known as inverse ecology). Under this assumption, if the fitness costs of gene expression are
known and the fitness benefits of those genes in a specified environment are quantified, then
the optimal phenotype that evolution will reach (expression level, network motif structure)
can be predicted. This approach has shown some success in a simple lab setting (Dekel and
Alon, 2005) in predicting the short-term evolution of lac expression to specific lactose
concentrations present in the medium. By measuring the cost of expressing lac genes and the
benefit of metabolizing lactose, Dekel and Alon (2005) developed a fitness function that
predicts the optimal level of lac gene expression for different concentrations of lactose
present in the medium. They then conducted evolution experiments where E. coli evolved in
media with different levels of lactose present in the system and the bacteria evolved their
expression levels of the lac genes to match the predictions from the optimality model
developed in the paper.

However, the optimization approach has been criticized for taking a strong adaptationist
outlook that ignores the details such as mutational biases and genetic drift (Lynch, 2007;
Sorrells and Johnson, 2015), that can lead evolution to a different phenotypic outcome
compared to the what optimality theory would predict. Lynch (2007) has for example argued
that properties such as robustness and redundancy in molecular systems can emerge through
entirely neutral processes as opposed to being an adaptive response to certain envirormental
conditions. While the criticisms of the optimality approach have a lot of validity in pointing
out the overreaching conclusions, the optimality approach is still a useful in controlled lab
settings and can give some insights into the nature of gene regulatory evolution. However,
one should be cautious in extending the conclusions of this approach to natural populations.

Gerland and Hwa (2009) have directly studied the use-it-or-lose-it principle first formulated
by M. Savageau, that directly applies to lac operon regulation. The use-it-or-lose-it principle




simply states that the mode of gene regulation (negative or positive regulation) evolves to
maximize the use of the regulator protein. If the environment in which it is favorable for the
genes to be expressed is rare, then the preferred mode of regulation would be negative
(repression), while if the genes are often in an environment where it is favorable to express
them, then the preferred mode of regulation would be positive (activation). Gerland and Hwa
(2009) show that this reasoning is consistent with population genetic theory and derive
conditions under which it would apply. The lac operon is an example of a gene regulatory
network that follows this logic. From what we know about the ecology of E. coli, periods of
lactose exposure are relatively rare, due to most animals consuming milk for only short
periods of their life span. As expected by the use-it-or-lose-it principle the lac operon uses
negative regulation in controlling the expression patterns of lac genes.

Other studies have focused on the evolution of promoter sequences using the lac operon in
E. coli as a model system. Yona et. al (2018) replaced the regulatory region where the lac
promoter and other binding sites are with a ~100 random nucleotide sequence. They show
that when evolving under lactose conditions the promotor sequence re-evolves within a few
weeks in the experiment. This experiment shows that under a persistent selective pressures,
regulatory elements such as promoters can rapidly evolve in bacterial populations.

All of the prior experimental studies we discussed can be considered short-term evolution
experiments, that can be done within a few months of laboratory evolution. Other studies
have also focused on long-term laboratory evolution experiments that last much more than
a few hundred generations. In particular, Quan et. al (2012) and Karkare et. al (2021) conduct
a long-term evolution experiment with the focus on the lac operon in E. coli that spanned
several thousands of generations. In the study they looked at which changes happened in
linages that evolved in different glucose and lactose environments. Some of the environments
they used in the long-term experiment were:

1) Only glucose environment (G)

2) Only lactose environment (L)

3) Glucose + lactose environment (G+L)

4) Daily switching glucose/lactose environment (G/L)

They show that in the pure glucose environment there were no relevant changes in the lac
operon, while in other environments they found certain novel adaptations. Specifically, in the
lactose containing environments (L; G+L; G/L) they found that a loss of repression is an
adaptive change that is promoted by selection. They observed both loss of function mutations
in some linages of the O1 binding site as well as loss of function frameshift mutations in the
lacl repressor protein.

We found it rather unintuitive at first glance that the loss of the repressor would be beneficial
in the G/L environment, since it seems that having the repressor would be beneficial to
regulate expression in this case. Quan et. al (2012) provide some evidence that this benefit is
due to reduced lag phase when switching from glucose to lactose.




Inspired by the approach of combining population genetic theory with the experimental
evolution (Lynch, 2007; Dekel and Alon, 2005; Friedlander et. al, 2017) we developed a
population genetic model of evolution that applies to the experimental scenario that was
studied by Quan et. al (2012) and Karkare et. al (2021) of a daily switching environment in
order to see if we can capture the dynamics in a simple theoretical model with minimal
assumptions.




2) The population-genetic model for lac operon evolution

Here we will develop a general model that applies to the case considered in the previous
chapter. Assuming a simple population-genetic scenario where there are two genotypes with
relative finesses w; = 1 and w, = 1 + s; and assuming an initial allele frequency of p, for
genotype with fitness w,, the change in allele frequency over t generations is (Hemrisson,
2023; Weinreich; 2023):

WE'PO
wk-po+wi-(1-po)

p: = (Eq. 1)
Given the relative fitness of w; is normalized to 1, the term can be dropped out of the
equation, then by simplifying notation to w, = w the equation can be rewritten as:
t
W"Dg

= — Eq.2
Assuming there are two sequential environments to consider in which the population resides
for t; and t, generations respectively and that the relative fitness of the genotype in question
in each environment is w,, and w,, then the change in frequency after the first environment
has passed is (as in the previous equation):

Piy) = he L (Eq. 3)
(t1) po-(wel-1)+1 '

After the period of the first environment has elapsed the new allele frequency in the
population is p(¢,), the following change in allele frequency in the second environment is
then:

t2
We, P(t1)

p(tl)-(w£§—1)+1

By plugging in p(;,) into the previous equation and simplifying, the overall change in
frequency after both periods have passed can be simplified to:

This can be generalized to an arbitrary number of different environments (e;) if the number
of generations (t;) spent in each environment is known, the general equation takes the form
of:

t.
[1 We;'po

Pty = po'(HWti

i

_1)+1 (Eqg. 6)



The above model is a deterministic model of how selection acts on the change in frequency
of two alleles (Figure 1).

Wright-Fisher Simulation vs Analytical Cycle-by-Cycle Prediction
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Figure 1. Comparing the analytical prediction with stochastic Wright-Fisher simulations. The
yellow line is the analytical prediction from equation 5 for the change in allele frequencies over
the whole cycle (t; + t,), the blue line is the result of a Wright-Fisher (WF) simulation with the
same fitness parameters. Here a large effective population size (N, = 107) is used to mitigate
the effects of drift. The selection coefficients for the two environments are s; = 0.1 and s, =
0.05 respectively. Both the WF simulation and the analytical prediction start from the same
initial frequency of py = 0.3. The simulations show a good match for the predicted change in
allele frequency after each cycle.

This model can be directly applied to the experimental setup given in Quan et. al (2012) and
Karkare et. al (2021). From equation 5 we can see that there are only 3 possible outcomes:
fixation of the allele, loss of the allele or a dynamic equilibrium. The conditions for a dynamic
equilibrium are very strict, it is only possible if Wetll wetz2 = 1. Given the low probability of
fitness values and time parameters to exactly match this condition it can be strongly argued
that such scenarios are rarely fully present in natural or experimental populations. Whether
selection will fix the allele or it will be driven out of the population depends on the fitness
values (w, ,W,,) and the time spent in each environment (t;, t;) (Figure 2). If wetl1 wetz2 > 1

then the allele will be promoted to fixation, and if wetl1 . wetz2 < 1 then it will be lost.
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Figure 2. Stable points (loss or fixation) depending on the time spent in each environment.
Here we show how the outcome of the population genetic process (loss or fixation) depends
on the time parameters (t,t;) for fixed fitness values (w, ,w,,). We use a simple 2
environment case with glucose and lactose exposure as examples to relate it to prior work.
There are two stable outcomes: fixation of the mutant (yellow) and loss of the mutant (dark
blue). The thin line separating the two outcomes is the dynamic equilibrium when Wffll . W;Z =
1

2.1) Fixation probability of a new mutation in a fluctuating environment

The study of fixation probability of a new mutation under different population-genetic
scenarios has had a long history (Kimura, 1962; Cvijovi¢ et. al, 2015). While here we derive
our model from first principles, the theory presented in the previous and following section is
not novel (Cvijovic et. al, 2015; Roughgarden, 1979; Seether and Engen, 2015). However, it is
relevant to the understanding some population genetic properties of regulatory evolution
and gives further theoretical context to the simple model developed in previous sections.

Kimura (1962) famously derived the probability of fixation using diffusion theory, for a haploid
population with an effective population size N,, a selective coefficient of s and an initial
frequency p, the ultimate probability of fixation in the population is well approximated by:

1_e_2.Ne.S.p
Prix = T —2Nes (Eq. 7)



Under the conditions when selection is strong (N, - s > 1) and the initial frequency of the
mutant is 1/N,, the equation can be simplified to Haldane’s famous result ps;,, = 2 -s. The
probability of fixation of a new mutant in the population is equal to twice the selection
coefficient (Haldane, 1927). Given this fact and knowing that the relationship between the
fitness of a genotype and the selective coefficient is given by w = 1 + s, a simple symmetry
argument can be applied to obtain the fixation probability under fluctuating selection as given
in the prior model.

Taking into account the simple two environments model from Equation 5:

t1 tz
W61 Wez pO

Po (e -we; —1) +1

P(ti+t) =

We can define an effective fitness parameter (w,sf) such that:

witowtz. T
e; " We, Do Werr * Po

Pi+t) =

From here we can see that:

t1 Wt2

T _
Werr = W, e

€1

Taking into account that w = 1 + s we can write:

(1+5e0pr) = (1450,)" (1+5,,)" (Eq. 8)

Given that the total time in generations that passed in both selective scenarios has to be the
same then T =t; +t,, by further simplifying the equation we can obtain the effective
selection coefficient (s.sf) as:

_1
Seff = [(1 + Sel)tl(l n Sez)tz]t1+t2 -1 (Eq. 9)

This can be further generalized for an arbitrary number of different environments (i) into:

1
e
Serr = |T(1+5¢)"] %=1 (Ea.10)

This effective selection (s.sr) coefficient can then be used to calculate the fixation probability
using the Kimura equation (Eq. 7) or the simpler Haldane’s approximation buy substituting it
with the selective coefficient (s).

In order to test this theory, Wright-Fisher simulations were conducted in the special case of
two environments under different period lengths (t;, t,) (Figure 3).



Fixation probability vs environmental switching period
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Figure 3. Comparing the theory with the Wright-Fisher simulation results. The blue line is the
theoretical expectation for the probability of fixation given by s.¢r, the orange line is the
averaged out result of multiple WF simulations. On the y-axis is the probability of fixation and
on the x-axis is the time interval of each environment (here assuming the two environments
are always equally long). For the fast-switching regime (left side of the graph) we can see a
good fit between the theoretical prediction and simulation results. However, once the
envirormental lengths become too long the fixation probability in the WF simulation become
better approximated by the probability of fixation in the first environment.

As shown in Figure 3 in the fast switching regime when the time spent in each environment
is not too high the probability of fixation is well approximated by using the effective selection
coefficient (s.rr). However, as the periods in each environment get longer the fixation
probability becomes better approximated by the selection coefficient of the first environment
in which the mutation occurred (s, ). A possible interpretation of the simulation results is that
if the time spent in a specific environment (t;) is longer or close to the time to fixation in that
environment (tf;,,). Then it is very probable that the allele has fixed in a single environment
before ever experiencing a new one. Manual simulations are consistent with this
interpretation, but | do not offer any formal prof of this. If true, then the effective selection
coefficient can be used as good approximation to describe the population dynamics under
the condition:

te, < trix,
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Where tf;,, is given by the equation (Weinreich, 2023):

2:In(N-sg)

Se;

Urix; =

1.1) Implications and limitations of the model for laboratory and natural evolving
populations

The theory developed here was meant to partially shed light the counter-intuitive results
obtained by Karkare et. al (2021) and Quan et. al (2012). Which is that there is an adaptive
loss of function of the lacl repressor protein when exposed to daily shifts in lactose and
glucose exposure. However, the theory is based on the assumption that this not due to some
regulatory delayed response in expression patterns, but a simple consequence of the nature
of evolutionary dynamics and the specific fitness values associated with each genotype in
each environment. In this way the theory is limited to cases where the regulatory response
reaches equilibrium expression levels when exposed to a new environment on shorter time
scales than the average generation time of the bacterial population. This assumption can be
false for fast growing bacteria in a rich medium, however, for the case of a minimal media
where growth is slower and for many natural populations where generation times are not as
short as in optimal laboratory conditions, the assumptions developed in this model could hold
reasonably well.

The model is also developed to deal with sequential environments that have a pre-specified
duration in the number of generations (t;). This holds true for controlled laboratory evolution
experiments (Quan et. al, 2012; Karkare et. al, 2021), however, natural populations do not
experience strict time intervals when exposed to different environments. While the duration
and switching of many environments can be somewhat regular (seasonal temperature
changes, daylight exposure, etc.) there is still a stochastic component to envirormental
switching. The model developed here might be useful for cases where there is an average
generational duration of a specific environment, but that remains to be formally shown to be
the case.

For the evolution experiments the most relevant equation to interpret the model is Eq. 5,
which for the purposes of connecting it back to the initial experimental setup can be rewritten
as:

tg .t
, _ w,? - wt e pg
m =
(tg+t)) Do - (W;g . Wltl _ 1) +1

Here pm(tng)stands for the frequency of the mutant (lacl-) genotype in the population, the

fitness value of the mutant are w, and w; (fitness in the glucose environment and fitness in
the lactose environment respectively) and the time spent in each environment is ty(in
glucose) and ¢; (in lactose).
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In order to test the validity of the model on an experimental setup, we conducted competition
experiment between two strains of E. coli that differed only in the presence lacl repressor
protein. The results of which are presented in the following section.
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3) Experimental study of lacl- knockout population dynamics

In the previous section a model was developed to account for prior experimental
observations. While consistent with the prior data, it is important to directly test the theory
by conducting competition experiments and directly testing if the quantitative predictions
were correct. In order to do this, we constructed a lacl- knockout strain. As this strain has no
repressor gene present, while keeping the rest of the operon intact, it is functionally similar
to the frameshift mutation that caused the loss of repression function observed in Quan et.
al (2012) and Karkare et. al (2021).

Through the method of P1 transduction we then marked the two strains using YFP and BFP
markers in order to distinguish the strains in the competition experiments (Image 1).

Image 1. The coloring of different strains for competition experiments. Based on the number
of formed colonies on the plate the frequency of each type can be calculated, and from the
change in frequency over time the relative fitness can be obtained.

The two strains were then mixed in equal proportions in an DM minimal medium containing
low concentrations of glucose or lactose. After 22h-26h the population was transferred to a
new lactose or glucose medium (see Materials and Methods) each day during the experiment.

Noticeable shifts if frequency of the genotypes were observed during the experiment (Image
2). Specifically, the lacl- mutant, consistent with the experimental results of Quan et al. (2012)
and Karkare et. al (2021), showed a higher fitness value in the lactose environment relative
to the reference lab strain. By measuring the fitness effect of the lac- mutant using the
equation (Acar Kirit et. al, 2020):

(lnRt - lnRo)

In(1+s) = n

We obtained that the selective advantage of the lacl- mutant in the lactose environment is
s = 0.3, which is an extremely strong selective advantage. In our experiment the frequency
changes in the glucose environment were too small to determine the selective coefficient of
the mutant in this environment. While it reasonable to assume that in this condition s is
negative, due to the data being inconclusive we assumed that s = 0 for our calculations.
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Image 2. Noticeable frequency changes in the two genotypes over generations. Upper photos
show the initial number of colonies from a mix of two genotypes at the beginning of the
competition experiment. The two photos below show the change in the number of colonies
after 3 days in a lactose environment. Here the blue type is the mutant lacl- and the green type
is the canonical lac operon from E. coli K-12 MG1655.

To test the theory developed before we input the fitness values from each environment into
the equation 5 and tested it in two cases with different time cycle distributions. In particular,
we conducted a competition experiment where the total amount of time spent in each
environment is the same while the order of environments differed. Under these conditions
the overall change in frequency in these two types should be the same at the end of the
experiment. The analytical theory we developed fit well with the experiment (Figure 4).

The results presented here show that the population dynamics of bacteria in controlled
experimental settings can be described using simple population-genetic modelling. The
results are consistent with what was reported by Quan et. al (2012) and Karkare et. al (2021)
whose work inspired the population genetic experiment presented here.
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Experimental Data vs Analytical Model
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Figure 4. Comparing the analytical model with the data. Two isolated competition experiment
were that had a different cycle structure but the same predicted change in frequency. In one
the population was first grown in a glucose environment for two days, followed by the lactose
environment for 2 days (ggll), while in the other there was two cycles of glucose lactose
environments (glgl). The predicted change in these two scenarios should be the same overall
frequency shift and that is shown to be the case by the experiment.

The implications of the model and the experimental results presented here are that in order
to understand the evolution of different gene regulatory networks it is important to consider
the fitness benefits and costs of regulation in each environment. The time distribution the
genotype spends in each environment and the fitness obtained in said environment are all
that is needed to predict whether selection will overall favor or disfavor each genotype. The
theory developed here is limited to the case of fast envirormental switching and two
genotypes. In order to understand long evolutionary trends a much more detailed picture will
need to be developed, one that includes mutational biases in the introduction of new variants
into the population, multiple competing genotypes, as well as studying the conditions when
the time distributions of environments can be longer than the fixation time. We show that
under controlled conditions and when fitness parameters can be obtained, population-
genetic theory well describes the dynamics of the system when compared to the
experimental tests.

However, it is also important to note that while the theory and experimental results show a
very good fit in this case, it is possible that the model might fail to work under different
circumstances. As mentioned before the model is limited by two important assumptions 1)
fast regulatory response and 2) envirormental periods are shorter than the fixation time in
each environment.
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4) Natural diversity in the lac operon

Many studies on the lac operon have been conducted on the famous lab strain E. coli K-12
MG1655. This focus on a specific reference strain could lead to a very biased view of what the
lac operon structure and function looks like. Given the importance of this molecular system
for modern biology, gaining a picture of the diversity present in this genomic region is worth
doing in order to better understand the how the ecology of the E. coli shapes the structure
and function of the lac operon in the wild. Mutations and gene flow are always introducing
new variation into the population, selection is preserving different variants based on specific
environments and the effects of random genetic drift varies with the population size; so it is
possible that the lac operon from different E. coli bacteria will have radically different
properties than the one most biologist are used to.

In order to conduct that analysis, we looked at available genome sequences of E. coli isolated
from different animal hosts across the globe and from different time periods (Monteith et. al,
2026). We focused on 5 specific host species (Chicken, Gull, Duck, Horse and Deer) from which
the E. coli genomes were isolated and compared their sequences to the canonical lac operon
sequence from E. coli K-12 MG1655 (see Bioinformatic section in Materials and Methods). A
total of 308 genomes were analyzed. The animals we picked for the study differed in their
ecology when it came to lactose intake. Bird species are considered to have no lactose intake
in their life cycle, while mammals take in lactose for a period early in their life cycle. Because
of these ecological differences we were interested to see if there were any structural of
functional differences between samples isolated from different animal hosts.

Jesse (2017) has also studied the diversity in the lac operon from 20 wild isolates ranging from
human to environmental strains. Our work here complements this prior approach of gaining
a deeper understanding of natural diversity in this gene regulatory system.

4.1) Phylogeny of the sample

Using a maximum likelihood method (IQtree), the phylogenetic relations of the sample were
inferred (Figure 5). The phylogeny shows that lac operon sequences do not fully group into
neat monophyletic groups by host similarity. It also shows that similar sequences can be found
in very different host indicating the possibility that host shifting is a common occurrence in E.
coli ecology. The most phylogenetically clustered (low variation) part of the sample was
isolated from the gull host, while the most diverse came from the chicken host.
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Figure 5. Phylogeny of the sample with coloring based on host species. While there are some
monophyletic groups that cluster based on host species, this trend is not universal. Host
switching is common in many linages, indicating that the E. coli can readily switch between
different hosts.

The lack of a phylogenetic signal within host species can be partially explained by the fact that
the samples were collected from different time periods and regions of the world (Figure 6).
However, the geographical groupings also do not correspond directly to the phylogenetic
relationships. This indicates that both geography and host ecology have an effect on the
distribution of lac operon variants, but do not fully determine their relatedness.
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Figure 6. Phylogeny based on group differences (bird/mammal) and geographical region of
origin. The first layer of coloring refers to groups such that mammalian species (horse and deer)
are colored white and bird species (chicken, gull, duck) are colored black. This simplified
coloring for the host species is made based on a more similar lactose intake within the two
groups and to simplify the visualization of the phylogeny. We can see that while there is some
general clustering based on geographic origin, there is also evidence of host specific genotypes
that do not concord with geographic location.

We focus on some specific interesting cases reviled by the phylogeny. For example, the gull
sample (Figure 5, light blue) clusters into two monophyletic groups that are individually more
similar to different hosts and regional samples then to each other. Both of the gull sample
clades are intersected with samples isolated from other bird host (chicken and duck) that
come from a completely different region (China, Brazil and the USA; Figure 6). Some of the
samples from different bird species and different regions can be found on the same
monophyletic branch that is identical with respect to sequence. The gull sample in our analysis
is unigue in that it is the only sample that originates from Australia, so there is strong
geographical and host bias. However, it is interesting to see that samples from other bird
species are intersected into the phylogeny, indicating potential convergent adaptations to
general bird ecology.

From the phylogeny (Figure 5 and 6) we can also observe host switching, both within
mammalian and bird groups as well as between these groups. This indicates that while some
level of host specification might be present, the same lac operon sequence can be found in
species with different ecologies.
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4.2 Sequence diversity in the lac operon

When compared to the reference sequence of the lac operon we found a lot of variation in
the sample, as was expected based on the phylogeny (Figure 7). Some strains had the same
sequence as the reference genome while others differed in up to more than 180 variants
present. Most of the variation in the protein sequences were due to synonymous changes
that did not change the amino acids of the protein, a smaller subset are missense mutations,
while frameshifts and stop codon mutations were the least prominent in our sample. Only 3
strains had stop codon mutations present in at least one gene and there were a total of 25
samples with indels in the protein coding region (19 samples with frameshifts and 6 samples
with inframe deletions). The overabundance of synonymous variants compared to the
missense and indel variants suggests that selection is in general maintaining the functional
sequence of the lac operon in most isolates.

Variant counts across genomes
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Figure 7. Number and type of variants per sample compared to the reference genome. There
is a lot of variation in the lac operon sequence across the 308 samples that were analyzed. The
majority of the differences from the reference are in synonymous sites while a smaller
proportion are due to missense mutations. Very few samples had stop codons present in their
sequence (only 3 samples had early stop codon mutations) and only 19 samples had frameshift
mutations present. The vast majority of sequence variants can be characterized as point
mutations with respect to the reference genome. This is consistent with the interpretation that
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selection is generally maintaining the functional properties of the lac operon across the
analyzed sample.

In order to further test for selective maintenance of the operon sequence, we looked at the
missense to synonymous ratio (M/S ratio) for each sample. We obtained similar results across
the sample, mostly clustering around a M/S ratio of 0.4 (Figure 8). Given that there are more
mutational paths in the codon that create a missenses mutant as opposed to a synonymous
mutant (that only happens due to some changes in the third position of the codon) this also
provides evidence that the selection is maintaining the lac operon across the sample.

An analysis of the M/S ratio across each of the 4 protein coding genes in the lac operon
indicates that different genes are under different selective constraints. Specifically, lacY and
lacl have strong selection maintaining the protein sequence, while lacZ and lacA are under
much weaker constraints. LacA in particular seems to be the least constrained gene in the
sequence based on the M/S ratio (Figure 8). This is consistent with prior studies in that lacA
is not an essential gene in maintaining the function in metabolizing lactose, so it is possible
that the high M/S ratio is due to relaxed selection on the functional properties of the gene.

The observation that lacA and lacZ are less constrained compared to lacY and lacl is also
consistent with the total amount of protein sequence variation (missense variants) we found
in each gene. LacY and lacl had a total of 6% and 7.5% of their protein coding sequence varying
in the sample, while lacZ and lacA approximately varied in 17.5% of the protein sequence.

All of these results together suggest that the lac operon is generally maintained by selection
across the sample we analyzed. The genes in the lac operon are under different constraints
on sequence preservation. LacA and lacZ vary much more in their protein sequence compared
to lacl and lacY across the sample and show higher values of the M/S ratio across the whole
sample.
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Figure 8. The missense to synonymous ratio for all genes in the analyzed sample. The analysis
shows that lacZ and lacA experience less constraint on the sequence compared to lacl and lacy.
LacA in particular has an extremely high mean M/S ratio (close to 0.8) which is double the mean
ratio for all genes in the operon. A Wilcoxon paired test showed that M/S ratio differed
significantly for all gene pairs in the sample (p<0.05). However, the test was not corrected for

phylogeny.

A similar analysis was done based on host species origins. We found that there is a high
variance in mutational distance from the reference lac operon in all samples from different
host species (Figure 8). In most host species we found samples that are very similar to the
reference genome as well as isolates that had a high mutational distance from it. The only
exception was the gull sample where all samples had at least a few dozen sequence changes
compared to the reference (Figure 9, left). The mutational distance of the gull sample from
the reference could be due to the uniqueness of the sample origin (only Australian isolates)
as well as from the low diversity found in the gull sample (most isolates are identical in
sequence). The M/S ratio analysis showed that the selective maintenance of the lac operon
genes was similar in all 5 host species. This indicates that in all host species the lac operon
function is being maintained by selection. Whether this is due to specific selective pressures
in each host to maintain the operon, or due to high rates of envirormental host switching of
E. coli cannot be clearly inferred from the data.
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Total number of varaints relative to reference for each host species

Number of mutational variants per sample
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Figure 9. Total number of mutational variants per sample when compared to the reference
(left) and missense to synonymous ratios for each host species (right). With the exception of
the gull sample all other samples show a very high variance with isolates that are very similar
to the reference and ones that are very different from it. M/S ratio analysis shows similar values
for all host species. These results indicate that selection is maintaining the lac operon in all host
species.

4.3) Structural diversity in the lac operon

In the sample there were 19 frameshift mutations in the protein coding genes and 6 inframe
deletions. Frameshift mutations were found in all protein coding genes, but the majority of
them were found in the lacA gene. Two different frameshift mutations occurred in this gene
and spread through the sample (Figure 10). In one clade the frameshift happened in amino-
acid position 130 leading to an early stop codon and a protein only 131 amino acids in length
(compared to the 203 amino acid wild type). In the second clade with the structural variant
in lacA the frameshift mutation occurred at amino acid position 47 leading again to an early
stop codon. The lacA gene is the protein whose function is least understood out of all genes
in the operon, but it is known that it is not essential for general lac operon function. Since
these frameshift mutations in lacA can occur without completely destroying the known
function of the whole lac operon, it is possible that under certain conditions loss of function
in the lacA gene could be effectively neutral.

There were two strains that contained a frameshift mutation in the repressor gene lacl. The
mutations happened independently in two different linages (Figure 10). One happened at the
amino acid position 37 and the other at amino acid position 201. Interestingly, the frameshift
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at position 201 was due to a 4 nucleotide deletion and the position of this variant is close to
the identified frameshift hotspot that was noticed in the evolution experiments (Quan et al.
2012; Karkare et al., 2021). This indicates that similar frameshift mutations observed in
laboratory conditions can also be found in natural populations. However, their potential
beneficial or deleterious effect is contingent on the environment they are in and the length
of the envirormental cycle.

One genome had multiple frameshifts in many genes which most probably lead to the loss of
the known lac operon function (green bar, Figure 10). In this sample frameshifts happened in
all protein coding genes due to either single or multiple nucleotide insertions and deletions.

A few samples with inframe deletions were also observed in two genes in a total of 6 samples
(2 in lacY and 4 in lacZ). In lacY a total of 96 nucleotides were deleted from near the end of
the gene (position 352), leading to the protein that is 32 amino acids shorter in length. The
lacZ variant had a much smaller change present in the genome a deletion of 3 nucleotides at
amino acid position 345 leading to the loss of amino acid leucine (L).
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Figure 10. Phylogenetic distribution of indels in protein coding genes. Different indels have
been acquired independently in different linages. Most of the indels happened in bird samples
with the only two exceptions (the lacl frameshift and lacA frameshift). The majority of indels
are frameshifts (19 samples) the rest are inframe deletions (6 samples). The majority of
frameshifts are present in lacA (16 samples) and they cluster into two monophyletic groups.
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4.4) Regulatory region diversity

As a final part of the analysis we focused on the regulatory region of the lac operon, which is
the ~100 nucleotide region between lacl and lacZ. This region contains three important
regulatory elements, the lac repressor binding site (0,), the CAP binding site and the
promoter region. We looked for variants in this that differed from the reference strain. We
found some variants within the whole regulatory region (Figure 11).
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Figure 11. Number of variants present in the regulatory region per sample. In the small 100
nucleotide region we found some variation present. However, the majority of the sample had
only a few sites that were different from the reference. This simply shows that variation is
present in this region and based on phylogenetic distance can vary in how different each strain
is from the reference.

Almost all of the variants present in this region were single nucleotide changes, and there was
only one sample that had a small 2 nucleotide insertion.

We then focused on the specific functional elements in the region (O1 binding site, CAP
binding site and the promotor). We found a total of 11 samples that had variants present in
the 01 binding site, that occurred at two different positions (Figure 12). For the CAP binding
site we found many samples that had a specific variant at position 11 of the binding site
sequence. However, this region of the CRP binding site does not seem to contribute to protein
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binding based on the sequence logo (Crp - Enterobacteriales: logo) since the variant is present
in the noninformative region of the site. For the promotor we found no variants in the -35
and -10 elements, but we did find many different variants in the spacer region between them.
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Figure 12. Distribution of regulatory sequence variants in the O1 binding site. The phylogeny
shows that variants in the O1 site have occurred independently multiple times in the sample.

With the exception of the 11 variants found in the O1 binding site, all other variation found
in the regulatory region has occurred in regions that are expected not to be essential for
influencing lac expression. This indicates that for the most part the changes in the regulatory
region are mostly minimal when compared to the MG1655 reference.
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5) Materials and methods
Evolutionary simulations

Wright-Fisher simulations were performed using a custom-made Python script. A single locus
two allele system was simulated with fitness values w,, = 1 + s; for the mutant strain and
fitness of w = 1 for the wild type in each environment. The two environments that were
simulated had different and opposite effects on the fitness of the genotypes (positive and
negative s;). The change in frequency due to selection and mutation was simulated by the
equation:

Wei(1 )+ (1 ey
Pt+1 = Pt W v ( Pe W) u

Here p, is the frequency of the mutant genotype at time t, w, is the fitness in environment
and W is the mean population fitness. Mutation rates v and u were both set to zero for the
purposes of this simulation.

Drift was simulated by using binomial sampling after selection:

i Ny .
Probipsctsarye =7/ pess] = () ploa+ (@ = psa)™

Envirormental switching was simulated by changing the selection coefficient every t = x
generations.

The simulations were run until one of the alleles reached fixation p = 0 or p = 1. They were
done multiple times over varying envirormental switching regimes (t) (Figure 3).

(Hemrisson, 2023; Weinreich, 2023)

Constructing the strain

In order to conduct the experiment, we needed to construct a mutant strain where we knock
out the function of the lacl repressor gene. While in the long-term evolution experiments
(Quan et. al, 2012; Karkare et. al, 2021) this happened by a natural frameshift mutation, we
decided to go with a different approach and knock out the lacl gene entirely.

We performed a scar-free deletion using the DIREX method on the lab strain Escherichia Coli
K-12 MG1655. Based on the already existing protocol (Nasvall et. al, 2017), we constructed
primers (5’-gcccggaagagagtcaattc-3’ and 5’-ctcacattaattgegttgeg-3’) flanking the lacl gene,
and amplified the AcatsaC fragements by PCR (high fidelity Q5 polymerase). Recombination
of the AcatsaC selection cassette into the Lacl locus was carried out by electroporating the
fragments into cells expressing the Lambda-Red recombination system from the pSIM5-Tet
plasmid. This method is used to change bacterial DNA sequences by transforming linear
pieces of DNA and recombining them. Expression of the recombination system from the
pSIM5-tet plasmid crates the conditions necessary for recombination to happen.

The generated intermediate was then transduced into the lab strain (E. coli K-12 MG1655)
using the method of P1vir transduction. Selection on sucrose plates enabled obtaining the
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final lacl- knockout. We verified the successful deletion of the lacl gene using another set of
verification primers (5’- cctgtgtgaaattgttatccge-3’ and 5’- gaatggcgcaaaacctttcg-3’; top and
bottom primer respectively) with DNA gel electrophoresis.

Both the novel knockout strain (lacl-) and the prior lab strain (MG1655) were then marked
using blue fluorescent protein (BFP) and yellow fluorescent protein (YFP). This was also done
using P1lvir transduction.

Competition experiments

Competition experiments were conducted in culture tubes in a type of minimal Davis-Mignoli
(DM) medium with 175 ug/ml for glucose or 210 ug/ ml for lactose (Karkare et. al, 2021;
Stoebel et. al, 2008). Prior to the competition experiments the bacterial colonies were grown
in an LB medium overnight, the next day they were switched into a DM medium with lactose
or glucose for preconditioning for one day prior to the start of the experiment. The two types
of bacteria were then mixed in equal proportions at the start of the competition experiment.
Part of the initial population was immediately plated on agar plates with dilutions of 10 and
107 to obtain the initial frequency at the start of the competition experiment. After which
they were propagated in 2 ml of DM medium with a 1:100 dilution ratio each day, and plated
prior to each transfer to obtain the number of colonies formed. There were 6 independent
populations for each experiment, that start from the same initial conditions. In order to
control for fitness effects of the marker (BFP and YFP) 3 of the 6 populations were marked
with BFP for the lacl knockout while the other 3 were marked with the YFP for the lacl
knockout strain. As an additional marker control, marker competition was performed withing
both strains (lacl- Knockout and MG1655) and showed no strong selection effects.

Bioinformatic analysis

For the bioinformatic part of this research the genomes were downloaded from publicly
available data from the NCBI website. The data set was obtained as a partial sample of the
data used in Monteith et. al, (2026). Monteith et. al, (2026) focused on the diversity in E. coli
genomes across over 5000 isolates from different host species, we focused on the subset of
that set that includes the host species analyzed here (chicken, gull, duck, horse and deer). We
conducted an independent analysis focusing on the lac operon region, which was not done in
the original study. The lac operon reference we used was from E. coli K-12 MG1655 (NCBI
Reference Sequence: NC_000913.3) with genome coordinates 361161-367579. This region
includes all 4 protein coding genes of the lac operon as well as the regulatory region between
lacl and lacZ.

For the genome alignment we used minimap2, with the asm20 as the set parameter (Li, et.
al, 2018).PAFTOOLS (part of the minimap2 package) was used for variant calling. The
functional annotation analysis was done by using SNPeff and BCFtools/csq (Cingolani et. al,
2012; Danecek and McCarthy, 2017). While both of these tools are used for the same task,
they have different advantages and disadvantages. SNPeff gives a more detailed report of
mutational changes and effects, however it is not haplotype aware and treats each mutational
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change individually, this lead to an overestimate of stop codon mutations that were not
actually present in the sample. In order to correct for this effect we also used BCFtools/csq.
IQ-tree (Wong et. al, 2026) was used to construct the maximum likelihood phylogenetic
relationships in the sample based on the variants present in the VFC files produced by the
prior analysis. The best fit substitution model was selected by ModelFinder based on BIC
(GTR+F+ASC+R3 model). iTOL (Letunic and Bork, 2024) was used for the visualization.

The data was analyzed using Python version 3.12.7.
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A. Appendix 1 - Declaration of the use of Generative Al and Al tools

Al tools (ChatGPT Plus) were used mainly for the purposes of code debugging and optimization of
scripts and bioinformatic pipelines. To a lesser extent it was also used for literature review. These tools
contributed to optimizing the code, efficacy and speed up the data analysis process. All Al-generated
content was reviewed, checked and corrected by the author to ensure accuracy. The author takes full

responsibility of the content presented in this thesis, making sure that it meets the required academic
standards.
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