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Abstract

Systems design has classically relied on composable systems, in which individual subsystems
have defined inputs, outputs, and interactions with each other; however, attempts at
designing complex systems in synthetic biology has often run in to issues of crosstalk and
interference, given that these systems must function within the context of the host. In nature,
mobile genetic elements are systems that have evolved to travel between hosts, and thus
appear to be a good candidate with which to evaluate composability. Selecting temperate
phages as a model system, | used mathematical modelling to identify sources of information
that temperate phages should respond to. | found that essential proteins of temperate phages
can interfere with potential hosts, indicating limitations to composability. | also designed a
lysogeny reporter construct and characterize its behavior across various laboratory and
environmental strains, finding differences in phage lambda lysogens, and potential
interference from prophages that already exist within the environmental strains. Although
the information gathered is not conclusive, it suggests that composability is not a key property
of temperate phages, implying that biological systems may not be composable, and that other
system design principles should be considered when designing synthetic systems.
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1 Introduction

Cells are machines. Complex machines, more complex than a single person can fully
understand, but machines nevertheless. A cell fundamentally functions as a series of physical
steps, each entailing the next, carrying out a program put in motion by the initial state of its
internal components and its environment. As biologists we study this machine, identifying
pieces and figuring out how they fit together, how components respond to the environment,
how one step leads to the next, all in order to build an understanding of how the machine
functions.

And as humans, we believe that we can control this machine.

1.1 Composable Systems in Synthetic Biology

In synthetic biology, we try to bend nature to our will. We believe that we have sufficient
knowledge to have cells perform the instructions we transfer into them, to program them
with the messages we write in DNA.

And, on a first order, it works. We can delete genes, and put new ones back in. We can create
simple genetic circuits, which respond to chemical cues we add to the medium. We can also
create simple logic gates, to perform simple processing on the inputs before expressing an
output.

But any farther and it falters. Two circuits, that work independently, fail when interfaced with
each other. A circuit that functions perfectly in one cell fails when placed in a different cell.
Complex genetic circuits have been designed, but require multiple rounds of evolutionary
iterations before they function anywhere close to as predicted (Castle et al., 2024).

This is all an issue of composability: the ability to combine components into larger systems.
Individual components must be able to receive their inputs and produce their proper outputs,
independent of the functioning of the other components in the system. And currently in
synthetic biology this fails. We are limited in the complexity and scope of our designs, as our
tools do not work when we put them together.

Some of these issues are foreseeable, while other issues have only been identified in
retrospect. If two components use the same transcription factors, then it is obvious that there
will be crosstalk between them. If you overexpress too many proteins, eventually the cell will
be unable to keep up. But if multiple components use the same degradation machinery, how
many of those components can you include before the degradation machinery is
overwhelmed? How many transcription factors can you express before off-target binding
becomes an issue? Designing complex biological circuits is a blind reach into the dark,
navigating a labyrinth only by touch.

Biology is not a wire guiding an output directly to an input; biology is a bag of marbles, inputs
and outputs and internal states all colliding with one another, interfacing and interfering.
More complex natural biological systems have solved this problem by creating membrane-
bound organelles to separate one system from another, or by separating systems into
completely different, differentiated cells. But for synthetic biology, and especially for the
engineering of systems within single cells, the problems remain: are there limits to the
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complexity of genetic circuits? Do composable systems even exist, or are we deluding
ourselves into thinking that we can create systems unaffected by the noise of the context that
surrounds them?

1.2 Mobile Genetic Elements

Nature has not been idle. Nature, too, has evolved systems that insert themselves into other
cells, and try to carry out their program to the best of their ability. These are the mobile
genetic elements, often referred to as selfish genetic elements, as many of them often carry
out their program at a cost to their host.

But in many cases, the cost to the host cannot be too high. As these mobile genetic elements
live within the host, death to the host also means death to the genetic elements that inhabit
it. And thus, mobile genetic elements often exist in an uneasy truce with their host: selfish
genetic elements carrying out their programming, while minimizing any interference with
critical host functions (Haudiquet et al., 2022).

What is the programming that the genetic elements carry out? As with all replicators, they
exist to make copies of themselves. Insertion sequences and transposons are short sequences
of DNA that cut, copy and paste themselves into other pieces of DNA, and sometimes that
DNA is released into the environment and taken up by another cell, spreading the genetic
element to a new host. Plasmids can encode their own systems to spread; as circular pieces
of DNA, they can encode more complex systems such conjugation systems, with which they
can inject a copy of themselves to bacteria in physical contact (Frost et al., 2005).

And they want their host to be reproductively successful. Any daughter cells of the host
should contain copies of any genetic elements that are present (and some selfish genetic
elements work hard to ensure this), and thus success for the host translates into success for
the genetic element.

Mobile genetic elements carry out their programs, while avoiding undue stress to their hosts.
They are transferred from host to host, and function the best they can wherever they find
themselves. As such, they appear to be a perfect system to examine for natural composability.

1.3  Phages

Phages are another class of mobile genetic element with an interesting twist; their fitness is
less strictly tied to that of their host. For all the previously mentioned mobile genetic
elements, their fitness is strictly tied to their host; if they cannot find another host to infect,
then they remain within their host, and if their host dies, then they also die.

Phages, on the other hand, can be virulent. Virulent phages decouple their fitness from that
of their host. Once a host is infected by a virulent phage, the phage hijacks the host’s cellular
machinery to make more copies of itself, before killing and lysing the host to spread its copies
into the environment in search of new hosts. There is no sustained transmission of virulent
phages vertically to any daughter cells!, and there is no reason to keep the host alive.

1 Note that this is not strictly true; in the case of pseudolysogeny a lytic phage is capable of delaying lysis for an extended
period of time, being passed on to daughter cells; however, | consider this a form a lysogeny, and is similar to strategies
deployed by temperate phages, as described below.



This strategy does not work in every environment. In environments with few hosts, or
environments that are harsh to the free phage particles, a sizable fraction of the phage’s
offspring will be unable to find a host and reproduce. Virulent phages are therefore always at
the mercy of their environment, doing well during the good times and badly during the hard
times.
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Figure 1: Lytic and lysogenic cycles of the temperate bacteriophage.

Free phage infect susceptible cells. In the lytic cycle, the phage genome (red) is replicated and produces a number
of phage particles. Eventually the phages lyse the host cell, releasing the phage back into the environment. In the
lysogenic cycle, the phage genome integrates into the genome of the host as a prophage, replicating when the
host cell divides. The prophage can be induced by environmental conditions to exit the lysogenic cycle, excising
its DNA from the host genome and leading to the replication and release of phages. Adapted from Oppenheim
etal. (2005).

Temperate phages, on the other hand, can choose. Upon infecting the host, they can choose
to kill and lyse their host and produce as many copies of themselves as possible, or if the
environments seems unsuitable, they can go quiet, integrating themselves into the host
genome or maintaining themselves as phage-plasmids, transforming the host into a lysogen
and tying their own fitness to that of their host. Eventually, environmental conditions can
change to conditions that support virulence, and the lysogen can induce, producing free
phage particles to release into the environment once more.

Upon infection, temperate phages can choose between lysis and lysogeny, and that makes all
the difference.



1.4  The Lysis-Lysogeny Decision

Upon infection of a host, a temperate phage must decide: shall | undergo lysis, or shall |
undergo lysogeny? This is a decision with only two outcomes, as the two outcomes are
mutually exclusive, and the outcomes are easily distinguishable: either the phage undergoes
lysis and the host cell dies, or the phage undergoes lysogeny and the host survives.

Which outcome is better? It depends on the environment. In environments with few hosts,
or environments that would rapidly kill any free phage particles, it may be more prudent to
lysogenize the host instead of releasing more phages into such a harsh environment.
Contrariwise, in environments teeming with sensitive hosts, it makes little sense to undergo
lysogeny when there are so many sensitive hosts to infect easily within reach.

But in order for the decision to be a choice and not just acting at random, the phage must
gather information on which it bases its decision. It has been shown that phages can gather
information from the environment through a variety of mechanisms, responding to signals in
the environment as well as the internal state of the cell (Shao et al., 2019), and use this
information to determine whether to undergo lysis or lysogeny?.

1.5 The Lysis-Lysogeny Decision in Lambdoid Phages

The lysis-lysogeny decision is most well studied in lambdoid phages, due to the historical
usage of phage lambda as a model organism. The key players of the lysis-lysogeny decision
are located in a region called the lambda switch. The structure of regulation of the lambda
switch is well conserved among lambdoid phages, despite the variability in operator sites and
protein identity.

After injection of the phage genome into the host cell, phage lambda begins transcription at
the PLand Pgr promoters, initially transcribing the N and cro genes. The Cro protein suppresses
the expression of Cl, and the N protein functions as an antiterminator, which allows for the
transcription of clll, the Cll transcriptional activator and the Q antiterminator. The Q
antiterminator extends the transcription of Pr to begin the expression of lytic genes,
committing the phage to lytic replication; however, Cll suppresses the expression of cro and
Q. Cll has a short half-life, but is protected from degradation by ClIlI. If Cll is able to reach a
sufficiently high concentration, Cll suppresses the expression of the lytic genes, allowing the
phage to enter the lysogenic pathway.

In the lysogenic pathway, Cll activates the Pre promoter, transcribing RNA antisense to cro.
Pre also drives the expression of Cl. Cl represses both P, and Pg, shutting down expression of
the lambda switch and allowing Prv to maintain Cl levels. At sufficiently high levels of ClI, Cl
can repress the expression of Pry, maintaining an intermediate level of Cl in the lysogen.

2 This is true of some virulent phages as well; some virulent phages, such as T-even phages, can delay their lysis if they detect
that environmental conditions are unfavorable, termed lytic inhibition, lysis delay, or lysis timing, often leading to delayed
lysis but larger burst size (Bode, 1967). The core decision-making appears to be the same: make a decision dependent upon
environmental conditions.
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Figure 2. The lambda switch.

During late-early expression (A), the PLand Pr promoters are active, leading to the transcription of multiple genes.
The expressed Cro protein represses the Prm promoter. If the Cll protein does not reach sufficiently high levels,
the Q antiterminator protein turns on genes which result in phage replication and cell lysis. If Cll proteins reach
sufficiently high concentrations (B), the Cll protein activates the Pre promoter (B1), as well as other promoters
for genes required for lysogeny. Cll also activates the transcription of an antisense promoter to Q, repressing its
expression (not shown). Pre transcribes the cl gene and RNA antisense to cro (B2), resulting in the silencing of cro
translation, which allows Prm to be transcribed. The Cl protein represses transcription from the P. and Pr
promoters, preventing the transcription of cro and cll (B3). At sufficiently high concentrations, Cl represses Pruv,
regulating its own expression. The N and Clll proteins are also part of the switch, as the N protein is required for
the transcription of cll and clll, and Clll protects Cll from degradation. Adapted from Oppenheim et al. (2005).
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So how does this dance of repressors, activators, and antiterminators function to integrate
information? Much of the initial decision of the switch depends upon the concentration of
Cll; sufficiently high concentrations of Cll represses the lytic pathway and allows the lysogenic
pathway to proceed. Thus, anything that influences the concentration of Cll can influence the
lysis-lysogeny decision. Smaller cells have been shown to have an increased chance of
lysogeny (St-Pierre & Endy, 2008), as does lower temperatures (Obuchowski et al., 1997) and
low nutrient environments, where fewer host proteases protect Cll from degradation
(Ptashne, 2004).

Cll is also a key player in mediating the effect of the multiplicity of infection on the lysis-
lysogeny decision. In high-phage low-host environment, it is likely that multiple phage bind
concurrently to the same host cell, before the decision is made. This leads to an increase in
the number of phage genome copies inside the cell, increasing the Cll concentration and
driving the phage towards the lysogenic pathway (Weitz et al., 2008).

An important distinction to note is that the Cl repressor is primarily involved in the
maintenance of lysogeny, rather than the initiation of lysogeny. During lysogeny, if Cl levels
drop below a critical threshold, the Pr and P. promoters become unrepressed, leading to
induction and a return to the lytic pathway. Cl is cleaved during the SOS response by RecA*;
however, this does not necessarily mean that the SOS response shifts the lysis-lysogeny
decision towards lysis, rather, the lysis-lysogeny decision could have made the decision to
under lysogeny, but was immediately induced, being unable to maintain the lysogenic state.

1.6 Using Temperate Phages as a Platform to Examine Biological
Composability

If a naturally-occurring composable system exists, it is almost surely a mobile genetic element.
They transfer between cell to cell, host to host, and must carry out their program within the
context in which they find themselves. And if they are to process information to make a
decision, then they require the means to gather information and the discrimination to
differentiate between useful signals and useless noise, and the means to process that
information without being disrupted by the functions of the other systems within the cell3.

Temperate phages, specifically lambdoid phages and phage lambda, are well-characterized
examples of mobile genetic elements, and are amendable to exploration in their properties
of composability. In this thesis, | have examined the composability of phage lambda. In
Chapter 2 | use mathematical models to examine what sources of information in the
environment the phage should respond to. In Chapter 3 | examine how the phage could
inadvertently interfere with host systems, and find evidence that phage receptors interfere
with their own hosts less than they interfere with non-hosts. In Chapter 4 | experimentally
examine how the system behaves in various host backgrounds, and explore the interference
by pre-existing prophages in environmental strains. With these experiments, | hope to shed
insight on the composability of temperate phages, and the limits thereof.

3 Of course evolution is not that simple; mechanisms evolve specifically to counter mobile genetic elements, as their selfish
behavior is often detrimental to that of the host. These defense systems, and anti-defense systems, and phage-encoded anti-
phage defense systems, add additional complexity to notions of composability; if something does interfere with the system,
is it because the system is fragile and sensitive to noise, or is it because it evolved to specifically interfere with the system?
Further discussion can be found in section 4.6.



2 Responding to Signals
2.1 Preamble

In order to make a decision, a system must process information, and in order to gather
information, a system must be able to distinguish between the signal and noise. But systems
do not have all access to all information; when a phage genome is injected into host cell, it no
longer has direct access to the external environment. The phage genome is limited to
receiving information that exists within the host, and thus mechanistic explanations of the
lysis-lysogeny decision tell us what signals the phage responds to, but not necessarily what
information the phage should respond to in order to make its decision.

Mechanistic explanations have provided some insight into the information that the phages
care to sense, but also some confusion. The number of concurrent infections is potentially the
most studied responsive factor of the lysis-lysogeny decision, as there is a sharp increase in
the probability of lysogeny when more than one phage binds to the same cell; however, it is
still debated what information this concurrent binding provides. It appears to provide
information on the ratio of phages to susceptible hosts, as concurrent infections can only
occur if there are a high number of phages and a low number of cells, but some have argued
that concurrent binding additionally reports on the decay rate of phages in the environment,
or that the only important information is the number of sensitive hosts, and concurrent
binding is the only mechanistic way of obtaining that information.

Novel mechanisms of phage-phage communication have been discovered which influence
lysis-lysogeny decision, which raise further questions about what information would help in
making such a decision. The Bacillus subtilis phage phi3T produces a quorum-sensing peptide
called “arbitrium” during both lysis and lysogeny, and exposure to the peptide shifts the
decision towards lysogeny, while also suppressing prophage induction (Bruce et al., 2021).
The peptide is also taken up and degraded by both lysogens and sensitive cells, resulting in a
complex response that counts lysogens, lytic events, total number of cells, and the
degradation rate of the environment.

In order to determine the most important sources of information that a phage should respond
to, | designed a model in which the phage has complete access to information. With this
model, | examined which sources of information the phage should respond to in order to
maximize fitness, independent of known mechanisms. By determining what the phage should
respond to, instead of what it does respond to, we gain knowledge that can be used to drive
exploration towards further mechanisms that impact the lysis-lysogeny decision.

The following paper has been submitted for publication in Evolution, and is undergoing
revisions.



2.2  Responsive Lysogeny under Nonproductive Phage Binding
Bryan Wu and Calin C. Guet

ABSTRACT

Upon infecting a cell, temperate phages must make a decision between lysis and lysogeny.
While research has explored how phages sense environmental information to make this
choice, most studies have focused on modelling known mechanisms that impact the decision.
These mechanisms tell us what environmental information the phage responds to, but not
the sources of information that it should respond to, as the signals sensed by the phage may
serve as proxies for other sources of information. Here, using a mechanism-agnostic
population dynamics model, we find that irreversible phage binding to immune lysogens
protects sensitive host cells from infection, and additionally results in lysogens being an
environmental factor that the phage should sense while making its decision, alongside the
number of sensitive cells. Using this model, we derive a lysogeny probability for phages that
responds to both sensitive cell and lysogen densities optimized towards invading phage-
occupied systems, and show that it is more capable of invading and resisting invasion than
phage with fixed lysogeny probabilities across different environmental conditions.

INTRODUCTION

Bacteriophages are viruses of bacteria that generally kill their hosts in order to produce more
of themselves through the process of lysis. However, temperate phages have an additional
strategy to replicate their genome alongside that of their host as a prophage, thus tying the
phage’s reproductive fitness to that of their host. These prophage-carrying cells, known as
lysogens, can reactivate at a later point in time, ultimately releasing more phage particles
through the lysis and death of the lysogen (Ptashne, 2004).

The existence of these two different modes of replication, the lytic and lysogenic cycles,
suggests that conditions exist where each mode of replication is advantageous over the other.
It has been suggested that the lytic mode is favored at high susceptible host densities and low
resources, whereas the lysogenic mode is favored at low host densities and high resources (Li
et al., 2020, Wahl et al., 2018, Steward & Levin, 1984). Mathematical models of phage-
bacteria populations have sought to examine these conditions, as well as conditions that favor
intermediate strategies, where phages choose lysogeny or lysis with some probability
(Stewart & Levin, 1984, Maslov & Sneppen, 2015, Wahl et al., 2018, Sinha et al., 2018).

Temperate phages, however, do not necessarily use a fixed probability of lysogeny. Among
the different species of phages, the process of undergoing lysis or lysogeny is a responsive
choice, decided upon during the infection of a host, which is capable of integrating various
sources of information, the most salient of which is the number of co-infecting phages (Zeng
et al., 2010). However, various phages use a variety of other mechanisms to gather
information from environmental factors, such as those tied to the state of the cell (St-Pierre
& Endy, 2008) and the concentration of phage quorum-sensing molecules (Erez et al., 2017,
Bruce et al., 2021). Responsive mechanisms to all these different sources of information
demonstrate that the lysis-lysogeny decision can be a dynamic process, changing with
environmental conditions as the system changes.



Phages also have a variety of mechanisms to confer superinfection inhibition, where upon
infecting a cell, the phage prevents the host from being infected by identical or similar phages.
Superinfection inhibition can be broadly grouped into two categories: superinfection
exclusion, where superinfection is interrupted prior to the injection of the superinfecting
phage DNA, and superinfection immunity, which inhibits the replication of the post-
translocated DNA (Biggs et al., 2021). Although the host is protected from superinfection by
either superinfection exclusion or immunity, the superinfecting phage experiences drastically
different outcomes. Phage adsorption is a three-step process, starting with initial contact,
which leads to reversible binding of tail fibres and finally ending with irreversible binding,
which is generally tied to the injection of phage DNA into the host (Silva et al., 2016). With
superinfection exclusion, the invading phage is either unable to inject the DNA or unable to
bind at all, and thereby generally has the opportunity to unbind from the protected host and
search for another susceptible target; however, with superinfection immunity, the phage has
already irreversibly injected its DNA into the immune host and has no opportunity to back
out; it is already dead. This process is known as sorptive scavenging, originally termed to
describe the binding of phages to sediment particles and removal from the seawater (Hewson
& Fuhrman, 2003) has later been expanded to describe the sequestration of phages by
resistant cells (Simmons et al. 2020). Sorptive scavenging increases the decay rate of phages
in environments with lysogens that can irreversibly bind to the phage, and has implications
on the lysis-lysogeny decision and the dynamics of a phage-bacteria system (Berryhill & Levin,
2025).

A previous model examining the conditions for lysis and lysogeny made the assumption that
the phage cannot bind to lysogens, and that lysogen resistance was conferred by
downregulating the receptor (Wahl et al., 2018). However, this model did not examine how
the choice of inhibition mechanism affects the behavior of the lysis-lysogeny decision. As
superinfection immunity would create an environment where phages continue to bind and
inject their DNA into immune lysogens and are removed from the population, this would likely
alter the optimal decision choice as the presence of lysogens decreases the survival of free
phages, and should shift the decision towards lysogeny. Some models do include the
nonproductive binding of phages to lysogens, but do not focus on the impact that sorptive
scavenging has, instead extending the model to focus on additional mechanisms that impact
the lysis-lysogeny decision (Bruce et al., 2021).

We began by examining the impact of nonproductive binding of phages to lysogens on the
lysis-lysogeny decision in order to determine a responsive function that can be used by the
phage to determine whether to undergo lysis or lysogeny. We then calculate responsive rates
of lysogeny optimizing for invasion when rare in environments with and without binding to
lysogens, and show that phages that do not respond to lysogens perform poorly in
environments with binding to lysogens. Finally, we show that the responsive lysogeny rate is
capable of invading systems under more conditions than a fixed lysogeny probability,
suggesting the number of lysogens in the environment is an important source of information
in determining the outcome of the lysis-lysogeny decision in environments with sorptive
scavenging by lysogens.
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Box 1. Major transitions in the mathematical model. A) In the model, both sensitive and
lysogenic cells self-replicate with rate ¢, which is dependent on the total number of cells
and the carrying capacity of the system. B) When a phage binds with a sensitive cell (with a
rate of b), the phage is consumed and the cell turns into a lysogen with a probability p,
otherwise the cell lyses and becomes 8 phages. C) Lysogens have a probability i of inducing,
lysing and producing 8 phages. D) Phages also bind with lysogens at rate b, which destroys
the phage. Not pictured: all species decay with a rate w, and new sensitive cells are added
with a rate c.
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Epidemiological model

Our model is a simple no-delay mass-action kinetic model with implicit resources in a
chemostat-like setup (Box 1). We track uninfected, sensitive host cells S, lysogenic cells L
and free phage particles V. All cells grow at the same rate ¢, which is dependent on the
total number of living cells and the carrying capacity K of the system, with a maximum rate
of t (Box 1A). All species decay at the same rate w, and there is a constant inflow of sensitive
cells at a rate of ¢, as in a two-stage chemostat. Phage particles bind to both sensitive cells
and lysogens at rate b and are removed from the system. If a phage particle binds to a
sensitive cell, the cell either transforms into a lysogen with a probability p, or immediately
undergoes lysis, producing 8 new phage particles with a probability of 1-p (Box 1B).
Additionally, lysogens induce at a rate i, dying and producing 8 new phage particles (Box 1C).
We assume that lysogens cannot be reinfected, and are perfectly immune to all other
phages in the model (Box 1D). This model can be extended for up to N types of phages, but
in this study are limited to 1 or 2 phages.

This model was chosen to emphasize intermediate lysis-lysogeny rates, as it has been shown
that pure lysogeny is preferred in any system without an inflow of sensitive cells (Wahl et al.,
2018). The inflow of sensitive cells may occur in different environments such as rivers, sewage
systems, or any such environment with a unidirectional flow, in addition to environments with
a resistant population of bacteria that loses resistance at high rates, such as under phase
variation (Shkoporov et al., 2021).

This results in the following model:

sS S
E=¢S—a)5—bSZVx+c
x=1

(1)
5L,

E = lpLx — (I)Lx + pbeVx — le

(2)

sVs

N
S = (1 pBbSYy — Wl — b(S + » L)V + il
x=1

(3)
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where the bacterial growth rate ¢ is equal to:
N -1
p=1(1—(S+ > LK )
n=1

(4)

For ease of modeling, we assume a no-delay model, where lysis and lysogeny are both
instantaneous upon binding to a sensitive cell. Adsorption is modelled as a function combining
an adsorption rate constant and the concentration of phages and bacteria in the system, and
follow standard mass-action kinetics. These assumptions are in line with similar models (Wahl
et al. 2018, Bruce et al. 2021).

For our calculations and simulations, the following parameters were used unless otherwise
stated:

Parameter Description Value
T Maximum bacterial growth rate 1
K System carrying capacity 10000
w System flow rate 0.2
B Burst size 100
b Binding rate 0.01
[ Induction rate 0.01
c Inflow of sensitive cells 150

During invasion analysis, 0.001 of invading phage and lysogens were added to the system.

Analytical calculations and simulations were done in Mathematica 11.1 (Wolfram Research,
Inc., 2017).

RESULTS
Nonproductive binding protects sensitive cells

In previous studies, it has been experimentally shown that bacteria which are immune to
phage but can still bind those phages can have a protective effect on sensitive cells found in
the same community, with results akin to herd immunity (Brown et al., 2022, Payne et al.,
2018), but limited their models to epidemic infections. We therefore examined whether
sorptive scavenging produces similar protective effects in a chemostatic model, and found
similar results. We find that nonproductive phage binding to lysogens greatly increases the
number of sensitive cells at equilibrium which is driven by a marked reduction in free phage
concentrations, whereas the number of lysogens remained relatively unaffected (Figure 1).
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This suggests that lysogens serving as sinks for phage particles lowers the free phage levels
and protects sensitive cells in the environment, even under continuous flow conditions.
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Figure 1. Nonproductive binding of phages to lysogens increases number of sensitive cells
at equilibrium, while decreasing number of free phage. A) The number of free phages at
equilibrium decreases when phage binding to lysogens is allowed (black triangles), compared
to an equilibrium where phage binding to lysogens is prohibited (white triangles). B) The
number of sensitive cells at equilibrium increases when phage binding to lysogens is allowed
(black squares) compared to without phage binding to lysogens (white squares), though the
number of lysogens are relatively unaffected (circles, overlapping).

Numerical simulations of fixed responses for invasion when rare

As nonproductive binding of phages to lysogens has an effect on the equilibrium of the system
(Figure 1), we examined how this affects how well phages can invade equilibria of systems
already occupied by a phage, identical to the invading phage other than a different fixed
lysogeny probability. To this end we simulated pairwise combinations of phages with fixed
lysogeny probabilities over extensive periods of time, where a small amount of the invading
phage and corresponding lysogen is added to a system at equilibrium already occupied by a
resident phage (Figure 2A). The result are similar to a pairwise invasibility plot (Brannstrom et
al., 2013), but additionally plots the degree of coexistence.

We find that an optimal intermediate probability of lysogeny exists, which is capable of both
resisting invasion and invading any non-optimal lysogeny probability. A resident phage with a
lysogeny probability less than the optimum can be invaded by any phage with a greater
lysogeny probability, even p=1 (Figure 2A, red regions on the left), whereas resident phages
with a lysogeny probability greater than the optimal value can be invaded by any phage with
a lower lysogeny probability, even p=0 (Figure 2A, red regions on the right). Additionally, two
coexistence regions exist, where both phage strains are mutually invasible and coexist to
varying degrees.

Our results are qualitatively similar to that of the pairwise invasibility plot described in Wahl
et al. (2018), which modeled epidemic infections with an inflow of sensitive cells but did not
include sorptive scavenging to lysogens. This suggests that nonproductive binding to lysogens
does not greatly impact the dynamics of phage invasion when rare, as both resident and
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invading phages are equally impacted by binding to lysogens. A closer comparison between
environments with and without nonproductive binding to lysogens unexpectedly shows that
the optimal fixed probability of lysogeny is slightly greater in environments without binding
to lysogens (Figure 2B). This may be due the number of sensitive cells at equilibrium; in
environments where phages bind to lysogens, the number of sensitive cells at equilibrium
increases (Figure 1), and an equilibrium with a higher number of sensitive cells may be more
easily invaded by a phage that tends more towards lysis.
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Figure 2. Invasion and invasibility in phages with fixed probability of lysogeny. A) A pairwise
invasibility plot of phages with fixed probability of lysogeny in an environment where phages
bind nonproductively to lysogens. The equilibrium of the system with a single species of
resident phage was solved, then a small number of invading phage and lysogens were added
and the system was simulated to t=10°. The percent of lysogens that contain the non-invading
(resident) phage genome were then plotted. Red indicates a successful invasion. The white
square indicates the section represented in panel B. B) A zoomed-in section of panel A (left),
compared to the matching area of a pairwise invasibility plot where phages do not bind to
lysogens (right). C) Amount of time required for invading a phage to increase by a thousand-
fold, in an environment with phage binding to lysogens, simulated to a maximum time of
t=10'2,
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With the numerical simulations, we were concerned with the amount of time it takes the
invader to reach equilibrium, as more time at low numbers leaves the invader vulnerable to
extinction via stochastic fluctuations. We tracked the time taken for the phage population to
increase one thousand-fold from inoculation (Figure 2C), and find that generally a lower
probability of lysogeny invades faster when capable of invasion. Additionally, the closer the
resident phage’s lysogeny probability is to the optimal lysogeny probability, the more time it
takes to invade.

Although our simulations borrow the “invasion when rare” assumption from adaptive
dynamics and vyield similar results to the pairwise invasibility plot (Wahl et al. 2018), our
interest does not solely lie with long-term evolutionary outcomes. We are also interested in
the space of all possible equilibria, and the subset of which it is possible to invade.

Invasibility of equilibrium states by lytic phages and lysogens

As all single-phage occupied equilibria have some number of phages, lysogens and sensitive
cells, we wished to determine the set of these equilibria susceptible to invasion by phages
and lysogens. Since the resident phages do not directly interact with the invading phages or
lysogens at the moment of invasion (as the initial growth of invading phages and lysogens
does not directly depend on resident phages, see Appendix 2.2-2.3), invasion is dependent
solely on the number of sensitive cells and resident lysogens at equilibrium. We then
analytically calculated the regions in which lytic phages and lysogens are capable of invading
when rare (Appendix 2), for system both with and without nonproductive phage binding
(Figure 3).
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Figure 3. The invasibility of a phage-occupied system. With nonproductive phage binding,
the system can be invaded by invading lysogens in the dark gray regions (a), and by invading
lytic phages in the light gray regions (b), bounded by equation (7). The system cannot be
invaded in the white area (c). The dotted line represents the location of the line demarcating
b without nonproductive binding, representing equation (5). The graph is truncated to regions
where the cell population is less than the carrying capacity K. Note that cell populations never
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reach the theoretical carrying capacity K due to the constant decay of the chemostat system,
and region (a) is bounded by the maximum achievable population, K(1 — i — %).

Without nonproductive binding of phage particles to lysogens and fixed environmental
parameters the ability for a lytic phage to invade is solely dependent on the number of
sensitive hosts at equilibrium (Appendix 2.1.2), where the lytic phage can invade under the
following circumstances:

S>L
b(B—1)

(5)

This can be understood as the invading lytic phages do not directly interact with the resident
phages or lysogens, and only directly interact with the number of sensitive cells. Thus, the
ability to invade is solely dependent on the number of sensitive cells and fixed environmental
variables. The number of sensitive cells required for invasion by lytic phage increases as the
decay rate increases, as the phages decay more quickly, and decreases as the binding rate or
burst size increase, as under those conditions a phage burst is more likely to produce a phage
which binds to a sensitive cell.

This corresponds with conclusion of Wahl et al. (2018), where lysis is favored if host cells can
be maintained at a sufficiently high level. When phages can bind nonproductively to lysogens,
however, the ability for a lytic phage to invade additionally depends on the number of
lysogens at the moment of invasion (Appendix 2.1.1), resulting in a varying threshold of
sensitive cells (Figure 3) with the following equation:

w
L<(B-DS-+
(6)

Or, alternatively rearranged

L w

F—1"b@-1

S >

(7)

The second term in equation 7 is identical to that of lytic invasion when lysogens do not bind
to phages. The difference lies in the additional first term, which is the ratio of lysogens to the
burst size. Thus, the number of sensitive cells required for lytic invasion increases as the
number of lysogens increase due to sorptive scavenging, but the impact of the number of
lysogens decreases as the burst size increases. Binding rate b does not play a role in this term
as the binding rate to sensitive cells and lysogens are identical, and thus cancel out.

In our model, lysogens have an identical growth rate to that of sensitive cells, and thus
lysogens can invade under most conditions where the total cell number does not exceed the
carrying capacity, less the dilution and induction rate (Figure 3, Appendix 2.3).
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Using invasibility as a responsive function for lysogeny

It is known that the probability of lysogeny of phages is not fixed, but instead depends on a
number of external factors (Herskowitz & Hagen, 1980; St-Pierre & Endy, 2008, Zeng et al.,
2010; Erez et al., 2017). Instead of implementing any particular mechanism, we wished to ask
the following: if a phage genome, once injected into a susceptible host, had perfect
information about the external environment, what information should it respond to? and how
well does it perform? The previous equations show that, in environments with sorptive
scavenging to lysogens, the number of lysogens partly determines if lytic phages can invade.
This is in addition to the variables required in environments where phages do not bind to
lysogens: number of sensitive cells, burst size, binding rate, and decay rate.

The molecular mechanisms by which phages can sense this information are out of the scope
of this paper, we only note that the mathematics show that this information is necessary to
accurately determine whether lytic invasion of an equilibrium is possible, which we suggest is
beneficial for the phage to determine; however, we do provide examples in the discussion
that suggest such mechanisms are physically possible.

Using the equations above, we decided to implement a responsive lysogeny function where
the phage undergoes lysis under conditions where lytic phages can invade, and otherwise
undergo lysogeny. In line with previous examinations of responsive functions (Sinha et al.,
2017), we fix the probability of lysogeny to 1 in the regions where lytic phage cannot invade,
and to 0 where lytic phage can invade, with a smooth transition fitted to the logistic function,
such that the invasion-optimal responsive lysogeny function for environments with no binding
(nb) to lysogens is

1

Pnp = @
1+e @D

(8)

and the invasion-optimal (io) responsive lysogeny function for environments with binding to
lysogens is

1
-a-(B-Ds-2)

Pio =
1+e

(9)

Simulations show that the phage with pn fares poorly in environments where phages bind to
lysogens. It is only capable of invading systems where the resident phages are lytic or have a
probability of lysogeny greater than the optimal fixed probability, and even then only coexists
as free phages with no lysogens (Figure 4A, left). It is also susceptible to invasion by phages
with any nonzero fixed probability of lysogeny (Figure 4A, right). This can be understood as a
mismatch between the responsive function and the environment: the phage systematically
undercalculates the decay rate of the environment as it is unable to respond to the number
of lysogens, and consistently chooses lysis in environments where lytic replication is not
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supported. pnp performs better in a matched environment where phages do not bind to
lysogens (Appendix, Figure Al).

On the other hand, the phage with pi, fares well in environments with binding to lysogens,
and can invade all non-optimal fixed lysogeny probability phage-occupied systems at
equilibrium (Figure 4B, left). Additionally, the invasion-optimized lysogeny function fully
resists invasion by phages with a fixed probability of lysogeny less than the optimal fixed
probability, but can still be invaded by phages with a fixed probability of lysogeny above the
optimal fixed probability. (Figure 4B, right).

Although phages with an optimal fixed lysogeny probability can outperform those with a
responsive lysogeny probability, this is strongly environment-dependent as the optimal fixed
lysogeny probability changes alongside changes to the environmental parameters (Figure 4C).
The responsive lysogeny probability phages, in contrast, change their behavior in response to
changes in the environmental parameters, and thereby can outperform the fixed lysogeny
probability phage under a wider range of conditions (Figure 4D).

We note that phages with pi, can still be invaded by phages with fixed lysogeny probability
greater than the optimal fixed lysogeny probability. This is a similar behavior to a phage
approaching the optimal fixed lysogeny probability (Figure 2A), where approaching from
below allows invasion by phages with a greater lysogeny probability but total resistance to
lower lysogeny probability phages, whereas approaching from above gives the opposite.
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Figure 4. Invasibility plots of fixed and responsive lysogeny rates. A) Phages and lysogens
with responsive lysogeny rate that does not respond to lysogens (pns) invade systems of
phages with a fixed lysogeny probability at analytical equilibrium (left), or are simulated to
equilibrium and invaded by phages and lysogens with a fixed lysogeny probability (right). B)
Phages and lysogens with responsive lysogeny rate that does respond to lysogens (pio) invade
a system of phages with a fixed lysogeny probability at analytical equilibrium (left), or are
simulated to equilibrium and invaded by phages and lysogens with a fixed lysogeny probability
(right). Black lines in A and B correspond to the optimal fixed lysogeny probability, p=0.527.
C) Phages and lysogens with a fixed probability of lysogeny p=0.527 invades a system of
phages with fixed lysogeny probability at analytical equilibrium at different flow rates (w, left)
or influx of sensitive cells (c, right). D) Phages and lysogens with responsive lysogeny rate pnp
invade a system of fixed lysogeny phages at analytical equilibrium at different flow rates (w,
left) or influx of sensitive cells (c, right). All systems were simulated to t=10?? post-invasion.
White lines in C and D correspond with the parameter set (w=0.2, c=150), which are the same
parameters used in A and B.

DISCUSSION

The lysis-lysogeny decision in phages, in particular phage lambda, has been studied in great
detail since the advent of molecular biology, unveiling the molecular machinery and genetic
regulatory networks involved in making the fate choice between the lytic and lysogenic cycles
(zeng et al., 2010). At the same time, several models have been proposed to justify the
existence of lysogeny, often invoking changes in environmental conditions which shift from
favoring one life history strategy to the other (Cheong et al., 2022; Maslov & Sneppen, 2015,
Stewart & Levin, 1984).

In order to make any decision, however, a system requires information. It has been shown
that a number of factors impact the lysis-lysogeny decision (Herskowitz & Hagen, 1980; St-
Pierre & Endy, 2008, Zeng et al., 2010; Erez et al., 2017), and suggests that the mechanism
has evolved to integrate information from a broad swath of sources, but it can be difficult to
determine which factors provide useful information and which factors are merely noise.
Information received by the mechanism is additionally constrained by the physical limitations
of gathering the information from inside the cell, resulting in integrating indirect information
about the state of the external environment. Though much work has been done to examine
the molecular mechanisms of how all these factors interplay in the lysis-lysogeny decision,
nevertheless the question remains: what information does the system actually care about?

It is easy to suggest maximizing the number of successful offspring in the next generation as
the goal of natural selection, but this requires the ability to retrieve information from the
future, for which no biologically plausible mechanism has yet been proposed. The next best
thing is to maximize the predicted number of successful offspring in the next generation,
which is more easily done as the prediction does not necessarily have to match reality (but
the more accurate the prediction the better).

For a phage, successful offspring can be defined as progeny phages that find a new host, or,
in the case of lysogeny, lysogen daughter cells. While the number of lysogen daughter cells is
dependent on a fairly limited number of factors — such as growth rate, dilution rate and decay
rate — finding a new host is dependent on a number of factors in the environment, including
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the binding and decay rate of phages, the flow rate of the system, and the number of available
hosts.

In our work we find that the introduction of sorptive scavenging of free phages by lysogens
increases the number of sensitive cells and decreases the number of phages at equilibrium.
This leads to a decrease in the optimal fixed lysogeny probability, as equilibria with more
sensitive cells can be more readily exploited by phages that tend more towards lysis.

We show that the addition of sorptive scavenging by lysogens results in the invasibility of an
equilibrium becoming additionally dependent upon the density of lysogens. We then found
that, under these conditions, phages with a responsive lysogeny probability that responds to
the number of lysogens is more capable of invading and resisting invasion, compared to
phages that do not respond to the number of lysogens. The responsive strategy cannot invade
the optimal fixed strategy; however, the optimal fixed strategy is only optimal for a single set
of environmental parameters, whereas the responsive functions can respond to changes in
the environment, and thus performs well across different environments.

These results, however, have been obtained from a mechanism-agnostic approach. How does
it compare to known biological mechanisms? The most well-studied mechanism, where the
concurrent binding of multiple phages to a single cell, is often simplified as merely the ratio
of phages to sensitive cells. Whereas both pj, and the phage:cell ratio respond to the number
of sensitive cells, pi, does not respond to the number of phages, and the phage:cell ratio does
not respond to the number of lysogens. It is possible that the number of phages serves as a
proxy for the number of lysogens (as increased sorptive scavenging by lysogens would reduce
phage numbers), as well as providing information about the decay rate of the system (as high
decay rates would reduce phage numbers). However, environments with high phage decay
rates would reduce the phage:cell ratio and bias the decision towards lysis, which seems
counterproductive, as environments which are hostile to phage particles should bias towards

lysogeny.

Concurrent binding of phages can be considered a costly signal, as it is generally associated
with irreversible binding, and concurrently-bound phage leads to fewer free phages in the
environment compared to superinfection exclusion. Sorptive scavenging of phages by
lysogens also has a cost, as it makes it more difficult for related phages to find a sensitive host.
Additionally, superinfection immunity is not perfect, and environments with high phage
concentrations may select for lysogens that have either lost the receptor, or with mechanisms
to downregulate the receptor upon infection (Berryhill et al., 2023).

Another mechanism that has been shown to modify the lysis-lysogeny decision are quorum
sensing systems, which serve as a cheaper alternative for measuring host availability and the
flow rate of the system, but may have difficulty discriminating between non-hosts, lysogens
and sensitive cells (Silpe & Bassler, 2020; Igler & Abedon, 2019) unless the phage can
modulate the host quorum sensing system, or supplement with its own (Erez et al., 2017). For
example, in the arbitrium system in Bacillus phage phi3T, the arbitirum signal peptide is
produced both by actively lysing phages and lysogens, and the signal peptide is degraded by
both lysogens and uninfected hosts, thus providing information about the relative number of
lytic events and lysogens compared to the number of hosts. At high lysogen densities the
lysogen is capable of producing sufficient arbitrium to suppress prophage reactivation, even
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in the absence of lytic events. It is thought that an inflow of sensitive hosts would rapidly
decay the extracellular signal peptide, suggesting that the signal peptide provides information
on the fraction of lysogens in the population (Bruce et al., 2021), which may serve a potential
mechanism by which the phage can sense the number of lyosgens. Additionally, some phages
appear to make their lysis-lysogeny decision independently of the multiplicity of infection,
which suggests that they either have an alternative means of gathering information, or that
the information in the environment is not useful for making the decision (Zhang et al., 2021).

We attempted to evaluate the behavior of lysogeny responding to the phage:cell ratio and
arbitrium concentrations, but both mechanisms rely on the existence of a threshold to switch
from lysis to lysogeny. Similar to fixed lysogeny probabilities, although we could find an
optimal threshold for any given set of environmental parameters, the optimal threshold
changes when environmental parameters change (Appendix 4, Figures A3, A4), and thus
compare poorly to our proposed responsive lysogeny functions, which adapt to changing
environmental parameters.

Integrating information from the environment to make decisions in phages is not limited to
the lysis-lysogeny decision. Lysis timing is another decision that can vary based off
environmental conditions (Moussa et al., 2012, Bednarek et al., 2022) and can be examined
under a similar framework. Our system models a continuous mass-action kinetics chemostatic
environment, with a constant inflow of sensitive cells. This was chosen to model steady-state
dynamics and invasion at equilibrium, as it has been previously shown that without the inflow
of sensitive cells, pure lysogeny is preferred (Wahl et al., 2018). Environments with a constant
inflow of sensitive cells can exist in rivers, sewage systems, or any such environment with a
unidirectional flow, in addition to environments with a resistant population which loses
resistance at high rates, such as under phase variation (Shkoporov et al., 2021). But given the
variety of natural environments we must ask: what is the natural environment of a phage?
The natural environment would drive the phage to evolve differing responses depending on
whether phages spend most of their time in chemostatic conditions, epidemic conditions, or
fluctuating ones.

Mechanisms of responsive lysogeny have been shown to provide a benefit under epidemic
conditions; for instance, arbitrium systems have been shown to be beneficial under serial
passages (Doekes et al., 2021) or a fluctuating inflow of sensitive cells, leading to repeated
epidemics (Bruce et al., 2021). Under epidemic conditions, initial sensitive cell populations
are high, and the number of sensitive cells changes massively over the course of the epidemic,
resulting in virulence being favored in early epidemic conditions whereas lysogeny is favored
during late epidemic conditions (Berngruber et al., 2013), and phages can benefit from
sensing and responding to the state of the infection. Under chemostatic invasion conditions,
however, the initial number of sensitive cells has already been driven low by the resident
phage, and changes to the number of sensitive cells are much more subtle compared to the
changes in epidemic conditions (Figure A4). Our results show a responsive lysogeny decision
that is capable of invading these phage-occupied systems under non-epidemic conditions. It
is possible that known biological mechanisms have evolved under epidemic and fluctuating
conditions, and thus provide benefit under those circumstances and not under chemostatic
conditions.
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However, all of these models are that of well-mixed environments, opposed to structurally-
organized environments such as biofilms and microcolonies. These environments may be
more biologically relevant, but are more complex to analyze.

Our model is not without caveats, as we used a simple model for demonstration. In reality,
phage infections take time to progress and do not occur instantaneously. During that time, it
is possible for superinfections to occur, which would both sorptively scavenge more phages
and can provide information to the phage to make its lysogeny decision. Binding of phages to
these intermediate infected cells likely increase the decay of free phages in the environment,
which would thereby increase the number of sensitive cells required for lytic invasion, though
the magnitude of this effect likely depends on how long the intermediate infected state
persists.

We additionally assume that lysogens have perfect immunity, that the cells do not evolve
resistance, that phages, lysogens and cells all have identical decay rates, and that lysogens
and cells have identical growth rates. We also use concepts borrowed from adaptive dynamics
to evaluate our phages, which we recognize may be of limited applicability in phages as
phages have a high mutation rate and can greatly vary in phenotype with small mutations.

In conclusion, lysogens that sorptively scavenge phages from the environment protect
sensitive cells from infection. This results in a decreased optimal fixed lysogeny probability as
the number of sensitive cells increase, and additionally increases the number of sensitive cells
required at equilibrium for lytic phages to invade. We further show that, under these
conditions, phages that with a probability of lysogeny that responds to the number of
lysogens outperform those that cannot, suggesting that it may be beneficial for a phage to
sense the number of lysogens in its environment.
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Appendix
1. System Model

1.1. System

9s >
—=1/)S—a)S—bSZVn+c

Jt
n=1
dL, .
? = l/)Lx — (I)Lx + pbeV;c - le
N
Vs .
=% = (1= pIBbSVe = @V, = b(S + ) L)V, + BiL,
n=1
(1)
1.2 Growth Rate
N
Y=1(1—(S+ Z LK™
n=1
(2)
S The number of sensitive cells.
Lx The number of phage x lysogen cells.
Px The number of phage x virions.
Y The growth rate of cells.
w The decay rate of the system.

b The binding rate of the phage.

Px The probability of lysogeny for phage x.
i The induction rate of the lysogen.

c Inflow of sensitive cells.
6 The burst size of the phage.

T The maximum growth rate.
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2. Derivation of Invasibility Regions
2.1 Lytic Phage Invasibility Regions
2.1.1. Lytic Phage with Nonproductive Binding

In order for a lytic phage (V2) to invade a system with S, V1, L1, at equilibrium,
N

0<(—py)BbSV, —wV,—b (S + z Ln> V, + BilL,
n=1
(3)
Since a lytic phage has p2=0, [,=0
0 < BbSV, — wV, — b(S + L)V,
0< V,(BbS — w — bS — bL,)
(4)
At the moment of invasion, V, =€ >0
0<pbS—w—bS—>blL,
0<(Bb—b)S—w—>bL,
0<(B—1)bS—w-—>bL,y
bL; < (B —1)bS —w

h<(ﬁ—DS—%

(5)
2.1.2. Lytic Phage with No Nonproductive Binding

In the specific case where phages do not bind to lysogens, we remove the —b YN_, L, V, term.
In order for the lytic phage to invade a system with S, V1, L, at equilibrium,
0 < (1 —py)BbSV, — wV, — bSV, + BiL,
(6)
Since a lytic phage has p2=0, [,=0
0 < BbSV, — wV, — bSV,
0 < V,(BbS — w — bS)
(7)

At the moment of invasion, V, = € > 0.

0 < fbS — w — bS
w < Sh(f — 1)
w

*<E-D
®)
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2.2. Lysogenic Phage Invasibility Regions

For a lysogenic phage of p, # 0,
N

n=1
For lysogens L, = € > 0,
0< (1 —pyBbSV, —wV, —b(S+ L)V,
0 < V,((1 —p)BbS —w —bS — bL,

At the moment of invasion, V, = € > 0,
0<(—p,)BbS —w—bS—bL,

)
L < ((1 —p2)B — 1)5 3

2.3. Lysogen Invasibility Region

In order for a lysogen (Lz) to invade a system with V4, L1, at equilibrium,

O < lpLZ - (A)LZ + pzbSVz - lLZ

ForV2=E>0,
O<¢L2_wL2_lL2
0<L,(p—w—1i)

andsince L, =€ >0,

0<y—-—w-—i
N
0<T<1—S+2Ln>K_1—a)—l
n=1
0< (1 S+L1)
T % w—1i
0< s tl4
T & w—1
TLq ()
r <T"% W —1i
Kw Ki
Li<K-§————
T T

(9)

(10)

(11)
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3. Derivation of responsive probability of lysogeny functions
3.1. Invasion-Optimal Responsive Lysogeny with and without binding to lysogens

For the invasion-optimal responsive lysogeny functions, we will use the equation that defines
the region that can be invaded by lytic phages, and use that to define the region to undergo
lysis, as that maximizes invasibility. These equations are

§>——
b(f—1)
(15)
for environments without binding to lysogens and
W
Li<(B—-1)S— >
(16)

with binding to lysogens.

We use this equation to define the boundary between choice between lysis and lysogeny. The
probability of lysogeny is a sigmoid function centered around the equation, with a steepness
of 1. This results in

1
Pnp = )
1+4¢ PGED

(17)

for environments with no binding to lysogens, and

_ 1

Pio = 1+ e—(lq—(ﬁ—l)S—%)

(18)

for environments with binding to lysogens.

4 Mechanistically-informed responsive lysogeny functions
4.1 Multiplicity of Infection
We use the simplification of the phage:bacteria ratio as a stand-in for multiplicity of infection

(MOI). Above a certain ratio of phages to sensitive cells, the phage shifts from lysis to lysogeny.
Hence, lysis occurs when

Y= Vi

threshold >
resho S

(19)

and, when fitted to a logistic function for ease of simulation,
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—threshold)

(20)

Given the existence of the free threshold parameter, we can find an optimal value for
threshold in a given set of environmental parameters (Figure A2A); however, changing the
environmental parameters changes the optimal threshold and any given optimal threshold
does not necessarily perform well under different environmental parameters (Figure A2B).

In theory it may be possible to create a threshold that responds to environmental parameters,
but that is out of scope of this paper, and a step too far from its mechanistic inspiration.

4.2 Arbitrium

The arbitrium system also functions by shifting the phage from lysis to lysogeny once the
concentration of arbitrium (A) is above a certain threshold. Thus, lysis occurs when

threshold > A

(21)
and
1
Parbitrium = 1 + e—(A-threshold)
(22)
Additionally, arbitrium must be explicitly tracked in the environment:
N N N
dA
== ZLx +ap(2(1—px)bsvx)—ba S+ZLX A— wA
x=1 x=1 x=1
(23)

which introduces three additional parameters: the production rate of arbitrium by lysogens
(a1) and lytic events (ap), and the rate at which arbitrium is consumed by cells (bg).

We explicitly ignore the responsive induction that arbitrium is known to regulate as our focus
is on the responsive lysis-lysogeny decision. Additionally, this assumes that the other
competing species also produces arbitrium, even if it does not respond to it.

We can find an optimal threshold for a given set of environmental parameters (Figure A3A),
but changing the environmental parameters also changes the optimal threshold (Figure A3B),
and any given threshold does not perform well across all environments. It compares similarly
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to that of a fixed lysogeny probability (Figure 4C), possibly due to only low fluctuations in
arbitrium concentration.
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Figure Al. Phages with responsive lysogeny that do not respond to lysogens performs better
in environments without binding to lysogens. A) In an environment with no phages binding
to lysogens, phages and lysogens with the responsive lysogeny function pnp invade systems
with fixed p at analytical equilibrium, and then simulated to t = 107. B) In an environment
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with no phages binding to lysogens, phages and lysogens with fixed rates of lysogeny invade
systems with phage and lysogens with the responsive lysogeny function pny at simulated
equilibrium, and then simulated to to t = 107. C) Phages with either pn» or pi, invade each
other in systems at simulated equilibrium with and without binding to lysogens. Left: phages
with pio invade a system occupied by pns. Right: phages with pnp invade a system occupied by
pio. Systems were simulated to t = 10°. p. is incapable of resisting invasion, and is only
capable of invading in environments with no binding to lysogens. pi, is capable of invading pns
under all conditions, and are able to resist invasion in environments with binding to lysogens.
D) pn» invading systems of phages and lysogens with a fixed lysogeny probabilities and binding
to lysogens, under different flow rates (w, left) or influx of sensitive cells (c, right), simulated
to t = 1012,
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Systems occupied by phages and lysogens with a fixed lysogeny probability at equilibrium are
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to t = 10'2. B) Systems occupied by phages and lysogens with a fixed lysogeny probability at
equilibrium are invaded by phages and lysogens with pamirium With threshold=1, in
environments with different flow rate (w, left) or inflow of sensitive cells (c, right), and
simulated to t = 102, The white bar represents the same parameters in panel A, w=0.2 and
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thresholds (left), or a system occupied by pamitrum at different thresholds is invaded by pio
phages and lysogens (right). In all systems, a/=ap= b= 1.
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2.3  Postamble

A major focus of the paper was focused upon the binding of phages to lysogens, and how this
impacts the optimal lysis-lysogeny decision. Given that lysogens will exist in the same
environment as the phage, it makes sense that the phage should take into account that it may
bind to a lysogen. Some phage lysogens downregulate their receptors, preventing the
conspecific killing of phages, but also implies that there is a benefit in counting the number
of lysogens in the environment, separate from counting the number of sensitive cells.

| would also like to note that this can apply to cells that are immune to the phage, which would
also function as a sink by binding and removing phages from the environment. However, it is
unlikely that phages have any ability to detect the immunity status of cells in the environment
without a signal being sent from the immune cell.

Additionally, | would like to draw attention to the following term, which is present in the
sensitive cell threshold equations for both environments with and without binding to
lysogens:

w

b(f—1)

If the number of sensitive cells is greater than this term then Iytic replication is net positive,
minus adjustments for binding to lysogens.

The key parameters are w, the decay rate; b, the binding rate of phage to the cell; and £, the
burst size of the phage. Of these three parameters, only the burst size is under direct
regulatory control of the phage, as phages can tune their burst size to suit the environment
through lysis timing (not included within the model), although there are tradeoffs between
generation time and burst size.

The binding rate of the phage is dependent on environmental conditions, and some of this
information is provided by multiplicity of infection, as the chance that multiple phages bind
to the same cell is dependent on the binding rate, though confounded by the number of cells.
Many phages are dependent the presence of divalent cations to bind to their target; perhaps
sensing cation concentration of the environment can provide information on the binding rate.

In this model, the decay rate is equated to the flow rate of the system, as phages and cells are
washed out. With this approach, parallels can be drawn to quorum sensing systems, whose
guorum signals sense not only the quorum, but the rate at which secreted molecules flow
away from the local environment (Mukherjee & Bassler, 2019), which provides information
on whether metabolically expensive effectors that are secreted into the environment will
remain in the local environment to provide a benefit. One could expect phages to benefit
from gathering the same information, either by encoding their own quorum-sensing
machinery, or tapping into existing machinery within their host.

On the other hand, effectors that are washed out of the local environment provide no benefit
to the secreting host, whereas phages that are washed out of the local environment likely
spread to a novel environment. Given that we model an open system, we do not track the
fates of the phages and cells that are washed out of the system. Under chemostatic conditions
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those that are washed out are destined to the autoclave, but in a natural environment the
fate of those that leave the environment are strongly dependent upon the structure of the
environment. For instance, as phages often coexist with their hosts in the gastrointestinal
tract of humans, any bacteria or phages that are washed out generally enter a much harsher
environment of the soil; however, it is also important to note that only by being washed out
can the phage or bacteria find colonize a new human host, otherwise the bacteria and phage
will die alongside their human host, which often occurs in chronic infections such as with
cystic fibrosis (Winstanley et al., 2016).

There are layers of complexity and different timescales of selection. This paper modelled a
simple one, and found important sources of information to which the phage should respond.
Simplifications of the model, such as instantaneous infection and identical growth rates of
lysogens and uninfected cells, likely hide other sources of information that would also benefit
the phage to detect and respond to. Does it hold true over all scales of selection? Unclear, but
in this limited, local model, these parameters are key.

The paper elides the mechanism by which the phage can gain access to such information. It
was meant to determine what sources of information the phage should respond to, and to
suggest avenues of exploration on finding more mechanisms that influence the lysis-lysogeny
decision. Physical mechanisms are likely unable to confer such information with perfect
fidelity, and instead function as a proxy for information. These physical limitations of
information transfer make it difficult for us to differentiate between signal and noise, as
known mechanisms often combine multiple sources of information. Perhaps all the sources
of information conveyed by the physical mechanism are important to decision-making, but
some information must be more important than others, otherwise there is no signal, only
noise.
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3 Interfering with the Host
3.1 Preamble

A component of a system has a defined function that it must carry out, but just as importantly
it must not interfere with the other components that make up the system. This holds true for
prophages as well, as once they have decided to undergo lysogeny as opposed to lysis, the
prophage ties its fitness to that of its host, and must minimally interfere with its host’s
processes. The prophage still carries out its own function, at minimum monitoring conditions
that would signal induction, but cannot interfere with its host while doing so.

Which is a similar bind that synthetic biology finds itself in. Synthetic biology strives to design
systems that function within the context of a cell without disrupting the functions of the cell.
Standard issues, such as overexpression of costly proteins, often have negative effects on the
cell, which results in a selective pressure to remove or disrupt the system that was added.
The system and the host need to be able to coexist.

Lambdoid prophages rely on expressing a phage repressor protein, which repress lytic genes
to maintain their lysogenic state, and loss of this repressor triggers the induction of the
prophage. Lambdoid phage repressors are under autorepression in order to maintain a
balanced level of phage repression that can induce in response to changes in the
environment.

Prophages may also maintain a low level of phage repressor to prevent off-target effects.
Repressors, like most transcription factors, bind with high affinity to DNA at specific
sequences; however, they can also bind to similar sequences, with lower affinity dependent
on how dissimilar the sequence is from the target sequence. Thus, reducing the amount of
phage repressor present inside the cell also reduces the prevalence of off-target binding,
which reduces the chance of inadvertently interfering with host cell processes.

Concurrently, there may also be selection for the host to minimize the amount of interference
from the prophage. Hosts that have coevolved with the prophage have also likely reduced the
amount of similar sequences present for binding, at least in critical regions which would be
deleterious to interfere with; however, this depends upon both the cells coexisting with the
lysogen over long periods, but also the later excision of the prophage without the death of
the host cell. Thus, through these two processes, we would expect that phage repressors that
coevolved with their host would be less deleterious than novel phage repressors to which the
host has never been exposed.

In the following paper, we examine the effects of overexpression of transcription factors in
cognate and non-cognate hosts, and find that low-affinity off-target DNA binding by
transcription factors can lead to growth inhibition.

The following paper has been submitted to Molecular Systems Biology and is currently
undergoing revisions. My contributions to the paper include data for Figures 1CD, Figure 2,
Figure S1A and Figure S10, as well as revisions to the manuscript and experiments vital to
revisions such tracking down the provenance of the strains used in the paper.
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3.2 Non-Cognate Molecular Interactions Impact Bacterial Growth

Claudia Igler, Bryan Wu, Claire Fourcade, Bor Kavci¢, Torsten Waldminghaus, Florian M.
Pauler, Balaji Santhanam, Gasper Tkacik, Calin C. Guet

ABSTRACT

Reliable operation of cellular programs depends upon cognate interactions between
biomolecules. In gene regulatory networks, appropriate expression of genes is generally
determined through high-affinity binding of transcription factors (TFs) to their cognate DNA
sequences. However, the large genomic background likely contains many DNA sequences
with varying similarity to TF target motifs, potentially allowing for ample low-affinity non-
cognate TF binding. Whether and how non-cognate TF binding impacts cellular function and
growth remains unclear. We show that increased expression of native and non-native
transcriptional regulators in Escherichia coli and Salmonella enterica can significantly inhibit
population growth across different conditions by inhibiting cell division. This effect depends
upon (i) low-affinity TF binding to many DNA sequences, (ii) TF cooperativity, and (iii) TF
concentration. Non-cognate TF binding to DNA can thus severely impact fitness, giving rise to
fundamental biophysical and physiological constraints on gene regulatory design and
evolution.

INTRODUCTION

Biology at all levels depends on the timely recognition and interaction between cognate
biomolecules (Box 1A). The importance of molecular encounters between intended targets in
the cell is highlighted by the intricate mechanisms that ensure cognate — and suppress non-
cognate — interactions, a classic example being that of kinetic proofreading in the loading of
amino acids onto tRNAs (Hopfield, 1974). In gene regulation, expression of genes at the right
time and place is determined by transcription factors (TFs) binding to their respective cognate
operator sites. This binding is usually with high affinity, although functional binding with low
affinity to “weak” binding sites has also been recognized, especially in eukaryotes
(Kribelbauer et al., 2019; Shahein et al.,, 2022). Additionally, non-cognate low-affinity
interactions can occur at many other DNA sequences because TFs will typically have some
propensity to bind even sequences far away from their consensus, as such sequences are
likely to be encountered many times within a genome, given typical genome sizes of several
million base pairs. These non-cognate interactions are not necessarily detrimental; for
example, non-cognate DNA binding was found to speed up the TF search process by sliding
along the DNA in a process called “facilitated diffusion” (EIf et al., 2007; Mirny et al., 2009),
where conformational changes upon encounter of the target sequence result in cognate
binding (Mirny et al., 2009). In prokaryotes, many transcriptional regulators appear to be
bound to non-cognate DNA most of the time (EIf et al., 2007; Flyvbjerg et al., 2006; Stracy et
al., 2021) and this state could play an important role in gene regulation (Bakk & Metzler,
2004b; Kao-Huang et al., 1977; von Hippel et al., 1974).
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Box 1. The biophysics and molecular biology of TF crosstalk. (A) In order to elicit an
appropriate function, TFs (blue ellipsoid) have to recognize their cognate DNA sites known as
operators (blue trough) among a large background of non-cognate sites (blue rectangle),
where binding is non-functional (i.e., off-target) and potentially interferes with cellular
programs. Binding of TFs to cognate or non-cognate sites can occur by recognizing a TF-
specific sequence motif on the DNA (with binding affinity ranging from high to low, depending
on the similarity of the target site with the TF’s consensus sequence (Gerland et al., 2002)) or
through generic, inherently low-affinity interactions with any DNA sequence. (B) Schematics
of binding probability curves for TFs with lower (e.g. P22 C2, left panel) or higher (e.g. A Cl,
right panel) likelihood to bind non-cognate DNA targets are shown. Binding with high affinity
usually occurs to a TF-specific DNA motif and is determined by three main factors: (i) the offset
gives the binding energy (lower energy = stronger binding) to a single operator sequence
(usually the strongest wild-type operator sequence, gray cross) relative to the unbound state
(TF in solution; gray dot above the sigmoid). Random DNA sequences are usually bound with
low affinity and are located at the lower end of the sigmoid (gray curved box) with energy
values approaching that of the TF in solution. The number of TFs being bound to random
sequences or free in solution are indicated by the size of the gray box and dot. (ii) Basepair
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mismatches to the wild-type operator sequence incur an energy penalty and increase the
binding energy (i.e. weaken the binding; shown by the red arrows for each mismatch) based
on motif-dependent basepair binding energy mismatches and overall basepair bias (given
here as average AT preference — average GC preference). Sequences with a higher number of
mismatches to the operator sequence will be more abundant than ones with few mismatches,
which is symbolized by the shading of the binding sigmoid. Hence, for a TF with large negative
offset, such as A ClI, which is aided by (iii) high cooperativity, and an energy matrix
characterized by small mismatch effects, many random sequences will not be far from or even
on the rise of the sigmoid, making higher occupancy likely (see C). (C) Table compares these
three factors (offset, basepair mismatches and cooperativity) for three well-characterized TFs,
showing that all of them are fulfilled for A Cl, but only partially for P22 C2 and Lacl (Barnes et
al., 2019; Hilchey et al., 1997; Igler et al., 2018; Vilar & Saiz, 2005), making A Cl an obvious
candidate for substantial non-cognate low-affinity binding.

Non-cognate TF-DNA interactions are often referred to as non-specific, as they are likely very
weak and transient (Bakk & Metzler, 2004a; EIf et al., 2007). It is important to realize,
however, that specificity is a biophysical property of a TF, describing — depending on the field
— either the TF's relative ability to discriminate high and low binding affinity DNA sites by its
residence time when bound, or the TF’s binding mode and structural conformation upon
interacting with the DNA (Jonge et al., 2022) (Box 1). Whether any such binding is biologically
functional and has been selected for (cognate) or spurious (non-cognate) is a separate
question. In this manuscript, we will focus on binding with high or low affinity at either
cognate or non-cognate DNA sites. Low-affinity TF-DNA interactions at a non-cognate DNA
site could be mediated by various molecular mechanisms: sequence-independent, purely
electrostatic TF-DNA interactions, sequence-dependent interactions with low overlap with
the consensus motif, or perhaps even short-lived stochastic conformational transition of the
TF that can affect its sequence-dependent binding affinity. As TFs have to search for their
cognate DNA targets among an extensive genomic background, they may encounter many
non-cognate sites with sufficient target sequence similarity to allow for binding — either with
high or low affinity — thus potentially trapping TF molecules (Gerland et al., 2002; Mirny et
al., 2009). While non-cognate binding of TFs could be neutral, it could also incur substantial
growth costs for the cell through (i) high-affinity binding to few DNA sites with high similarity
to the target sequence; or (ii) low-affinity binding to many sites across the genome that
accrues to a large overall effect. While in (i) the growth effect is more likely to stem from
regulatory interference, the consequences of (ii) remain largely unknown. However,
overexpression of one of the E. coli nucleoid-associated proteins (NAPs) involved in DNA
organization, histone-like nucleoid-structuring protein (H-NS), can lead to growth arrest
(Spurio et al., 1992), suggesting that structural changes in chromosome organization could
play a role.

In eukaryotes, which have shorter operator sites, low-affinity binding of TFs seems to be an
integral part of gene regulatory function and evolution (Burger et al., 2010; Crocker et al.,
2016; Kribelbauer et al., 2019; Shahein et al., 2022). In a theoretical study that explored the
impact of non-cognate binding we suggested that genomic low-affinity sites impose the
existence of a global biophysical constraint, termed “crosstalk” (Friedlander et al., 2015).
Some forms of TF cooperativity and combinatorial regulation can limit this problem
(Friedlander et al., 2015), but additional mechanisms, such as out-of-equilibrium proofreading
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mechanisms and chromatin-based regulation, may also be at work in eukaryotes (Cepeda-
Humerez et al., 2015; Grah et al., 2020; Perkins et al., 2024). In prokaryotes, the importance
of non-cognate binding to low-affinity sites has been acknowledged in regulatory interference
(Sasson et al., 2012) but has been rarely investigated, especially with regard to its
physiological consequences. Experiments addressing the fitness impact of low-affinity binding
are lacking entirely as it is generally very difficult to disentangle non-cognate binding effects
from physiological or cognate effects with native proteins, which rarely just have one target
binding site (Shimada et al., 2018).

RESULTS

Experimental setup

We set out to test the consequences of non-cognate TF binding on bacterial growth by
expressing TFs lacking known binding sites in native and non-native host cells. The main
challenge in addressing this general question results from the fact that it is not trivial to
disentangle physiological effects from non-physiological effects, as many TFs have several
cognate binding sites across the bacterial genome and hence multiple or complex functions.
Based on these considerations, we decided to use phage repressors, which are present for
long periods at low numbers in bacterial hosts during the lysogenic cycle (Oppenheim et al.,
2005). As temperate phages likely spend most of their existence as lysogens (Howard-Varona
et al., 2017), we expect these repressors to be well adapted to the genomic background of
their host. Consequently, these repressors should show few non-cognate binding effects in
their hosts — although they might bind cognate binding sites to regulate host genes (Chen et
al., 2005) — but non-cognate binding could be more prevalent in bacteria that do not serve
as host to the particular phage. Therefore, we use transcriptional regulators from the same
protein family from different lambdoid phages, with two of them native to E. coli (A cl, 434 cl)
and one to S. enterica (P22 c2), and explore their effects on growth in both bacterial hosts.
Transcriptional regulation through activation or repression is well-studied for all three TFs
(Fattah et al., 2000; Ptashne, 2004). The phage repressors bind to their cognate operator sites
in the phage genome as a dimer, but they can also bind cooperatively to adjacent operators
or form short- and long-distance loops (up to 10kbp for A Cl (Priest et al., 2014)) involving two
to four dimers (Donner et al., 1997) (Fig. 1A). This type of TF cooperativity was previously
found to facilitate non-cognate binding (Pray et al., 1998). Notably, for A Cl significant non-
cognate binding has been predicted theoretically (Bakk & Metzler, 2004a; Pray et al., 1998)
and substantiated experimentally (Igler et al., 2018), whereas for P22 C2 binding was rapidly
lost at just a few mismatches from target motif (Igler et al., 2018), making it less likely to bind
non-cognate sites (Box 1B).
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Figure 1. Growth reduction in the presence of repressors in minimal media with glucose. (A)
The experimental model system with repressors being expressed from a plasmid and their
binding cooperativity modes are shown. (B) Growth rates per minute (see Methods for
calculation) are shown for E. coli and S. enterica cells in the absence (black line shows mean
and dotted lines standard deviation of uninduced cells) or presence (25ng/ml aTc induction)
of A Cl, 434 Cl, P22 C2 and Lacl repressors or a GFP reporter (bars). (C,D) Curves show mean
absorbancesoo for E. coli (left) or S. enterica (right) cells in the presence (color) or absence
(black) of (C) A Cl or (D) P22 C2. Error bars show standard deviation over 5 replicates (in some
cases hidden by the mean) or over 10 replicates for E. coli with A CI.
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In addition to the phage repressors, we also chose a well-studied bacterial repressor from a
different protein family, Lacl, as it is one of the few Escherichia coli transcriptional regulators
that is known to have only a single cognate target region at the /ac operon (consisting of three
binding sites) but nowhere else on the chromosome (Shimada et al., 2018). Lacl uses
facilitated diffusion for target search (EIf et al., 2007), which means that its non-cognate
binding tendencies should not significantly affect bacterial growth. Lacl is a tetrameric protein
and cooperativity stems from the fact that one repressor tetramer can loop DNA by binding
to one DNA site and then the other (Vilar & Saiz, 2005) — as opposed to cooperativity and
looping resulting from binding of two separate repressor molecules for the phage repressors
(Fig. 1A). The effect of Lacl-type cooperativity on non-cognate binding remains unclear.

The four repressors (A cl, 434 cl, P22 c2 and lacl) were each cloned under the control of an
inducible promoter (P:t) onto a low-copy number plasmid (Fig. 1A, S1A). The plasmids were
then transformed into E. coli and S. enterica strains whose genomes do not contain any of the
operators for the four repressors (Methods). Our E. coli strain constitutively expresses TetR
(for regulation of P::) and Lacl, and S. enterica constitutively express TetR. We tested the
effect of constitutive TetR and Lacl expression on the growth of our strains and found no
effect for TetR and a slight growth cost for Lacl in E. coli, potentially because Lacl is expressed
at higher numbers than from its wildtype operon (Fig. S1B). We then investigated the impact
of non-cognate binding of the four different TFs by measuring growth curves of E. coli and S.
enterica and calculating growth rates as a fitness proxy.

Growth effects are highly repressor-specific

Effects on cellular growth due to the presence of repressors were determined via changes in
growth rates (Methods). We observed a wide spectrum of growth behaviors across the four
repressors and the two bacterial hosts. For cells grown in minimal M9 media (Methods), the
standard media used if not specified otherwise, the induction of A Cl resulted in a strong
reduction of growth in E. coli and an even more substantial reduction in S. enterica cells (Fig.
1B-D, S1C, Table S1). The induction of 434 Cl repressor also reduced growth, though less than
A Cl and with a similar effect in both hosts (Fig. 1B). On the other hand, P22 C2 showed no
effect in its native host S. enterica, while nearly halting growth when expressed in E. coli (Fig.
1B-D, Table S1). There was no significant impact on growth in S. enterica with Lacl and in both
strains for expressing a fluorescent protein instead of a TF (Fig. 1B). Thus, three different
repressors stemming from the same TF family showed a broad spectrum of growth effects in
their native and non-native bacterial hosts. We further explored these growth effects and
their causes by focusing on the two well-characterized repressors, A Cl and P22 C2, which are
known to have different propensities for binding at DNA sequences far away from their target
motif (Igler et al., 2018) (Box 1B).

We found that the severe reductions in growth rates translated into a fitness effect of
repressor expression in direct competition experiments for both, A Cl and P22 C2. As a
‘neutral’ competitor, we used cells with Lacl-expressing plasmids as Lacl was the only
repressor showing no significant growth defects in both bacteria when expressed from the
plasmid — even in addition to the Lacl that is constitutively expressed in E. coli cells (Fig. 1B,
S1B). We added a constitutive YFP-venus marker on the Lacl-expressing plasmids to
determine relative fitness via CFU counts and fluorescence measurements (Fig. S2, Methods).
In accordance with the growth rate measurements (Fig. 1,2), repressor expression led to
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substantial fitness reductions with A Cl in E. coli and S. enterica as well as P22 C2 in E. coli
relative to lacl+venus carriers (Fig. S2, Table S2). As the venus marker itself resulted in a slight
fitness cost (Fig. S2, Methods), the observed increase in lacl+venus carrying cells indicates an
even more pronounced fitness advantage than measured.
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Figure 2. Effect of environment on repressor-dependent growth reduction.

(A,B) Growth rates (per minute) are shown for induction of A Cl or P22 C2 in E. coli cells over
11 different inducer concentrations (ng/ml aTc) in (A) M9 minimal or (B) LB rich media
conditions (note the different scale of inducer concentration for rich media). Shaded areas
give the standard deviation over 3 replicates and the solid line is a smoothed representation
of calculated growth rates. (For S. enterica threshold values at which the growth rate effect is
visible see Table S3.) (C) Growth rates are shown in the absence (black line shows mean and
dotted lines standard deviation of uninduced cells) or presence (bars) of A Cl or P22 C2 in E.
coli and S. enterica cells in rich media. Error bars show the standard deviation over 3
replicates. (D) Western blot shows how the A CI-HA protein levels vary in E. coli between rich
and minimal media for different levels of induction. In LB, A CI-HA only visibly accumulates
under 25ng/ml aTc induction, whereas in M9, 1ng/ml aTc is sufficient to result in
accumulation of A CI-HA. GADPH was used as a loading control. The molecular weight of the
proteins is shown in kDa.
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Growth effects are environment- and concentration-dependent

As the phage repressor levels are likely higher when expressed from our plasmid than in a
lysogen, we tested the magnitude of growth reduction at varying repressor induction levels.
In E. coli, decreasing the induction level of either repressor showed a gradual recovery of
normal growth, with A CI still having an effect at lower induction levels than P22 C2 (Fig. 2A,
Table S3). In S. enterica, lower induction levels of A Cl than in E. coli resulted in growth
reductions, while P22 C2 showed no growth changes at any concentration (Table S4).

As a next step, we tested the effect of environmental conditions by growing bacteria carrying
A Cl or P22 C2 in rich media, which allows for faster growth. In rich media (LB), growth
inhibition generally occurs at higher inducer levels than in minimal media (Fig. 2A,B), but the
qualitative trends remain similar. P22 C2 only shows a growth effect in E. coli at higher inducer
levels compared to A Cl, and no effect in S. enterica (Fig. 2B,C, Table S4). Interestingly, the
growth reduction caused by A Cl in rich media occurs at much lower inducer levels in S.
enterica, but the effect is stronger in E. coli (Fig. 2B,C, Table S4, S5).

To examine the cause for the growth reduction variability between different media
conditions, we visualized the presence of A Cl tagged with HA via immunoblotting in cells
sampled at an ODggo ~0.02 in minimal and rich media with different levels of inducer. In
accordance with growth reduction observations, we found that A CI-HA could already be
detected at much lower inducer concentrations in M9 than compared to cells grown in LB
(Fig. 2D). Lower concentrations of proteins in richer media are expected as faster growth leads
to higher dilution of proteins and larger volume of cells (Klumpp et al., 2009), which suggests
that repressor concentration is correlated with the growth reduction.

Growth reduction is caused by cooperative, low-daffinity binding distributed across the
genome

Given the surprisingly detrimental growth effect of the two repressors in several conditions,
we set out to determine its cause. Transcriptional repressors are DNA-binding proteins and
could therefore interfere with cellular programs through DNA binding at various non-cognate
sites (Chakrabarti et al., 2011). To determine the role of TF binding in the observed growth
reductions, we used the fact that A Cl is one of the best-studied TFs, and thus a range of
mutants exist that change its binding and conformational properties.

We tested the expression of a A Cl mutant defective in DNA binding (Nelson & Sauer, 1986)
and found that normal growth was almost completely restored in both E. coli and S. enterica
cells (Fig. 3A, Table S1). Similar results for a A Cl mutant defective in cooperativity between
repressor dimers — but not in DNA binding itself — additionally suggest an important
contribution from DNA looping or some other form of repressor oligomerization (Fig. 3A,
Table S1). This is intriguing as A Cl cooperativity and oligomerization are thought to be
strengthened by binding to DNA in a sequence-dependent manner (Mazumder et al., 2017;
Vilar & Saiz, 2005), which also appears to play a large role in the absence of cognate sites.
Surprisingly, a A Cl mutant that cannot form dimers (Whipple et al., 1994), which should
significantly interfere with the ability of A Cl to bind DNA (Weiss et al., 1987), completely
restored growth in E. coli but not in S. enterica cells, potentially suggesting different or
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additional mechanisms of A Cl-induced growth reduction in the two species. To exclude the
possibility that repressor misfolding or aggregation was responsible for our observations, we
over-expressed the chaperone gene tig (Saio et al., 2014) along with the repressors (Fig. S1D).

A t B _xAcl
coop mu Binding helix _ 4340
di t
bind mut ” Im mu exchange =~ Lacl
A CI mutants A CI chimeras
2 1 E.coli : S.enterica 2 1 E.coli ! S.enterica
O' 1 d 1
1 1
m 1 1
£ l :
£ o ; o :
L - 1 " 1
o (o] (=]
J‘E 1 1
L | '
_C 1 1
o 1 - I
2 O 1 [ 1
[o B = 1 [ 1
L 1 1
o] 1 1
1 1
1 1
1 1
o ' ‘ . I <o I I | ' I I I
i 1 T T 1 T 1 1 T o | |
&
& GEOEIE O 0F o8 KR
& & & & & & ¥ N

Figure 3. Effect of mutants and chimeric proteins on repressor-dependent growth
reduction. Growth rates (per minute) are shown for E. coli and S. enterica cells in the absence
(black line shows mean and dotted lines standard deviation of uninduced cells) or presence
of a repressor are shown. (A) Comparison between A Cl wildtype (blue), a A Cl binding mutant
(red), aA Cl dimerization mutant (orange) or a A Cl cooperativity mutant (turquoise) in minimal
media. (B) Comparison of phage repressor 434 Cl and the bacterial repressor Lacl (black) to a
chimera of the A Cl protein containing the binding affinity of either 434 CI (A-434 Cl) or Lacl (A
Cl-Lacl) (blue) is shown for minimal media. Error bars show standard deviation over 5
replicates (in some cases hidden by the mean).

Hence, the ability to bind DNA, potentially in a cooperative manner, seems to be central to
repressor-mediated growth effects. We tested this hypothesis by creating chimeric TFs,
combining A Cl cooperativity with the binding affinity characteristics of another repressor. We
replaced the DNA binding helix of A ClI (Methods) with: i) that of another phage repressor, 434
Cl, which showed some growth defect; or ii) the bacterial repressor, Lacl, which showed no
growth defect when expressed from the plasmid. For 434 Cl, it has been reported that
changes in the cooperativity interface strongly interfere with its binding affinity and the
structure of the TF-DNA complex (Donner et al., 1997; Guarnaccia et al., 2004). Our
experiments agree with these findings, as the A-434 Cl chimera resulted in a reduction of the
growth defect compared to A-Cl in E. coli and in S. enterica cells (Fig. 3B, Table S1), likely
caused by a reduction in binding. In contrast, the growth reductions with the A Cl-Lacl chimera
were similar in magnitude to wildtype A Cl in both bacterial hosts (Fig. 3B, Table S1). The
opposite behavior of Lacl and A Cl-Lacl could be explained by the chimera combining the high
target binding strength of Lacl with the strong intermolecular cooperativity and
oligomerization potential of A CI (Fig. 1A, Box 1). The additional binding stabilization through
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cooperativity or oligomerization could then result in substantial non-cognate binding and
strong interference with cell growth.
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Figure 4. Distributed, low-affinity binding of A Cl across the genomes of E. coli and S.
enterica. (A,B) Distributions of ChIP-sequencing reads for the regions found to be enriched in
the experiment with A Cl over the experiment without A Cl are given for the forward and the
reverse DNA strand across the (A) E.coli or (B) S. enterica genome. Enrichment was calculated
within 100bp windows through the log ratio of the scaled coverage (scaled by number of
mapped reads) between sample and control ChIP-seq experiments. Number of reads for
significantly enriched regions are shown in Fig. S3. (C,D) Fit between binding strength
predictions of a simple thermodynamic model using the energy matrix for A Cl binding and
the ChlIP-sequencing reads across 1000bp windows along the (C) E. coli or (D) S. enterica
genome. In (D), 33 out of 4856 data points showed more than 3600 reads and were omitted
for clarity. Lower insets show the calculated Spearman correlations using either the wildtype
energy matrix, one that only conserves the A Cl basepair bias (Fits are shown in Fig. S5) or one
that has completely reshuffled entries (averaged over 100 permutations). Upper insets in C
and D: Permutation test for the significance of the difference in Spearman correlation
between binding predictions using the wildtype energy matrix (first bar in the lower inset) vs
prediction with the energy matrix that only conserves A Cl basepair bias (second bar in the
lower inset). Black histograms represent the Monte-Carlo-derived null distribution (10*
random reassignments of ChIP reads to genomic regions), green dot and line show the true
excess Spearman correlation. The correlations for S. enterica were not substantially affected
by the strong binding peak in prophage regions shown in (B).
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To determine if the non-cognate binding effects involved either a few essential or many
distributed regions of the chromosome, we performed ChlIP-sequencing of A Cl in E. coli and
S. enterica. As the data did not reveal strong peaks for specific genes in E. coli, we investigated
overall binding to the genome by averaging data over 1000bp windows. This analysis
indicated weak, low-affinity binding at numerous sites all over the E. coli chromosome (Fig.
4A, S3A, Table S6) when using a more lenient cutoff than typically used for strong, high-affinity
binding, though completely sequence-independent binding should not be detectable via ChIP-
sequencing, even with our more lenient cutoff (Fig. S4, see Methods section ‘ChIP-sequencing
analysis’). In S. enterica we found a broad peak (indicating substantial binding in several
adjacent genes) and more distributed weak binding regions than in E. coli. Interestingly, this
broad peak corresponds to prophage regions on the genome that seem to provide binding
hotspots for A Cl (Fig. 4B, S3B, Table S6). As such binding hotspots were absent in E. coli but A
Cl still showed a growth defect, we did not consider this finding necessary to qualitatively
explain our results (although it could explain the stronger growth reduction in S. enterica).
None of the peaks for either genome appears to encode an essential gene.

As ChIP-sequencing is typically used to determine high-affinity TF binding, there is no
established methodology of assessing low-affinity binding in these assays. Here, we used a
simple thermodynamic model to predict A Cl binding across the bacterial genome and
correlate these model predictions with ChIP-Seq results (see Methods section
‘Thermodynamic model’). The predictions showed a surprisingly high degree of correlation
with the number of ChIP-Seq reads (Fig. 4C,D), especially since energy matrix models are
believed to perform poorly for low affinity sites (Maerkl & Quake, 2007). Even more
surprisingly, most (but not all) of this correlation could be accounted for by an energy matrix
that conserved only the A ClI preference for the overall basepair composition (Fig. 4C,D, S5,
see Methods section ‘Thermodynamic model’). In contrast, a negative correlation was
observed with the overall basepair preference of P22 C2 (Fig. S5), which indeed is opposite to
that of A Cl (Box1). These results could not be explained by an inherent nucleotide bias of the
ChlIP-sequencing experiments (Fig. S6), which suggests the correct basepair composition bias
in a genomic sequence could provide A Cl with sufficient recognition pattern to bind with low
affinity. In agreement with this hypothesis, the GC bias of the stronger A Cl cognate operators
(Or1, Orz2, O11 and Oy2) is 52.94%, which is very close to that of the S. enterica genome (52.2%)
and somewhat higher than that of the E. coli genome (50.8%).

The basepair composition bias, while important, did not fully account for the agreement
between model predictions based on full TF energy matrix and ChIP results. The sequence-
dependent contribution to A Cl recognition, in excess of the basepair composition bias,
remained highly significant in E. coli and S. enterica (as determined by Monte-Carlo
permutation tests; Fig. 4C,D, S7). Overall, our results indicate substantial non-cognate, low-
affinity binding due to sequence-dependence and basepair bias — which is similar to NAP
binding patterns (Spurio et al., 1992; Yamada et al., 1991). Non-cognate binding is facilitated
by repressor oligomerization (Pray et al., 1998; Sarkar-Banerjee et al., 2018), and distributed
over the thousands of potential low-affinity A Cl binding sites, known to be present in the E.
coli genome (Chakrabarti et al., 2011).
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Low-dffinity binding leads to arrest of cell division

The distributed non-cognate DNA binding demonstrated by the ChIP-sequencing data for A Cl
is in agreement with the observation that increasing induction of repressor gradually
intensifies the growth reduction (Fig. 2A,B). Hence, the ratio between repressor and potential
binding sites, i.e., genomic DNA, might determine the magnitude of the growth defect. If cell
doubling time is lower than the time needed for DNA replication, i.e., if the growth rate is less
than ~0.017 doublings/min in E. coli and ~0.022 doublings/min in S. enterica (Cooper &
Ruettinger, 1973), (which is the case in our experiments in minimal media: 0.0147(+0.0008)
doublings/min and 0.0163(+0.002) doublings/min respectively), each bacterial cell contains
on average only a single chromosome. At faster growth rates, replication cycles are
overlapping and daughter cells inherit 2-8 origins at birth, together with partially replicated
chromosomes (Nordstrom & Dasgupta, 2006). Hence, the richer the medium and the faster
the growth, the more DNA will be available to titrate away potentially detrimental non-
cognate binding TFs. This could be an additional factor next to growth-related expression
differences explaining why much higher induction levels of repressor are required for growth
reduction in rich media (Fig. 2): repressors are titrated more due to the presence of more DNA
and repressor concentrations are generally lower due to faster dilution as well as larger cell
volume.

We set out to test the titration hypothesis by introducing a medium-copy number plasmid
carrying four cognate A Cl binding sites into E. coli cells with the inducible A Cl-plasmid, which
should substantially reduce the number of free A Cl dimers available for non-cognate binding.
Although the medium-copy plasmid by itself incurred a growth cost, the growth reduction
caused by A Cl was significantly reduced, particularly at low expression levels (Fig. S8), which
suggests that the titration of A Cl alleviates the growth reduction.

The titration hypothesis together with the Western Blot and ChIP-sequencing results implies
that the overall ratio of chromosomal DNA to repressor proteins is an important factor
determining the growth effects. This suggests that non-cognate binding might interfere with
global cellular functions. Using microscopy, we found that A Cl-expressing E. coli cells generally
formed long filaments with increased cell volumes, indicating an inhibition of cell division in
these cells (Fig. 5A), which is also characteristic for antibiotics targeting DNA replications and
other DNA-related functions (Bollenbach et al., 2009). In the presence of A Cl, induction of the
stress response promoter PsulA is low (Fig. 5B, S9), making the stress response an unlikely
cause for the substantial inhibition of cell division (Arends & Weiss, 2004). Furthermore, such
a weak stress response will not lead to substantial self-cleavage (i.e., inactivation) of the
repressor molecules (Sauer et al., 1982) - particularly because A Cl becomes a poor substrate
for self-cleavage at higher concentrations (Phizicky & Roberts, 1980). Cell division can also be
hindered by the presence of genomic DNA at mid-cell (Cambridge et al., 2014). Fluorescence
microscopy indicates that many filamentous cells contain several chromosomal regions,
which are enlarged compared to cells without the repressor and which are often located mid-
cell (Fig. 5A). Mid-cell located DNA interferes with the establishment of a division septum,
suggesting that it is not FtsZ-ring formation, but a subsequent step in the cell division cascade
that is disrupted. Some filamentous cells manage to divide after growing to substantial length
as division septa start forming between the chromosomal regions (Fig. 5A). Taken together,
non-cognate TF binding could lead to inhibition of cell division by retaining chromosomal DNA
at mid-cell.

52



B sosyg < >
S

stress response

repressor
not induced

— ACI
UV induction

|

Fluorescence (AU}
00 500 1000 1500 2000 2500
1 1

time (min)

Figure 5. Induction of A Cl interferes with cell division but does not induce the SOS stress
response. E. coli cells containing the A Cl repressor were (A) imaged using dye to visualize the
cell membranein red (Nile Red) and the chromosome in blue (Hoechst) or (B) tested for stress
response (through the reporter Psua-yfp). (A) Cells grown in minimal media were imaged using
fluorescence microscopy (see Methods) either in liquid media (left) or on an agar pad (right).
Whereas chromosomes (blue) are positioned in the middle of the cell in the absence of A Cl
(upper), the presence of A Cl (lower) leads to filamentous cells, which often contain several
chromosomes, and their positioning overlaps with the middle of the cell including the area of
division septa formation (thicker red dots). (B) Curves show mean fluorescence for cells that
were not induced (black) or cells that were stressed by inducing A Cl expression (blue) or using
UV exposure for 30sec (yellow). Error bars show standard error over 3 replicates.
(Corresponding mean growth curves are shown in Fig. S9).

DISCUSSION

We investigated the consequences of non-cognate interactions in molecular recognition of
DNA by proteins, using three different but related phage TFs and a bacterial repressor, which
produced a wide range of effects on host cell growth, from high to no growth costs, and higher
to lower costs in the non-native compared to the native host (Fig.1B, 2C). Taking advantage
of the rich and well-established genetics and biochemistry of the classic bacteriophage
repressor A Cl, we found that its growth cost likely results from cooperative, low-affinity
binding, which interferes with growth by inhibiting cell division. Our data support the
hypothesis that binding strategies of prokaryotic TFs are under selection to avoid low-affinity
binding to the genomic background (Chakrabarti et al., 2011). These results may not
generalize to eukaryotes, where weak binding to low-affinity sites can play a functional role
(Kribelbauer et al., 2019), and the deleterious non-cognate aspects of such binding may be
held in check by mechanisms such as silencing or proofreading (Grah et al., 2020; Zoller et al.,
2022). These considerations highlight the fundamental differences in gene regulatory design
between prokaryotes and eukaryotes, and therefore differing evolutionary constraints
(Wunderlich & Mirny, 2008).
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For prokaryotes — in contrast to eukaryotes — TF target sites are sufficiently long to allow
recognition of single cognate operators with high affinity (Wunderlich & Mirny, 2008).
Mismatches to the preferred target sequence lead to progressive loss of binding, but the
speed of this loss can vary substantially between individual TFs (Igler et al., 2018). Among the
four transcriptional regulators we analyzed here, A Cl combined several properties that
together make it a promiscuous DNA binder and thus induce a high fitness cost due to low-
affinity binding: (i) strong operator binding (offset) that allows for toleration of more
mutations, (ii) low mismatch penalties for individual basepair changes (energy matrix) and (iii)
strong cooperativity (Box 1B,C) (Igler et al., 2018). In contrast, for P22 C2, the lower offset and
higher mismatch penalties make binding to non-cognate sites less likely (Box 1B,C) (Igler et
al., 2018), producing a significant cost only in non-native host cells. Lacl, which shows similar
binding characteristics as A Cl (including similar basepair bias, see Fig. S5), did show a strong
growth effect only if coupled with A Cl’s intermolecular cooperativity. Together, the mutant
and chimera experiments (Fig. 3) argue for a significant contribution of cooperativity — and
likely oligomerization — to the potential for low-affinity binding, which supports the
theoretical finding that TF cooperativity does not alleviate deleterious binding when it
stabilizes cognate as well as non-cognate binding (Friedlander et al., 2015). Lacl’s lack of
intermolecular cooperativity makes it less likely to bind non-cognate sites, suggesting an
adaptation for high affinity to only few cognate sites — as opposed to most E. coli regulators
(Shimada et al., 2018). The continuum of growth effects we observed for only four different
TFs reveals that the complex combination of binding cooperativity, offset, and TF
concentration determines the propensity for non-cognate binding of a TF and must be tuned
to avoid fitness costs. Therefore, considering binding to low-affinity sites may be crucial in
choosing TFs for synthetic biological systems to avoid global toxicity effects, as well as
unwanted TF titration, which can affect target gene regulation (Brewster et al., 2014; Sasson
et al.,, 2012).

The magnitude of the growth cost depends on a repressor’s ability to bind non-cognate low-
affinity DNA sites, as well as on a repressor’s relative ratio to the total amount of DNA within
the cell. Slow cell growth compounds the effect as cells contain less DNA that would provide
potential sites for low affinity binding and repressor titration (Chakrabarti et al., 2011), while
repressor density is higher than at fast growth (Klumpp et al., 2009). Hence, the slower growth
rate in minimal media could allow for greater accumulation of repressor, which in turn slows
growth, resulting in negative feedback between repressor accumulation and growth rate,
which would explain the difference in repressor concentration between minimal and rich
media. This phenomenon is reminiscent of growth bistability in drug resistant bacterial cells,
which is caused by feedback between the growth rate and the speed of counteracting toxic
agent (Greulich et al., 2015). In our system, the repressors can be seen as “toxic agents”,
which are “counter-acted” by dilution or titration if cells manage to start growing fast enough;
otherwise, the cells are growth-arrested.

Additionally, stress tolerance could be higher under optimal growth conditions as found in
rich media (Pleska et al., 2016). However, it does not seem likely that media-specific genes
are targeted, as ChIP-sequencing generally revealed distributed, low-affinity binding all over
the chromosome (Fig. 4). Rather, inhibition of cell division seems to result at least partially
from nucleoid localization at mid-cell (Fig. 5). Clearance of the division site is impeded if sister
chromosomes fail to segregate (Cambridge et al., 2014; de Boer, 2010), which may be caused
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by the formation of “bridges” between cooperatively bound repressors, holding the sister
chromosomes together. As found for A Cl, even non-cognate binding can increase and stabilize
DNA loops through the formation of higher-order oligomers (Manzo et al., 2012; Sarkar-
Banerjee et al., 2018). This underlines the importance of repressor cooperativity in the
observed growth effects.

Generally, compaction of nucleoids seems to be a crucial factor for preventing the completion
of division septa through nucleoid occlusion (Sun & Margolin, 2004). Intriguingly, a very
similar growth effect has been found with H-NS, one of the NAPs responsible for chromosome
organization and compaction in E. coli (Spurio et al., 1992; Yamada et al., 1991): H-NS
overproduction drastically reduced cell viability, which seemed to be related to the formation
of higher-order H-NS oligomers (Spurio et al., 1997) — a state that is favoring its ability to form
bridges between DNA regions (Verma et al., 2019). As cell growth, shape, division and DNA
replication are thought to be tightly linked in complex and poorly understood ways (Amir et
al.,, 2019), a mechanistic explanation of the observed division inhibition is presently not
possible, but prior studies on H-NS combined with our findings make the case for the
existence of general constraints on DNA-binding proteins.

Our results suggest that the inherent ability of DNA-binding proteins to occupy non-cognate
DNA regions can pose, in addition to potential regulatory interference (Sasson et al., 2012), a
substantial challenge for host cell fitness overall — particularly considering facilitating
conditions like cellular crowding (Zabet & Adryan, 2013), horizontal gene transfer (Baltrus,
2013) and mutations that alter the binding affinity of a protein. This challenge stems from the
fundamental limits to molecular recognition that are set by the biophysics of molecular
interactions (Friedlander et al., 2015) and could lead to various non-cognate effects on the
physiology of the cell. The four transcription factors used here show a variety of non-cognate
effects, which could indicate different selection pressures that have been acting on their
binding and cooperativity characteristics as well as different potential for being tolerated in a
particular environment. There might also be a variety of mechanisms underlying the growth
phenotype, as suggested by the ChIP-sequencing results for A Cl: the additional strong peak
region found in S. enterica could indicate an additional effect of higher-affinity sites and may
explain the stronger growth defect in minimal media as compared to E. coli (especially at low
repressor concentrations). A potential for high fitness costs, even in native environments as
seen here with A Cl and 434 Cl, can limit the number and binding affinity of promiscuous DNA-
binding proteins in the cell (Friedlander et al., 2015). Less promiscuous binders such as P22
C2 are only detrimental in non-native environments. Hence, the influx of foreign genes
through horizontal gene transfer could be considerably impaired through non-cognate
binding effects, as horizontal gene transfer and non-cognate binding are likely to occur under
slow growth conditions, where already low levels of transcription factors might be costly (Fig.
2, S2). As the phage repressors we used originate from temperate phages, high levels of
interference with host cell growth can limit their potential host range regarding successful
establishment of lysogeny. Considering that phage repressor concentrations are kept low
during lysogenic cycles, the selection pressure to reduce low-affinity binding might generally
be weak, which would explain the diversity in growth effects we observed with related phage
repressors. Phage TFs expressed during lysogeny have however been suggested to be able to
change bacterial cell physiology (Derdouri et al., 2023). More generally, experimentally
uncovering the fundamental biophysical constraints imposed by the non-cognate interactions
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of TFs is difficult, as TFs with many cognate targets need to recognize a diversity of sequences
and by default affect many cellular functions, while single target TFs are rare (Shimada et al.,
2018). This is what ultimately motivated our choice of focusing our experiments on phage
repressors and Lacl.

We have shown experimentally that non-cognate recognition of biomolecules can constitute
a limiting factor for cellular function and evolution due to the fundamental biophysical
constraints on protein-DNA interactions. However, these costs could be counter-balanced by
increased TF robustness to target site mutations or higher evolvability, precisely because
interactions can be more easily formed at low affinity (Friedlander et al., 2017; Igler et al.,
2018; Shepherd et al., 2023; Taylor et al., 2022). For example, a TF could co-opt regulation of
a non-cognate gene — even if only to a small degree — that provides an advantage in a certain
environment, which can subsequently be refined by evolution. This opens up wider questions
about the interplay of costs and benefits of low-affinity molecular interactions, especially
when these interactions also serve as drivers of evolution (Friedlander et al., 2017).
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METHODS

Plasmids and strains

Wild-type repressors:

The phage repressors A Cl, P22 C2, 434 Cl or the bacterial repressor Lacl were cloned under
the control of a Piteto-1 promoter in a low copy number kan® plasmid (pZS) by using the
restriction enzymes Kpnl and Xbal (Lutz & Bujard, 1997). In control experiments the phage
repressor on the plasmid was replaced by a fluorescence marker gene (gfp). The low copy
number plasmids used (pZS21) are under stringent replication control, which is linked to
chromosome replication (Kiies & Stahl, 1989).

The plasmids were then transformed into either MG1655 derived E. coli cells (FraglB) or into
LT2 derived S. enterica cells. E. coli cells constitutively expressed tetR (Pn2s promoter) and Lacl
(Piaci® promoter) together with a spectinomycin resistance from a cassette that was inserted
twice into the chromosome at the A attachment site. The S. enterica cells do not carry any lac
repressor and have a tetracycline resistance cassette (tetra) inserted near the P22 attachment
site (this strain was a gift from the M. Erhardt lab).

Titration of A Cl was tested by transforming E. coli cells containing the pZS21- A ¢/ plasmid with
a compatible, medium-copy number pZA plasmid (20-30 copies) (Lutz & Bujard, 1997), which
carries the natural A Cl operators O;1 (x2), Orz, Oi3, i.e. 80-120 operators per cell.

For the competition experiments we introduced a constitutive fluorescent marker venus-yfp
(Nagai et al., 2002) into the low-copy pZS plasmid carrying lac/ (for a detailed description see
below).

To test for misfolding of repressor proteins, we used a high copy number plasmid (pCA24N)
containing the chaperone gene tig (Nishihara et al., 2000)), which is native to E. coli and has
>95% sequence identity with the tig gene in S. enterica, under the control of a Piac promoter
from the ASKA(-) library (Kitagawa et al., 2005), which was induced with 1mM IPTG.

To monitor induction of the stress response, we used a strain with a fast-maturing yellow
fluorescent protein (YFP, (Nagai et al., 2002)) fused to the promoter of sulA (PsulA-yfp), which
was placed on the chromosome using lambda red recombineering (Costantino & Court, 2003).
SulA is strongly upregulated as a part of the stress response (Friedberg et al., 2005). The PsulA-
yfp strain was then transformed with the pZS21- A c/ plasmid. We checked induction of the
reporter by exposing cells to UV light for 30 seconds using the UV transilluminator function of
the BioRad GelDoc XR+ station. These cells were diluted 1:1000 from overnight cultures in M9
medium supplemented with 1mM thiamine, 0.4% glucose and 25ug/ml kanamycin, grown for
2h before UV exposure, and then grown and measured in the plate reader after exposure.

A Cl mutants:

Based on previous studies, we cloned three different A repressor mutants into the same low
copy number plasmid (pZS) under the control of a Pitto-1 promoter: (i) a repressor mutant
that is defective in its ability to bind DNA (N52D) (Nelson & Sauer, 1986); (ii) a repressor
mutant that cannot form dimers (S228N) (Whipple et al., 1994) and hence can no longer
effectively bind DNA; and (iii) a mutant that can dimerize but not form higher-order oligomers,
i.e. that cannot bind cooperatively (Y210N) (Whipple et al., 1994). Mutations were introduced
using site-directed mutagenesis. The function and stability of the proteins has been shown
previously (Nelson & Sauer, 1986; Whipple et al., 1994), as well as that their production levels
are not different from wildtype repressor (Whipple et al., 1994).

A Cl chimeras:
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Chimeric A Cl repressors were constructed based on literature describing a chimeric A Cl-434
repressor (Marchetti et al., 1995) and a chimeric 434-P22 repressor (Wharton & Ptashne,
1985) by changing the recognition (i.e. DNA binding) helix of A Cl to either the one of the 434
Cl repressor or of the Lacl repressor. This was done by introducing the following changes for
the A Cl-434 chimera: G44T, S46Q, G49E, A50Q; and for the A Cl-Lacl chimera: G44S, Q45Y,
S46Q, G49S, A50R. (Note, that Q45 was not changed in the A Cl-434 chimera because both
repressors contain the amino acid Q at this position.)

Growth measurements

All cultures were grown overnight at 37°C in M9 medium supplemented with 1mM thiamine,
0.4% glucose and 25ug/ml kanamycin (except specified differently). Cultures were used to
dilute (1:1000) 5 replicates without inducer and 5 replicates with different levels of aTc in 96
well plates and were grown at 37°C under shaking at 220 rpm. Populations were measured
(absorbancesoo) every 15min using Biotek H1 plate reader for 10h. Population growth in the
plate reader was compared to population growth in a culture tube shaken in an incubator at
37°C with sampling via plating for CFU counts after 0, 300, 360, 420 and 480 min (2 biological
and 3-6 technical replicates per time point). The chaperone gene was induced using 1mM
IPTG.

Growth rates are hard to define under conditions with strong growth reductions, as growth
no longer shows an exponential increase and we had to exclude the growth of mutant cells.
Mutant growth occurred frequently in the induced cultures, being visible as sudden onset of
fast exponential growth after an initial lag of several hours. These cells were no longer
inducible when regrown in fresh media.

Accordingly, growth windows for growth rate calculation were chosen in the following way:
Within an absorbancesoo range of about 5 doublings between 0.002 (as there was too much
noise below that value) and 0.06 (which is about 3 doublings away from stationary phase), we
used a sliding window approach to find an appropriate time frame for the growth rate
calculation. We used a sliding window of 10 time points (with time points 15min apart) and
calculated the Pearson coefficient on log(absorbancesoo) data, which gave a better indication
of the exponential part of growth than linear regression models. We used a cut-off of R2>0.97
to define the exponential part of growth, and if this only occurred after more than 8h, we
assume that this is due to mutant growth.

Using the derivative of the slope at each time point, we determined the approximate
beginning of mutant growth and used the highest Pearson coefficient region before mutant
growth as growth window. For experiments without mutant growth (Pearson coefficient <<1)
and final absorbancesgo < 0.06, we calculated growth between absorbancesoo 0.002 and being
one doubling away from final densities.

Growth rates were then calculated within the determined growth windows for each replicate
individually using linear regression.

Competition assays

In order to distinguish between strains carrying a phage repressor (showing growth reduction)
or the bacterial repressor Lacl (not showing growth reduction), we used the pZS plasmid
carrying lacl (under the control of Pitto-1), together with a constitutively expressed
fluorescence marker (venus) cloned in the opposite direction upstream of Piteto-1. Venus was
expressed from a mutated version of Pg, which abolishes A Cl binding affinity in the Og;
operator (Flashman, 1978; Sarai & Takeda, 1989) (the Or: sequence used is:
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TGCCTTAATACTGGATA) — and does not contain Ogz or Ogrs - and is therefore constitutive
(“Peonstitutive’). The fluorescence marker was placed on the Lacl-carrying plasmid because Lacl
showed no growth effect in E. coli or S. enterica (Fig. 1B, Table S1). For E. coli that means that
there was no additional effect of expressing more Lacl than from the chromosome. As
chromosome expression of Lacl is constitutive, induction of TF expression from plasmids still
occurs under the same genomic background conditions and can be compared in direct
competition. As there was no growth effect of Lacl-carrying plasmids, bacterial cells did not
show filamentation and hence there was no effect of cell morphology changes on
fluorescence. There was a slight fitness cost due to the presence of the fluorescence marker
on the plasmid in the presence of 0.8ng/ml aTc induction (Fig. S2), which however only
strengthens our findings that Lacl-expressing cells increase in competition with phage
repressor-expressing cells despite this cost.

Overnight cultures of clonal E. coli cells carrying pZS21-A ¢l or carrying pZS21-lacl were
adjusted to ~108 cells and mixed 1:1 with a culture of the same cell density carrying pZS21-
lacl-Pconstitutive-venus. Cultures were grown in M9 minimal media supplied with 0.4% glucose,
1mM thiamine, 25 pg/ml kanamycin and 0.8ng/ml aTc at 37°C in a shaking incubator and
sampled via serial dilution plating after 0, 300, 360, 420 and 480 minutes. Cells were
distinguished based on the fluorescence marker. For the A Cl versus Lacl+Venus competition,
we used 3 biological replicates and 3-6 technical replicates each. For the control Lacl versus
Lacl+Venus competition, we used 4 technical replicates each for one induced and one
uninduced experiment. Selection coefficients w were calculated using w=In[(B+/Bo)/(V+/Vo)],
where B: represents CFU counts of cells with A Cl or Lacl and V: represents cells carrying
Lacl+Venus at t=480min.

We further used fluorescence measurements as a proxy for abundance to compete a larger
number of host strain (E. coli or S. enterica) — plasmid (pZS21-lacl, pZS21- A cl, pZS21-P22 c2,
PZS21-lacl-Pconstitutive-venus) combinations. Strains containing an unmarked repressor plasmid
were mixed 1:1 with a strain carrying pZS21-lacl-Pconstitutive-venus, diluted 1:100 into fresh
medium and grown in 96-wellplates for 10h. Fluorescence was measured every 30min and
compared between cultures that were induced with 25ng/ml aTc and cultures that were not
induced.

Immunoblotting

Overnight cultures of FraglB::pZS21-A cl-HA grown at 37°C under shaking at 220 rpm in M9
supplemented with 0.4% glucose, 1mM thiamine and 25 pg/ml kanamycin or LB
supplemented with 25 pug/ml kanamycin were diluted in 50ml of fresh media to an OD of
0.005. Samples were induced with 0, 1, 3, or 25 ng/ml aTc and grown at 37°C under shaking
at 220 rpm to an OD of 0.02-0.03. 40ml of culture was pelleted at 4°C at 8000g for 10 minutes,
washed in 40 ml of PBS, repelleted under the same conditions, and resuspended in 1ml PBS.
Samples were then pelleted at 4°C at 21130g for 10 minutes, resuspended in 200uL PBS and
stored at -70°C. OD measurements were done using a Hitachi U-5100 Spectrophotometer.
Samples were normalized to an original OD of 0.02 with PBS, and mixed in a 3:1 ratio with 4x
Laemmli sample buffer and incubated at 95°C for 20 minutes. 5uL of each sample was
separated by electrophoresis on a 12% Mini-PROTEAN® TGX™ Precast Protein Gel (Bio-Rad,
4561046), and transferred to a polyvinylidene fluoride (PVDF) membrane using the Trans-Blot
Turbo Transfer System (Biorad). The transferred PVDF membrane was blocked at room
temperature for one hour with gentle agitation in Tris-buffered saline containing 0.1% Tween
20 (TBST) and 1.5% skim milk, then stained with HA Tag Monoclonal Antibody (2-2.2.14)
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(Invitrogen, 26183-HRP) at 4°C with gentle agitation overnight. The membrane was washed
thrice for 10 minutes in TBST, treated with Supersignal™ West Fempto Maximum Sensitivity
Substrate (Thermo Scientific, 34096), and visualized with an Amersham™ Imager 600 RGB
(GE) with an exposure time of 30 sec. To visualize the loading controls, the membrane was
stripped by incubating with Abcam mild stripping buffer (15 g/l glycine, 1 g/1 SDS, 1% Tween
20, pH 2.2) twice for ten minutes at room temperature, washed with PBS twice for 10 minutes
followed by washing with TBS twice for 10 minutes, reblocked at room temperature with
gentle agitation in TBST + 1.5% skim milk, and restained with GAPDH Loading Control
Monoclonal Antibody (GA1R) (Invitrogen, MA5-15738-HRP) for 2 hours at room temperature
with shaking. The membrane was treated with Supersignal™ West Fempto Maximum
Sensitivity Substrate (Thermo Scientific, 34096) and visualized with an Amersham™ Imager
600 RGB (GE) with 6 sec exposure.

ChlP-sequencing analysis

To perform ChlP-sequencing experiments, A Cl was cloned with an HA-Tag at the carboxy-
terminal end and transformed into both host strains. HA-tagged A Cl showed the same growth
phenotype as wild-type in minimal and rich media (Fig. S10, Table S7). Samples from strains
grown in the presence or absence of A Cl were prepared according to (Waldminghaus &
Skarstad, 2010):

For ChlIP-seq, cells were grown at 37°C to an OD600 of about 0.1-0.2 in 50 ml LB before 27 ul
of formaldehyde (37%) per ml medium were added (final concentration 1%). Crosslinking was
performed at slow shaking (100 rpm) at room temperature for 20 min followed by quenching
with 10 ml of 2.5 M glycine (final concentration 0.5 M). Cells were collected by centrifugation
and washed twice with cold TBS (pH7.5). After resuspension in 1 ml lysis buffer (10 mM Tris
(pH 8.0), 20% sucrose, 50 mM NaCl, 10 mM EDTA, 10 mg/ml lysozyme) and incubation at 37°C
for 30 min followed by addition of 4 ml IP buffer, cells were sonicated at 4°C in 1.5 ml tubes
with 48 cycles (30 sec. sonication, 30 sec. cooling) with Bioruptor Plus from Diagenode. After
centrifugation for 10 min at 9000 g, 800 ul aliquots of the supernatant were stored at -20°C
or processed directly. 800 pl of sonicated cell extract was incubated with 20 ul protein A/G
agarose beads (Ultralink) and the different antibodies at 4°C overnight with slow mixing.
Agarose beads were collected at the bottom of a 1.5 ml Eppendorf tube by centrifugation.
The supernatant was then removed by pipetting. Washing was done by adding 700 ul buffer
to the beads and rotation at room temperature for three minutes with subsequent collection
of the beads by centrifugation as above. Washing was performed with the following buffers
(IP buffer two times all others one time): IP buffer (50 mM HEPES-KOH pH 7.5, 150 mM Nacl,
1 mM EDTA, 1% Triton x 100, 0.1% Sodium deoxycholate, 0.1% SDS), IP buffer with 500 mM
NaCl, wash buffer (10 mM Tris pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% Nonidet-P40, 0.5%
Sodium deoxycholate) and TE. For elution, 100 pl elution buffer (50 mM Tris (pH 7.5), 10 mM
EDTA, 1% SDS) was added to the column with the beads, incubated in a 65°C water bath for
10 min and centrifuged as above. DNAs were incubated with RNase A (50 pug/ml) for at least
90 min at 42°C. To reverse the cross link 80 pl TE and 20 pl proteinase K (20 mg/ml) were
added and samples incubated for 2 h at 42 and 6 h at 65°C. DNA was purified with
phenol/chloroform. The control DNA was taken from the supernatant resulting from
centrifugation of the precipitated chromatin beads and processed further as the
immunoprecipitated DNA after elution.
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Library preparation and Illumina Sequencing was performed at the VBCF NGS Unit
(www.vbcf.ac.at). The obtained sequencing data was analyzed using Galaxy and RStudio.
Reads were aligned against a reference genome (E. Coli: NC_000913.2, Salmonella:
AE006468.2) using bowtie (v1.1.2) and --wrapper basic-0 -q -p 6 -S -n 2 -e 70 -| 28 --maxbts
125 -k 1 -m 1 parameters. Alignment statistics are given in Table S6.

We performed peak calling by examining partially overlapping (50% overlap) sliding windows
of 100bp each. Within each 100bp window, we calculated the log ratio of the scaled coverage
(scaled by number of mapped reads) between sample and control ChIP-seq experiments while
permitting a maximum of five mapped reads to share the same genomic coordinates.
Enrichment, i.e. positive log ratios, are plotted in Fig. 4 (A,B). We calculated strand-wise p-
values for enrichment by first resampling scaled read coverage within each fragment and then
randomly partitioning them to calculate enrichments. Finally, we identified bound regions to
be those with positive enrichment scores on both strands with a Benjamini-Hochberg false-
discovery rate of less than 30% as we were looking for binding with low affinity and ChlIP-
binding data was previously found to be highly informative for a wide range of affinity profiles
(Tanay, 2006). We estimated the false-discovery rates to assess significance of every peak. To
account for local biases within the genome (Zhang et al., 2008), we utilized non-overlapping
2kb genomic fragments to estimate FDRs. Different choices of sliding windows (25bp, 50bp,
100bp), maximum number of reads at a specific genomic coordinate (3, 5, 10) as well as
genomic fragment size (1000bp, 2000bp, 5000bp) identified similar sets of peaks. In Fig. S3,
we plotted the read-depth across the genome for the regions that showed significant
enrichment in this analysis and for comparison we plotted the read-depth for not significantly
enriched regions. As control for our ChlIP-sequencing procedure and analysis we used
antibodies against SegA, which gave the expected peaks as published previously
(Waldminghaus & Skarstad, 2010).

We calculated the nucleotide composition of the sequences underlying enriched regions in
ChlP-seq data for both bacterial species (Fig. S6). To test for sequence composition bias in
these enriched regions, we sought to test if the sequence compositions of the enriched
regions were significantly different compared to the rest of the genome. To this end, we
randomly selected 50 genomic regions with at least 5kbp distance between them. We then
calculated the nucleotide composition of these randomly selected regions and by repeating
this procedure 1000 times, generated a null distribution for sequence composition of
randomly selected genomic regions. Similarly, we calculated the di-nucleotide composition
(with 1 bp overlap) of the same randomly selected genomic regions and compared it to that
of the enriched regions.

Thermodynamic model

The unfiltered number of reads within 1000bp windows was compared with the predicted
binding by calculating binding energy at each genome position (using a sliding window
approach) from the A Cl offset (i.e. the energy difference between the repressor being bound
with high affinity to a cognate operator and being free in solution (Koblan & Ackers, 1992))
and the energy penalty as given by the A Cl energy matrix (Sarai & Takeda, 1989). Lower
energies result in stronger binding, meaning positive energy penalties decrease binding
affinity (note that negative penalties could increase binding over the one seen with A CI
wildtype operator sites). Binding strength was calculated using 1/(1+exp(E-u)), with E being
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the calculated binding energy, as described above and used in (Igler et al., 2018), and p being
the chemical potential, which we optimized to give the highest Spearman correlation fit (2.6
in E. coli and 2 in S. enterica). For comparison with the number of ChIP-sequencing reads,
calculated binding strength was summed over the same genomic 1000bp regions (results
shown are considering binding only to the forward strand, for ChIP reads and predictions, but
the results remain the same when using both strands). In Fig. 4 (C,D) we plot a non-
parametric, non-linear relationship estimate between the predicted binding energy and the
ChlIP-sequencing reads obtained from a series of conditional medians. To investigate the
dependence of the correlation between the affinity predictions and the ChIP-sequencing
reads on the structural versus the sequence information contained in the energy matrix, we
repeated the analysis with i) a matrix of the same size that conserves only the ACGT bias of
the A Cl energy matrix (each row contains the average value of that row) or ii) matrices that
had completely reshuffled entries. For the latter the average correlation was taken over 100
permutations.

To assess the importance of sequence motif information versus nucleotide (GC) bias, we used
a Monte-Carlo permutation test: We calculated the difference between Spearman
correlations of ChIP reads with binding prediction using the wildtype energy matrix vs binding
prediction using the energy matrix that only conserves A Cl basepair bias, for the true ChlIP
read assignment, and 10* random read assignments (null distribution). We found an overall
strongly significant difference in E. coli and lower significance in S. enterica (Fig. 4C,D), even
though the effect size was small. This means that while most of the measured ChlIP signal can
be accounted for by a TF model that predicts binding based on the nucleotide content of
genomic fragments alone, there is a small but highly significant residual ChIP binding signal
that requires the full binding site preference (energy matrix), not just single nucleotide bias,
to be explained. Furthermore, we examined the influence of GC content by repeating the
Monte-Carlo permutation test for genomic sequences of a specific GC %. Here, we found only
a significant motif contribution for the 49% bin in E. coli (Fig. S7).

Additionally we used the offset and energy matrix for Lacl (Barnes et al., 2019; Vilar & Saiz,
2005) and P22 C2 (Hilchey et al.,, 1997) to predict binding and calculate the Spearman
correlation with the A CI ChIP-sequencing reads (Fig. S5). The magnitudes of the Spearman
correlations for Lacl and P22 C2 predictions are similar to the ones with the A Cl basepair bias,
but negative (inverse) for P22 C2. Basepair bias of the energy matrices was calculated as the
sum of the average A and T preference minus the sum of the average G and C preference.

Microscope fluorescence measurements

Imaging of cell membranes and DNA positioning was done using a TIRF Leica DMI6000B
(inverted) microscope with 1) an Andor iXon EM CCD camera (front illuminated, 8x8 square
micron pixel size) and a 100x 1,47Na Qil HCX Plan Apo objective, giving an effective pixel size
of 64nm/pixel; and 2) a Nikon Ti-2 microscope with a 100x oil immersion objective (Plan Apo
A, N.A. 1.45, Nikon) and a Nikon DS-Qi2 camera. Images were acquired using 405(20)nm and
561(10)nm laser excitation for blue (Hoechst) and red (NileRed) dyes respectively. The cells
were grown overnight in M9 medium supplemented with ImM thiamine, 0.4% glucose and
25ug/ml kanamycin, diluted 1:1000 in fresh media and grown to early exponential phase in
the absence or presence of the inducer aTc. After addition of both dyes (Hoechst at 10ug/mL
and NileRed at 1ug/mL), cells were shaken at room temperature for one hour and imaged in
drops of the respective growth media. Images were deconvolved using Huygens Professional
(version 4.5) and further analyzed using Imagel.
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Statistical analysis

We analyzed differences in growth rates between cultures using one-way ANOVA followed by
pairwise comparisons using Tukey’s HSD to account for multiple testing (RStudio, functions
aov and TukeyHSD).

Spearman correlation was calculated for the fit between model predictions of binding
strength and the number of obtained ChIP-sequencing reads per 1000bp window using
Matlab R2019b. P-values for WT and basepair bias energy matrix predictions were P<.001 and
for the average over random matrices P<.01. Peak calling on ChIP-sequencing data is
described under ‘ChIP-sequencing analysis’.
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Figure S1. Controls for growth effects.

(A) E. coli or S. enterica cells containing pZS21 plasmids carrying an inducible fluorescence
gene (pZS21-GFP) were grown in minimal media with glucose and induced with 0,1,3,10 or 25
ng/ml aTc. Fluorescence was measured after 11h of induction and normalized by
absorbance600. Error bars show standard deviation over 3 replicates. (B) Growth rates (per
minute) for E. coli cells grown in minimal media that are not induced or induced with 1, 2 and
10mM IPTG (Lacl binding), and not induced or induced with 1, 3, 10 and 25ng/ml aTc (TetR
binding). OmM IPTG / Ong/ml aTc shows growth in the presence Lacl and TetR binding. (C)
CFU counts for E. coli cells grown in minimal media in a shaking incubator, either expressing
(25ng/ml aTc, blue) or not expressing (black) A Cl, sampled at 0, 300, 360, 420 and 480 min.
Error bars give standard error over 3-8 replicates. (D) Growth rates (per minute) for E. coli or
S. enterica cells grown in minimal media (after overnight dilution 1:100) in the absence (black)
or presence (25ng/ml aTc) of a repressor, A Cl (blue) or P22 C2 (grey), without or with (1ImM
IPTG) a chaperone gene. Additional expression of a chaperone (Tig) from a high copy number
plasmid (Methods) that prevents formation of aggregates does not alleviate repressor-
mediated growth rate reductions (repressor alone versus repressor & tig) in E. coli or S.
enterica cells. Error bars show standard deviation over 3 replicates.
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Figure S2. Competition assays reveal the fitness cost of repressor expression.

(A) Cells containing plasmids with a repressor that is affecting growth when expressed (A Cl,
P22 C2) or with a repressor not affecting growth when expressed (Lacl) were mixed 1:1 with
cells containing a plasmid with the repressor not affecting growth and a separately,
constitutively expressed Venus marker (Lacl+Venus). Note that Lacl is also present on the
chromosome of E. coli, where it has a minimal fitness cost (Fig. S1), but that additional Lacl
expression is not costly (Fig. 1B). Competition was performed in minimal media with glucose
and (B) 0.8ng/ml aTc or (C,D) 25ng/ml aTc. (B) Colony forming units (CFU) for competitions
between E. coli cells carrying Lacl+Venus and E. coli cells carrying (left) A Cl or (right) Lacl were
determined at the beginning and after 300, 360, 420 and 480min. Relative fitness w was
calculated as log ratio between population growth of cells carrying A Cl or Lacl and that of
Lacl+Venus (Methods). The venus marker carried a cost as relative growth of E. coli without
the marker is 1.11. Expression of A Cl was even more costly, as fitness of A Cl -carrying cells
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relative to Lacl+Venus -carrying cells was w=0.74. Error bars show standard error over 4 to 14
replicates. (C,D) Competition was performed in minimal media with glucose and 25ng/ml aTc
and fluorescence was used as a measure of the relative change in the cells carrying Lacl-
Venus. Relative fluorescence was calculated for (C) E. coli or (D) S. enterica between induced
and non-induced samples of cell mixtures of Lacl+Venus together with Lacl (control), A Cl or
P22 C2 after (left) 90min or (right) 300min of competition; error bars show relative errors.
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Figure S3. ChIP-sequencing read-depth significantly enriched for repressor induction across
the E. coli and S. enterica genomes.

(A,B) Distributions of ChIP-sequencing reads for the regions found to be significantly enriched
when using a lenient peak-calling threshold (Benjamini-Hochberg false-discovery rate of less
than 30%) in the experiment with A Cl over the experiment without A Cl across the (A) E.coli
or (B) S. enterica genome. On the right density plots of enriched read numbers are given.
None of the apparent peaks in (A) or (B) encodes for an essential gene, nor one obviously
involved in cell division.
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Fig. S4. Correlation between different FDR calculation approaches.

FDR calculation was compared between using the induced E. coli — A Cl sample only (original)
and using both induced (ChIP) and uninduced (control) samples (new) by randomly
partitioning them and assigning experiment labels to the two partitions. This process is
repeated for the forward (+) and the reverse (-) strand (left and right plots respectively).
Scatterplots show that FDR with random label swaps as well as FDR calculated using our

original method are largely concordant (correlation > 0.9).
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Fig. S5. Fit of A Cl basepair bias, Lacl WT and P22 C2 WT energy predictions with the A CI
ChlIP-sequencing data.

Fit between binding strength predictions of a simple thermodynamic model using an energy
matrix that conserves (A,B) only the A Cl basepair bias or the WT energy matrices for (C,D)
Lacl and (E,F) P22 C2 binding (together with the corresponding WT offsets) and the A CI ChlP-
sequencing reads across 1000bp windows along the (A,C,E) E. coli or (B,D,F) S. enterica
genome. The Spearman coefficients calculated for the correlations are shown. The
magnitudes of the Spearman correlations for Lacl and P22 C2 predictions are similar to the
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ones with the A Cl basepair bias, but negative (inverse) for P22 C2. As Lacl has a similar
basepair bias as A Cl, but P22 C2 an inverse one, this further supports that DNA sequences
with the correct basepair bias provide enough recognition motif for A Cl to bind with low
affinity. Note that Spearman correlation only considers the qualitative fit, but the range of
predicted binding strengths for A Cl energy predictions is substantially larger than for either
Lacl or P22 C2.
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Fig. S6. Nucleotide bias in ChIP-sequencing data.

Bar plots show mean and standard deviation of the background sequence composition (i.e.
for regions that were not enriched in ChiP-sequencing data) as compared to the sequence
composition in enriched regions (blue and grey dots for E. coli and S. enterica respectively).
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sequence-specificity in E. coli ChIP sequencing data
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Fig. S7. Sequence-dependence of A Cl binding to the E. coli genome.

1000bp fragments of the E. coli genome were divided into bins of equal GC percentage
(ranging from 44-57%). Histograms show the difference in Spearman correlation between the
wildtype energy matrix and the one that conserves basepair bias for 10000 random
assignments of ChlIP reads to genome regions, whereas red dots show the difference for the
real ChIP read assignment. We only included bins of a certain GC composition when they
contained at least 100 genome fragments.
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Figure S8. Titration of A Cl by target binding sites on a medium-copy plasmid.

Growth rates (per minute) are shown for E. coli cells containing the low-copy plasmid carrying
A Cl (blue) or containing the A Cl — plasmid together with a medium-copy plasmid carrying four
natural A Cl binding sites (black). A Cl was induced at low (1.6ng/ml aTc induction) or high
(25ng/ml aTc induction) concentrations. The black line shows mean and dotted lines standard
deviation of uninduced cells with the A Cl — plasmid only, which shows that the medium-copy
plasmid itself is slightly reducing growth. Error bars show standard deviation over 3 replicates.

77



no repressor
repressor

no repressor

repressor

o
o
wn
o~
3 , ) o ‘ )
S UV induction o 5 UV induction
a © ©
L o ]
U 2 - g "
c A 5o
o o
[T =
£ 31 s o
- o
o °
R s
2 Q] -
(=] o
T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
time (min) time (min)

Figure S9. Stress response induction in E. coli with A CI.

E. coli cells containing a stress response reporter gene (Psua-yfp) and A Cl were grown in
minimal media with glucose. Cells were either induced for a certain stressor (25ng/ml aTc for
A Cl expression (blue), or UV exposure for 30sec (yellow)), or not induced (black) and growth
(absorbancesoo) was measured over several hours. UV induction showed a spike in the stress
response (mean absolute gfp fluorescence) and an initial decrease in growth (absorbanceeoo),
whereas A Cl only led to a much lower stress response induction at later time points and
showed an increasing growth reduction. Error bars show standard error over 3 replicates.
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Figure S10. HA-tagged A Cl produces the same growth patterns as wildtype repressor.
Growth rates (per minute) for E. coli in minimal media without (black) or with induction of A
CI-HA using 1ng/ml, 3ng/ml or 25ng/ml aTc (blue). For comparison induction of A Cl using
25ng/ml aTc in is shown as well. Error bars show standard deviation over 3 replicates.
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3.3 Postamble

In the previous paper, we found that transcription factors with a combination of cooperativity
and low-affinity binding have the ability to slow growth. We showed that high levels of
expression of phage repressors can interfere with host growth, especially when expressed in
a naive host which has not coevolved with the phage, suggesting limits to the composability
of phages, as their systems interfere with that of naive hosts. This suggests that a period of
coevolution is required to fully integrate the phage system with its host, which, while feasible
for natural systems, is antithetical to human-designed ones: a key aspect of systems design is
predictability. Synthetic biologists have designed badly-functioning systems and evolved
them towards better performance, but requiring such a tuning step defeats the purpose of
composable design, especially if such tuning steps are unreliable.

One thing to note is that phage lambda is unable to undergo either lysis or lysogeny with S.
enterica as a host, even when the binding receptor is provided. Interestingly, this appears to
be solely related to an incompatibility with the S. enterica NusA protein, which is involved in
N-mediated antitermination; complementing S. enterica with the E. coli nusA gene fully
restores phage lambda’s ability to undergo lysis and lysogeny (Harkki & Pavla, 1984). This
suggests that Salmonella is an unlikely natural host for phage lambda, despite only being
blocked by a few amino acids in a single protein, although it is possible that the diversity of
nusA in Salmonella is sufficient to allow replication of phage lambda in some strains.
Additionally, it has been shown that overexpression of lambdoid Sa/monella phage N analogs
can complement function of phage lambda’s N protein (Franklin & Doelling, 1989), which
could lead to possible scenarios in which phage lambda successfully infects Salmonella in the
presence of other Salmonella phages.

Despite being absent in S. enterica, lacl can sometimes be found in strains of S. enterica on
plasmids, or in the chromosome flanked by insertion sequences (Leonard et al., 2015),
indicating that S. enterica may have transient exposure to Lacl and thus some amount of
coevolution with it.

We found that high expression of phage repressors can lead growth inhibition, generally with
a greater effect on non-cognate hosts. This supports our hypothesis that prophages maintain
a low level of phage repressor to prevent off-target effects, and that the host coevolves to
prevent the prophage from interfering with its cellular processes. But it is interesting to
compare this effect with the expression of Lacl, which showed no impact on growth rate in
either E. coli or S. enterica.

So why are phage repressors not like Lacl? The impact on growth reduction appears to be tied
to the cooperativity of binding, as abolishing cooperativity removes the impact, and adding
ACl cooperativity to Lacl results in a similar growth reduction as ACI. Perhaps phage repressor
cooperativity, which is known to play key regulatory roles, is essential to the functioning of
the phage repressor and cannot be replaced by Lacl-style cooperative binding; it has been
shown that replacing ACl with TetR, a repressor with no known cooperativity, can dramatically
alter the behavior of the lambda switch (Atsumi & Little, 2006). Despite having less
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interference with host cells, the cooperative properties of Lacl may not be sufficient for it to
function as a phage repressor.
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4 Impact of the Host on Decision-Making
4.1 Preamble

A large amount of research has been done on in the lambda switch in model organisms
examining the mechanistic interactions between the phage and the host, often using
knockouts to elucidate the role of specific proteins in the interaction. However, little research
has been done on examining the variability of the rate of lysogeny between bacterial strains.
A composable phage would be robust to small changes in its host, with a minimal impact on
its lysogenization rate, whereas large changes in lysogeny rate between strains would suggest
that the phage is sensitive to small changes in the host, and may be easily interfered with by
the genomic background of its host.

It is not necessarily that simple, of course. Given that we are working with a natural system,
it is difficult to disentangle sources of information from unexpected interference, as we do
not know precisely what sources of information the system should respond to. It is possible
that the small changes in the host genomic background accurately report critical changes to
important inputs to the system, but it is also possible that these changes are merely
interfering with proper functioning.

To this end | wished to screen strains of E. coli to identify variations their susceptibility to
lysogeny by phage lambda, in order to evaluate the composability of phage lambda; however,
priorities changed as the project evolved, which have been documented in this chapter.

Initially I wanted to design fluorescent reporters for both phages and lysogens so that their
populations could be tracked under chemostatic conditions, as such a design would be novel
and could be used to feed information into the mathematical models developed in Chapter
2.

4.2 Design of a Fluorescent Phage as a Lytic Reporter

Fluorescent phages have been previously designed and used to observe lytic events (Alvarez
et al., 2007). For sustained replication of fluorescent phages, they required the modification
of the phage to replace the capsid decoration protein gpD with a fluorophore fusion;
however, phage lambda with only fluorescently-tagged gpD are unstable, and coexpression
of wildtype gpD and fluorescently-tagged gpD rescues stability (Zanghi et al., 2005). Previous
papers used a modified fluorescent phage lambda replicating in a host containing a plasmid
which expressed wildtype gpD (Zeng et al., 2010), but | noted that one could skip the phage
modification step and put the fluorescently-labelled gpD on the plasmid instead, which would
simplify the process.

82



s —p? &

Figure 3. Design of the fluorescent phage reporter construct.

The fluorophore can be exchanged by cutting with BamHI and Hindlll. The construct was cloned into a pZA3
backbone with a p15A origin and chloramphenicol resistance.

On a medium copy pZA3 backbone (Lutz & Bujard, 1997), | cloned a 792bp fragment
downstream of the Ag that contains the late lytic promoter Pr upstream of a copy of AgpD
fused to a fluorophore via a linker previously used for gpD fusions (GL(GSGG)3TA, Alvarez et
al., 2007). The plasmid is designed with a number of cut sites for easy swapping of
components, and | generated gpD-fluorophore fusions for both CFP and mCherry.
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Figure 4. Timelapse of infection by fluorescent phage.

The fluorescent phage construct is capable of producing fluorescence in cells prior to lysis, and producing
fluorescent puncta post-lysis. Each successive image is 150 minutes.

To visualize the growing cells, we applied 10ul of mid-log cells diluted to ODeoo 0.01 mixed
with phage lambda in a 10:1 ratio to an M9 agar pad, and took pictures every 3 minutes on
an Olympus IX83 inverted fluorescence microscope, with a 100ms exposure time for CFP.

We were able to visualize lytic cells, which began fluorescing prior to lysis, and were able to
capture video of multiple rounds of infection taking place (Figure 4). We also identified cells
that fluoresced without lysing, suggesting that abortive infection was taking place in some
cells. In some experiments we were also able to identify fluorescent puncta that appear after
cell lysis, which may be aggregates or fluorescent phage, but we were unable to get these
fluorescent points to reliably occur. It is possible that the fluorophores that we chose were
not suitable for the application, as it requires fluorescence both intracellularly and
extracellularly, and thus requires a fluorophore that is robust to large changes in
environmental condition, such as pH.

Despite the promising results in the microscope, we were unable to observe any difference in
fluorescence between infected and uninfected cultures either LB or M9 media with either the
Chi.Bio chemostat device or with a BioTek Synergy H1 plate reader. At this point | decided to
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abandon work with the fluorescent phage construct, as | would be unable to use fluorescent
phages if they were undetectable in bulk culture, and optimizing and screening single cells
under the microscope using the agar pad would be difficult and impractical, as, despite our
best effort, a large fraction of the cells on the agar pad appeared uninfected.

Future work with this construct would do well in optimizing the choice of fluorophore,
swapping to a defenseless strain of E. coli (AmcrBC, AsymER, AEcoKI, Amrr, AmcrA, Alit,
ACRISPR—Cas Type I-E) that has been developed in the lab to increase susceptibility to phage
A, and potentially switching from agar pads to grooved agar pads or microfluidic devices to
aid in visualization. Furthermore, the stability of the phage may be sensitive to the ratio of
fluorescent gpD to nonfluorescent gpD (Shao et al., 2015), and could use further optimization.

4.3  Design of a Fluorescent Lysogeny Reporter

In parallel | worked on a construct that would allow for the visualization of lysogens under
chemostatic conditions. Although a fluorescent reporter for phage A lysogeny exists (Zeng et
al., 2010), it reports on the expression of Pge, which is only active during the establishment of
lysogeny. Although that reporter functioned for their use case of visualizing the lysis-lysogeny
decision immediately after infection, it would be unsuitable for long-term identification and
tracking of lysogens. Additionally, current identification of lysogens requires either testing
susceptibility to phage or using modified phages that confer antibiotic resistance to the
lysogen (Pleska et al., 2018), both of which have their issues with construction complexity and
evolution. Thus, | designed my own construct.

In lysogens, ACl is under the regulation of the Prm promoter; however this promoter is under
negative autoregulation by ACl which maintains ACI at a low level, and | was concerned that
this would result in undetectable levels of fluorescence while active. Testing Prm also showed
that it was sufficiently leaky to brightly fluoresce in colonies on plates. Instead | decided to
use the Pr promoter, which is fully repressed during lysogeny, and a double repressor system,
so that fluorescence increases upon lysogeny, which is easier to detect compared to a
decrease in fluorescence.
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Figure 5. Design of the lysogeny reporter construct.

The promoter Prs is a modified APk promoter with a predicted expression of half the wildtype (sequence
GATAAATATCTAACACCGTGCGTGTTGCCGATTTTACCTCTGGCGGTGATAATGGTTGCATGTACTA, Lagator et al.,
2022, personal communication). The construct was cloned into a pZS*1 backbone with a pSC101* origin and
ampicillin resistance.
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On a low copy number pS*1 backbone (Lutz & Bujard, 1997) | cloned two outward-facing
genes: tetR with an SsrA degradation tag under the Pg promoter, and GFPmut3 under the Piet
promoter. The Pg promoter was modified based off a thermodynamic energy model to reduce
its predicted expression by half to reduce the constitutive expression of TetR (Lagator et al.,
2022, personal communication). The start codon of tetR was also replaced with GTG to reduce
translation.

| also swapped out the to terminator with the terminator of rpoC, as the to originates from
phage A and overlaps with oop, an antisense miRNA which suppresses Cll expression (Kobiler
et al., 2002). Due to directionality it is unlikely to impact the system, but spurious transcription
in the opposite direction could impact the lysis-lysogeny decision, and | removed it out of an
abundance of caution.
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Figure 6. Plasmid map of the lysogeny reporter construct (sys101).

Notable cut sites are annotated. Created in Geneious version 9.1 created by Biomatters.

The plasmid is also designed for the easy replacement of components, as it is anticipated that
the replacement of the Pr promoter should be sufficient to adapt the lysogeny reporter to
other phage repressors (Figure 6).

With AKAN, a modified phage lambda that confers kanamycin resistance upon lysogeny
(Pleska et al., 2018), | was able to verify that lysogenic colonies were fluorescent. Without
antibiotic selection, the lysogenic reporter allows for the discrimination between lysogens
and uninfected cells; however, the number of uninfected survivors usually greatly
outnumbers the number of lysogens, even at high multiplicity of infection, which makes it
difficult to quantify the number of lysogens with this method. It may be possible to use flow
cytometry to quantify the number of lysogens, but the amount of time after infection before
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fluorescence is detectable will have to be quantified, which may result in complications in
counting the number of lysogens immediately after infection.

4.4  Visualization of Lysogeny within Plaques

Usage of the lysogen reporter was not restricted to screening individual colonies. Using the
lysogen reporter in plaque and spot assays allows for identification of fluorescence at the
center of cloudy plaques.

| transformed the lysogeny reporter construct into a number of E. coli laboratory strains
(MG1655, Fragl, C, B, W), and tested their susceptibility to phage lambda with both spot and
plaque assays. | also tested strains of MG1655 with all insertion sequences deleted (AIS) and
all insertion sequences deleted, and interrupting restored genes with a stop codon (AIS*),
which were developed in the lab at the same time.

E. coli B and W were both resistant to phage lambda, which was expected, as it is known that
E. coli B has a mutation in the malB region which prevents phage lambda binding (Ronen &
Raanan-Ashkenazi, 1971), whereas E. coli W hosts prophages which confer resistance to
phage lambda through restriction systems (Kerszman et al., 1967).

| screened the sensitive strains at three temperatures (30°C, 37°C, 45°C) and visually
compared the intensity of fluorescence and plaque morphology. Fluorescence in plaque
centers greatly decreased at 30°C and 45°C across all strains, making it difficult to compare
between strains.

| additionally found that, at 30°C in spot assays, our Ayir strain would form fluorescent plaques
on all strains, indicating that the virulence mutation of Avr could be overcome at lower
temperatures.*

4 The Ayir strain in our lab has not been sequenced. It does not infect lysogens, therefore it is unlikely to be a mutation in the
operator region. It is possible that a mutation in c// has made it unstable at 37°C, but still capable of folding at 30°C. An
additional possibility is that the slower growth rates at 30°C allows for sufficient buildup of mutant Cll to trigger lysogeny. In
any case, the term “virulent” is ambiguously used within phage biology, and sometimes also refers to ultravirulent or
intemperate mutants which can overcome homoimmunity, of which our strain is not.
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MG1655 C Fragl

Figure 7. Fluorescence of plaques with the lysogeny reporter.

Plaque assays of strains transformed with the lysogeny reporter. Exposure settings: Bright Field 100ms,
Fluorescence 1300ms, with 500/20nm excitation and 535/25nm emission filters.

Under all conditions, E. coli C exhibits markedly higher fluorescence within the plaques
compared to MG1655 (Figure 7). Fragl also exhibits slightly higher fluorescence within the
plagues, but was more variable in response. E. coli C with the lysogeny reporter also generally
had a higher background fluorescence even when uninfected, which | initially assumed was
due to metabolic effects and ignored, as lysogens are dramatically more fluorescent, but will
revisit in section 4.6.3.

At 45°C, the AIS* strain would occasionally undergo complete killing, even when not exposed
to phage, indicating some degree of temperature sensitivity independent of phage infection.

The lysogeny reporter in MG1655 was also briefly screened on a number of other lambdoid
phages, and found to result in fluorescent cloudy plaques in HK106 and HK544, indicating that
the lysogeny reporter can cross-react with similar phages. Further examination of phage
immunity groups can be found in section 4.6.3.

4.5 E. coli C has High Lysogen Formation at High Phage Concentrations
Compared to MG1655

Following the phenotypic differences observed in E. coli C and Fragl compared to MG1655, |
decided to examine the probability of lysogeny of the three strains.

Cells were grown in LB to an ODeoo to 0.1. 1mL of culture was mixed with phage and incubated
at 4°C for 30 minutes to allow for phage binding, then washed twice at 4°C in LB media. The
cells were resuspended in LB and incubated at 37°C for 15 minutes to allow for lysogenization
and the expression of kanamycin resistance, and then plated. A sample was also plated on a
lawn of cells suspended in phage soft agar (1% tryptone, 0.1% yeast extract, 0.8% NaCl, 0.7%
agar, 0.01% glucose, 0.2mM CaCl;) to visualize infective centers as plaques.
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Attempts to measure the probability of lysogeny solely with my lysogeny reporter construct
and APaPa proved to be difficult, as, although it was possible to observe lysogens in the final
plates, they were greatly outnumbered by surviving non-lysogenized cells, making them
unfeasible to count. The surviving cells, when regrown, were still sensitive to phage, indicating
that they were either never exposed to phage, despite using large phage-to-bacteria ratios,
or that they physiologically resistant to the phage. Plating overnight cultures of phage and
cells show a countable number of lysogens, but would introduce issues of evolution and
competition dynamics. Thus, | returned to using the AKAN phages and plating on kanamycin
selective LB plates (50ug/mL), which kills off any non-lysogenized cells and allows for easier
counting of lysogens.

Preliminary experiments showed that at low phage to cell ratios (<1), there was little
difference in the lysis-lysogeny rate between the three strains; however, at 7.5:1 and 15:1,
there was a dramatic increase in the number of lysogens in E. coli C, reaching 263 and 912
lysogens respectively (compared to 0 and 1 for MG1655). Both C and Fragl had a higher
number of infected centers compared to MG1655, suggesting that this may be due to an
increase in binding. No lysogens of Fragl were recovered from any lysis-lysogeny
measurement, but cloudy plaques with fluorescent centers show that Fragl is capable of
forming lysogens under different conditions.

We measured the lysogeny rate of E. coli C and MG1655 at different phage to bacteria ratios
and different growth stages. In early log phase (3.3h), E. coli C has a lower rate of lysogeny at
both 1:10 (0.2% vs 4%) and 10:1 (6.6% vs 18%) phage to bacteria ratios compared to MG1655,
but appears to have a greater fold-change in lysogeny probability. At late log phase (5.5h), C
had a lower rate of lysogeny at a 1:10 phage to bacteria ratio (1.2% vs. 5.5%), but had a higher
rate of lysogeny at a 10:1 phage to bacteria ratio (17% vs 10.7%), suggesting a steeper
response to the ratio of phage to bacteria.

Additionally, at a 1:10 phage to bacteria ratio, E. coli C shows no reduction in free phage after
a 30 minute incubation at 4°C, compared to a 47% reduction in free phage for MG1655,
suggesting that the increased lysogeny rates is not due to increased binding.

As an aside, most phage titres are quantified by plating a known volume on a lawn of
susceptible bacteria, and counting the number of plaques that form. This gives the number of
“plaque forming units”; however, this is dependent on the strain the phage is being plated
on, as even susceptible strains may contain defense systems that are partially active against
the phage, which may undercount the true number of functional phage particles. This can be
an issue when infecting different strains with the same multiplicity of infection, as what one
calculates is the ratio of plaques to cells, as opposed to the ratio of phages to cells.

4.6 Screening of Environmental Strains

Although | screened various laboratory strains of E. coli to find differences in phage lambda
lysogeny rates, | had access to a number of environmental strains with which | thought | could
also test my lysogeny reporter on. | resequenced the environmental strains to obtain
complete genomic assemblies, and developed a pipeline to predict and annotate prophages.
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Table 1. Overview of Strains Used

Species Origin Isolation Predicted Prophages Source
Location (+extrachromosomal)
MG1655 E. coli Human Feces California, USA 9 (+0) Laboratory Strain
B E. coli 7 (+0) Laboratory Strain
C E. coli 5 (+0) Laboratory Strain
Fragl E. coli 8 (+0) Laboratory  Strain,
via Le et al., 2006
w E. coli Cemetery Soil ~ New Jersey, USA 11 (+4) Laboratory Strain,
Waksman, 1943 via
Archer etal., 2011
TW15838 | Escherichia Freshwater Australia 19 (+1) Luoetal., 2011
clade | sediment
TWO09231 | Escherichia Freshwater Michigan, USA 19 (+8) Luo etal., 2011
clade lll beach
TWO09276 | Escherichia Freshwater Michigan, USA 7 (+2) Luoetal., 2011
clade Il beach
TW11588 | Escherichia Soil Puerto Rico, USA 13 (+0) Luo etal., 2011
clade IV
TW14182 | Escherichia Freshwater Michigan, USA 19 (+8) Luoetal., 2011
clade IV beach
TW15844 | Escherichia Human Feces Australia 3 (+1) Broad Institute
(H605) clade IV
TWO09308 | Escherichia Freshwater Michigan, USA 28 (+0) Luoetal., 2011
clade V beach
TW15839 | Escherichia Freshwater Australia 9 (+0) Broad Institute
(E1118) clade V
TW15820 | E. albertii Magpie Feces  Australia 9 (+7) Broad Institute
(B156)

The definition of Escherichia coli as a species is historically defined by phenotypic traits
(lactose fermentation, indole production, lack of citrate utilization), and mostly sampled from
the gut of warm-blooded animals; however, phylogenetically similar environmental bacteria
cluster similarly, yet being monophyletically distinct, from classical E. coli. These isolates are
known as the cryptic clades (clades |-V, Walk et al., 2009), with active discussion on whether
they should be part of E. coli or put into separate species (Cobo-Simén et al., 2022).
Nevertheless, the cryptic clades are closely related to E. coli, and may serve as hosts to related
phages.

4.6.1 Prophage Prediction in Environmental Strains

Genetic sequences were run through Prokka (Seemann, 2014) to annotate the bacterial
genes, and run in parallel through PhageBoost (Sirén et al.,, 2021) to identify prophage
regions. Prophage regions were then further run through Pharokka (Bouras et al., 2023) to
annotate phage genes. Genetic sequences were also run in ISEScan (Xie & Tang, 2017) to
identify insertion sequences, the results of which are not relevant to this thesis.

Sequences of environmental strains often also returned extrachromosomal regions,
assembling into putative plasmids, free phage and phage episomes. These extrachromosomal
regions were also run through the same process to predict prophages.
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| found many predicted prophages in all environmental strains, ranging from as low as 3 to as
many as 19 (Table 1); however, these predictions include partial prophages. Not all predicted
regions are full prophages, nor is it likely that all of these prophages can still form viable phage
particles, as many of these predicted prophages show signs of disruption by insertion
sequences.

4.6.2 Environmental Strains are All Resistant to Phage Lambda and LamB is
Likely Not Responsible

All environmental tested strains were found to be resistant to phage lambda, in both spot and

plague assays. No environmental strains showed any plaques in either the plaque or spot

assays.

This was not unexpected, given the variety of mechanisms by which bacteria can become
resistant to phages. Modifications in the phage lambda receptor LamB could prevent binding
and thus confer resistance, but resistance could be additionally conferred by any number of
defense systems, and a search using DefenseFinder (Tesson et al., 2022) against the genomic
sequences show a wide number of defense systems that could defend against phage infection
and prevent a plaque from forming.
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Figure 8. Phylogenetic tree of the lamB across various strains.

Phylogenetic comparison of the lamB gene (A) and protein (B) across various laboratory and environmental
strains.

| compared the lamB gene of the environmental and laboratory strains, and found that lamB
clustered based off E. coli clade, and most clustered away from laboratory strain lamB, which
forms a single group (Figure 8A). lamB of TW15838, our sole member of clade I, clusters more
closely to the laboratory strain lamB, which matches the phylogenetic relationship of the
clades (Walk et al., 2009). Interestingly, the LamB protein sequence was identical across all
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sequenced clade Il and clade IV bacteria despite varying at the nucleotide level and being
isolated from geographically different areas (Figure 8B).

As most of the environmental strains shared identical LamB proteins, which differed from the
LamB protein in the susceptible laboratory strains, | decided to test the ability the most
common environmental LamB protein to complement the phage susceptibility of a lamB
knockout strain. The AlamB region of a Keio Knockout Collection strain, which is based on
BW25113 (Baba et al., 2006), was transduced into MG1655 by P1 along with the kanamycin
selection marker, and phage lambda was shown to no longer form plaques on MG16554/amB.
Phage lambda also does not form plaques on BW25113A4/amB, but does on BW25113AcirA
(which was chosen at random from the Keio Collection), suggesting that the parent strain
BW25113 is susceptible.

For complementation, | designed a plasmid based off the pZA32 backbone (Lutz & Bujard,
1997), and cloned in a representative environmental lamB from TW15844 downstream of
Puaco-1. As MG1655 has a functional lac operon, there was some concern that native levels of
Lacl would suppress expression, but transformation of MG1655 with pZA32-venus showed
high levels of fluorescence. Plasmid sequencing showed a 23bp deletion of one of the
operator sites in Puaco-1, but despite this deletion, the plasmid was able to restore
susceptibility to phage lambda in both MG16554/amB and BW25113A/amB, suggesting that
binding to environmental LamB is not responsible for their immunity to phage lambda.
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Figure 9. Phylogenetic tree of nusA across various strains.

Phylogenetic comparison of the nusA gene (A) and protein (B) across various laboratory and environmental
strains. S. enterica has been included for reference.

Given the incompatibility of Sa/monella NusA with phage lambda (Harkki & Pavla, 1984), | did
a brief bioinformatic comparison between the nusA gene and proteins between the
environmental strains and the laboratory strains (Figure 9). The NusA proteins clustered
based off clade in a similar manner to that of LamB, and once again clade Ill and IV had
identical NusA proteins. The greatest difference was of four amino acids between the
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laboratory strains and clade Ill and IV (V64l, Y82F, K361R and V440M). For comparison, S.
enterica NusA differs from E. coli MG1655 NusA by 31 amino acids, including a 5aa insertion.

A brief search of the environmental genomes for restriction enzymes identified Pvull in
TW09308, located adjacent to predicted phage integrase genes, to which phage lambda is
susceptible.

4.6.3 Cross-Reaction of Lysogeny Reporter with Putative Prophage in TW15838

MG1655 MG1655
AKAN Lysogen

Figure 10. Background fluorescence of the lysogeny reporter.

TW15838

All strains were transformed with the lysogeny reporter. The AKAN lysogen is included to show the increased
fluorescence in response to lysogeny. E. coli C has a higher background fluorescence than MG1655, but does not
reach comparable levels to that of the lysogen, whereas TW15838 reaches markedly high fluorescence levels
comparable to the lysogen. Exposure settings: 1300ms, with 500/20nm excitation and 535/25nm emission filters.

In preparation for measuring the lysogeny rate of the environmental strains, | transformed all
the environmental strains with the lysogeny reporter, and noted that the strain TW15838
began to brightly fluoresce even without exposure to phage lambda, comparable to the level
as that of confirmed lysogens (Figure 10), which suggests that TW15838 is already lysogenized
by a prophage that cross-reacts with the AP promoter.

The bioinformatics analysis shows that the TW15838 /amB gene and protein both more
closely resembles that of the laboratory strains than the other environmental strains, and that
a predicted lambdoid prophage TW15838 phage4 is already present at the lambda
attachment site. Although prophages have been detected at the lambda attachment site in
environmental strains (Kuhn & Campbell, 2001), they have not been sequenced.
TW15838 phage4 does not map closely to any single phage, which is expected due to their
recombinatorial ability, but the lambda switch region only differs from the lambdoid phage
BP-4795 by 2bp (Creuzburg et al., 2005). Similar to BP-4795, this prophage also contains the
Stx1 genes which code for the Shiga toxin, indicating that it is likely related to the Stx1 phages.

The integrase of TW15838_phage4 is nearly identical to that of phage lambda, with 4 point
mutations that translate to a 3 amino acid difference. This likely explains its choice of
integration site.

| attempted to induce prophages from TW15838 with 60s UV exposure in a biosafety cabinet
and exposure to 0.5pug/mL mitomycin C, but no plagues were formed on a MG1655 or

92



defenseless MG1655. A number of prophages (across all environmental strains) include
regions which match predicted insertion sequences, which suggests that those phages may
be disrupted and unable to form functional phage particles.

To check whether the Cl of TW15838 phage4 was responsible for activating the lysogeny
reporter, | cloned the ci gene from TW15838 phage4 into a pZA32 backbone. Cotransforming
both this Cl-expression vector and the lysogeny reporter into MG1655 results no increase in
fluorescence, which suggests that the TW15838 phage4 Cl cannot cross react with APg;
however, spot assays on strains with the Cl-expression vector show a decreased cloudiness in
the plaque, especially when cotransformed with the lysogeny reporter, implying that it may
interfere with phage lambda in other ways.

A B

C_phage8 TW15838_phage4

Escherichia phage PhiR42_1 B —— TW15838 phagel2

L TW15838_phage33 TW15838_phage

TW15838_phage31 Escherichia phage HK106

TW15838_phage8 Escherichia phage lambda

Escherichia phage HK544 Escherichia phage HK544

Escherichia phage lambda —_— Escherichia phage 434

- Escherichia phage HK106 _ Escherichia phage 21

TW15838_phagel2 ﬂ C_phage8

Escherichia phage 434 TW15838_phage33
Escherichia phage 21 | Escherichia phage PhiR42_1

TW15838_phaged TW15838_phage31

0.05 03

Figure 11. Phylogenetic tree of select cl of lambdoid phages and prophages.

Phylogenetic comparison of the cl gene (A) and protein (B) across various lambdoid phages and prophages.
Included in the tree are phage lambda; phages HK106 and HK544, which cross-react with the lysogeny reporter;
phage 434 and phage 21, classically studied lambdoid phages known not to react with Pr, all predicted lambdoid
prophages of TW15838 and E. coli C; and phage PhiR42_1, an extremely close match to prophages in previously
mentioned strains.

TW15838 has a 19 predicted prophages in its genome, five of which appear to be lambdoid,
containing a genetic structure similar to that of the lambda switch. A protein alignment of all
five putative Cl proteins shows a large amount of diversity and none appear to very
homologous to ACI (Figure 11).

Measurement issues made me reconsider the higher background fluorescence of E. coli C. E.
coli C only has a single predicted lambdoid prophage, which matches to Escherichia phage
PhiR42_1 (Laub & Brenes, 2025) with two major deletions (97bp of the end of cl/l extending
through DNA replication protein gene o and continuing another 1.2kb; and a large number of
terminase, portal, capsid and tail fibre proteins), and an insertion of two transposases.
Pertinently, the Cl proteins are identical, and are a single amino acid away from Cl from a
different prophage in TW15838, and may serve as a target to confirm mild cross-reactivity
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with APg; however, as phage lambda is capable of replicating on E. coli C, the PhiR42_1 Cl is
unlikely to be sufficient to confer immunity, unless the Cl is not being expressed.

This raises interesting implications into polylysogens and incomplete immunity. Most
environmental strains are polylysogens, and my experiments suggest that there may be some
crosstalk between similar but non-identical phage repressors. Though providing partial
immunity, each subsequent lysogen may provide more immunity to similar repressors, until
the cell is fully resistant to phages with similar repressors. This leads into interesting
discussion about competition between phages, as although more lysogens may contribute to
greater resistance to phages, during induction lysogens must compete over host resources
(Silpe et al., 2023).

Alternatively, a separate system may be interfering with the lysogeny reporter in TW15838.
The Pgr promoter may be inhibited by alternative means, or the TetR protein might be rapidly
degraded in this strain. Further research is required to whether these are playing a role, but
the lysogeny reporter system is definitely being perturbed.

4.7 Live Lysogeny Measurements in a Plate Reader
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Figure 12. Plate reader measurements of the lysogeny reporter.

Plates were initially seeded with OD 0.1 E. coli MG1655 cells (black), AKAN lysogens of MG1655 (gray) and
MG1655 mixed with AKAN at a 1:1 ratio (red). Normalized fluorescence (dots, left axis) for both MG1655 and
infected cells increases at 120 minutes. In the infected cells, normalized fluorescence also increases as the optical
density (lines, right axis) declines at 240 minutes and recovers.

An additional advantage of my lysogeny reporter is that it can report on the number of
lysogens in the population without sampling or selection. | infected strains with my lysogeny
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reporter with lambda phage in a plate reader and was able to detect an increase in
fluorescence after the collapse of the population (Figure 12), which corresponds with when
the most lysogens are theorized to be formed (Lang et al., 2020); however, it is unclear how
soon after the initiation of lysogeny fluorescence becomes detectable, nor is it clear how
fluorescence per lysogen increases over time until it reaches its maximum. Additionally, we
also observe an increase in fluorescence in both infected and uninfected cells at 120 minutes,
which may be due to physiological properties of the cell.

It is theoretically possible to extract more quantifiable information out of these assays but
determining an instantaneous probability of lysogeny would be difficult as any increase in
fluorescence is a combination of new lysogenic events and replication of preexisting lysogens,
in combination with the delayed response of the lysogeny reporter to the initiation of
lysogeny. Future work can be done to model the population-level fluorescence as a
combination of all these factors.
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5 Conclusions

Biological systems are difficult to work with. They are not the minimal systems that exist in
engineering, but systems with millions of years of evolutionary history, evolving, coevolving
and diverging with and from each other.

At the outset, | chose to examine temperate phages for their theoretical capacity for
composability. They would encounter many different hosts in the environment, and should
make their decisions to the best of their ability within those environments.

In Chapter 2 | have shown what sources of information in the environment these temperate
phages should respond to, and revealed that the number of lysogens is an important signal in
environments with sorptive scavenging to lysogens.

In Chapter 3, | showed that limits exist to the expression of the phage repressors, which might
otherwise interfere with the host, and suggest that hosts are coevolving with their phages to
reduce interference, suggesting that phage repressors are not composable and that hosts
must adapt to the phages they encounter.

In Chapter 4 | found that environmental hosts have a high amount interference with the phage
lambda system, but many of these, instead of being background changes that only incidentally
interfere, appear to be targeted systems: other prophages and potentially defense systems,
specifically evolved to interfere with invading phage systems, or closely-related relatives
whose components interfere.

Synthetic systems have an advantage in this regard, as they are likely completely novel to the
organism they are introduced to; however, care must be chosen with the components that
make up these systems, to ensure that they do not interfere with, or that they are not
targeted for interference by, the host.

| was unable to determine if any of our environmental strains were capable of replicating
phage lambda, as | was unable to determine the precise cause of resistance. | was able to
show that the LamB receptor was still capable of binding to phage lambda and thus not the
reason why the environmental strains are immune, but whether the failure to replicate is due
to a fundamental incompatibility with the replication machinery, as is with phage lambda in
Salmonella, or due to specific defense systems or prophages, is still unclear. What is clear,
however, is that prophages are common amongst environmental strains, and that lambdoid
switches are common and can potentially cross react with other incoming lambdoid phages,
even when they do not confer complete immunity.

In E. coli C | found a large change in the number of lysogens formed compared to MG1655,
suggesting that phage lambda is sensitive to changes in the host; however, | have not yet been
able to distinguish the cause of this effect, and whether it is caused by an effect on the phage
decision-making machinery itself or on the fidelity of the information that the phage genome
receives.

Although | have not been able to conclusively prove whether phages are composable or not,
the evidence | have gathered suggests that they are not, and that phages can be sensitive to
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changes in their hosts. This does not bode well for synthetic biology, as it suggests that
systems must be specifically designed to suit their hosts and to not cross-interfere. Synthetic
systems designed for a small range of hosts or systems may be feasible, but a lack of
composability, even in natural systems thought to be so, implies that scaling will always be a
limitation for synthetic biology without development towards membranes, timing, or other
forms of system separation.

| hope this thesis has proved useful in elucidating the properties and complexities in dealing
with even the most well-studied organisms, and that the tools that | have developed can
prove useful in the future for greater examination of phage-bacteria interactions.
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A. Declaration of the use of Generative Al and Al tools

The word “Al” is vague and unhelpful; it can and has been used to refer to any kind of work
done by a computer. Whether or not Al tools have been used depends upon the definition of
Al, of which none were provided; hence, no truthful statement can be made on the usage of
Al without a definition thereof.

But | must make statements. | have not used Generative Al; all written content in the thesis
was generated by myself. Content in the included papers are collaborative works between all
authors and, to the best of my knowledge, contain no generated Al content. Most figures
were drawn by hand with marker and paper, and scanned into the computer. Scans were then
vectorized using Inkscape via the Potrace algorithm. Phylogenetic trees were generated by
Geneious 9.1.

Annotation programs prokka, pharokka and ISEScan all use hidden markov models to
annotate genetic features. PhageBoost uses a machine learning classifier to predict prophage
sequences.

ChatGPT, PubMed and Google Search were used in literature review to find relevant papers;
all papers were thoroughly read by me before | decided to include them in this work.

The thesis was written in Microsoft Word 2013, which has a built in spelling and grammar
check. Modern Microsoft Editor uses Al to check spelling and grammar; | can make no claims
on the usage of Al in Microsoft Word 2013 for spelling and grammar checking.
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