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Abstract

Mobile genetic elements (MGEs) have played a fundamental role in the evolution of complex organ-
isms, driving innovation through competition, collaboration and co-option. Transposons, in particular,
are an ancient family of MGEs whose diverse functions have provided a rich source of DNA-binding
and nuclease domains for their cellular hosts, and more recently for biological engineering technologies.
In this thesis, I re-purpose transposons and their evolutionary descendants as synthetic biology tools
for two distinct applications: new platforms for directed genome evolution, and CRISPR-based nu-
cleic acid sensors. Prokaryotic CRISPR-Cas adaptive immune systems evolved in part from ancestral
transposon domains, and the inherent programmability of their RNA-guided nucleases has underpinned
their use as specific and sensitive in vitro diagnostics. Here, I present our efforts to expand the use
of these CRISPR-based sensors to control the large-scale properties of smart biomaterial systems, and
thereby enable programmed cargo release and the development of low-cost, paper-fluidic diagnostic
devices. Transitioning to in vivo applications for MGE-derived tools, I describe the development of
an engineered, autonomous transposon platform for continuous genome-wide mutagenesis and dynamic
regulatory network re-wiring. I use this platform to study the impacts of transposon functionalization
on the evolution of parallel E. coli populations towards diverse carbon source utilization and antibiotic
resistance phenotypes. Through the implementation of barcode-based tracking and longitudinal next-
generation sequencing, I then re-construct transposon lineages within the genomes of host cells and
investigate the impact of environmental complexity and genetic contingency on host-transposon inter-
actions. Moving forwards, we envision this directed genome evolution platform being used to discover
and optimize strains for biopharmaceutical applications, and as a well-defined testbed to study the role
of MGEs in the emergence and re-wiring of complex natural gene regulatory networks.

Keywords— CRISPR diagnostics - DNA hydrogels - CRISPR gene editing - genome engineering -
directed evolution - NGS pipeline design - Tn-Seq - transposon mutagenesis
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1 | Introduction

Since the implementation of the first synthetic gene networks in living cells (1,
2), synthetic biology has emerged as a powerful framework for both forward-
engineering and hypothesis testing in biological research (3). As an engineering
discipline, synthetic biology has always been motivated by its applications to real-
world challenges. These include the design of therapeutic devices and diagnostics,
as well as the industrial or on-demand production of fuels, complex chemicals,
medicines, and materials (4, 5). In parallel, minimal and well-controlled analogues
of complex biological systems can be assembled and studied in isolation, and syn-
thetic reporter circuits can be used to create human-interpretable readouts for
natural cellular processes (6). In this context, synthetic biology has played an
important role in investigations into the architectures of gene regulatory networks
(GRNs) and the functional consequences of noise in cells (7, 8).

1.1 Synthetic biology across different scales

In this thesis, I present two separate avenues of investigation that span a broad
spectrum of biological scale and complexity (Figure 1.1). The first is a series of
efforts alongside my co-authors towards the development of CRISPR-responsive
materials and their use in in vitro diagnostics and tissue engineering (Chapter
2)(9, 10). Importantly, this builds on previous work from the lab to incorporate
electronic and wireless readouts into paper-based infectious disease diagnostics
(11, 12), and expands the use of programmable CRISPR-based DNA sensors to
the field of material science (13).

My second area of investigation reflects the use of synthetic circuits as tools to
address fundamental questions in biology, and to develop technologies to re-wire
complex, endogenous networks (6). Recent advances in genetics tools (14, 15),
directed evolution (16, 17) and automated culture systems (18, 19) make synthetic
biology well poised to study the processes underlying genome evolution and the
emergence of complexity in living systems (20, 21). Of particular interest to me is
the central role played by mobile genetic element (MGE) radiations in the evolution
of regulatory networks (22–24), and the potential uses of the diverse biomolecular
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Figure 1.1: The engineering objectives of synthetic biology span systems with vastly different complexities. In
Chapter 2, I present research at the far left hand side of this scale: enzyme-based diagnostics operating in vitro.
In Chapter 3, I present research focused on perturbing and re-wiring complex cellular networks in situ

functions that they encode (25–28). Here, I present my efforts to re-purpose both
CRISPR-associated (29–31) and randomly-integrating (15) transposon families as
synthetic biology tools for dynamic network evolution (Chapter 3). This includes
the development of a generalizable DNA-barcode based mechanism to track trans-
poson movement through genomes over time using longitudinal next-generation
sequencing (NGS). In the future, this platform could be readily employed to study
genome evolution under complex environmental conditions, and to study the im-
pact of predictability in the emergence of anticipatory gene regulation (32).
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1.2 Summary of research objectives

Aim 1 - To develop a new class of CRISPR-responsive materials for applications
in tissue engineering, therapeutics and diagnostics.

Aim 1.1 - Demonstrate the programmable control of two established
bio-compatible materials with Cas12a: poly(ethylene glycol)
and polyacrylamide hydrogels.

Aim 1.2 - Using DNAmaterials, develop electronic circuit elements whose
properties can be modulated using Cas12a.

Aim 1.3 - Prototype a low-cost, paper-based diagnostic for infectious
diseases that implements electronic readouts of Cas12a reac-
tions for the wireless transmission of results.

Aim 2 - To engineer diverse mobile genetic element families as synthetic biology
tools for dynamic gene network re-wiring.

Aim 2.1 - Functionalize CRISPR-associated transposon systems for RNA-
guided gene activation and transcriptional reporting.

Aim 2.2 - Develop an engineered, autonomous transposon platform for
continuous in vivo mutagenesis.

Aim 2.3 - Modify existing Tn-Seq pipelines to enable the tracking of
barcoded transposon populations during parallel evolution.
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2 | Nucleic acid detection with synthetic biology

Synthetic biology approaches to the development of disease diagnostics can be di-
vided into two broad categories: living cell-based biosensors that rely on engineered
gene circuits to detect and amplify signals (33, 34), and cell-free sensors that couple
enzymatic reactions or biomolecular interactions to human-interpretable readouts
(11). Perhaps the two most important analytes in the context of infectious diseases
are pathogen-specific antigens (typically detected by lateral-flow immunoassays)
and nucleic acids (typically detected by PCR in centralised laboratories) (35).
Nucleic acids (NAs) are information-rich biological cues. Genomic sequencing is
routinely used to identify different organisms and track clinically relevant markers
such as antibiotic resistance genes (36). Similarly, knowledge of the abundances
of RNA transcripts in a sample can aid clinical decision making through the pre-
diction of treatment responsiveness (37) and microbial virulence states (38–40).

The development of effective point-of-care nucleic acid tests (NATs) for clinical or
environmental samples requires the conversion of biomarker detection events into
user-friendly readouts. Successful technologies also make use of sensing platforms
that are easy to reprogram towards new targets (e.g. a novel virus or antibiotic
resistance marker) with minimal re-design of the overall system (12, 38, 39). How-
ever, as the ongoing SARS-CoV-2 pandemic has emphasised, our ability to rapidly
deploy point-of-care NATs at scale still lags behind that of antigen tests, with
the majority of synthetic biology-based NATs in pre-clinical phases of develop-
ment (41). Ultimately, the objective is to engineer re-programmable platforms for
point-of-care sensors that fulfil the World Health Organisation’s ASSURED (af-
fordable, sensitive, specific, user-friendly, rapid, equipment-free, delivered) criteria
for field deployment (42). In this chapter, I highlight promising recent advances in
the development of programmable CRISPR-based diagnostics (13), and summarize
our efforts to couple these reactions to the control of biomaterials and electronic
circuits (9, 10).
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2.1 CRISPR-based diagnostics

Research from the Zhang Lab, in collaboration with the Collins Lab, established
the blueprint for a diagnostic platform that builds on the discovery of prokaryotic
clustered regularly inter-spaced short palindromic repeat (CRISPR) and CRISPR-
associated (Cas) nucleases (43). Microbial CRISPR-Cas systems have been suc-
cessfully adapted into powerful genetic engineering technologies, owing to the in-
herent programmability of their effector proteins (14). Crucially, the target speci-
ficity of the Cas nuclease is defined at the nucleotide level through their associated
guide RNA (gRNA): tight binding between the gRNA of the ribonucleoprotein
complex and the target DNA strand can be readily designed in silico based on
complementary Watson-Crick-Franklin base-pairing interactions.

Beyond the canonical double-stranded DNA (dsDNA) cleavage activity charac-
teristic of the Cas9 effectors most commonly used in gene editing, several classes
of Cas enzymes are able to hydrolyze single-stranded DNA (ssDNA) and RNA
(ssRNA). The discovery of these alternative activities has fueled the rapid devel-
opment of a new class of diagnostics, such as SHERLOCK (which detects RNA
using Cas13a) (40, 44), HOLMES (45), and DETECTR (both of which detect
dsDNA using Cas12a) (46). The latter example uses Cas12a, a protein that ex-
hibits two distinct - but coupled - activities (Figure 2.1). When the Cas12a-gRNA
complex encounters a dsDNA molecule matching the sequence of its gRNA (a
‘trigger’ DNA molecule), the enzyme cleaves the DNA in a sequence-specific way
(termed ‘targeted’ or ‘cis’ cleavage) and remains bound to one of the resulting
DNA fragments. This first cleavage event initiates a second, non-specific nucle-
ase activity (termed ‘collateral’ or ‘trans’ cleavage); the activated Cas12a complex
cleaves nearby ssDNA molecules with a very high turnover.

In the first generation of CRISPR diagnostics, DNA or RNA detection were
coupled to fluorescence readouts of Cas12a/Cas13a activation (40, 46) (Figure
2.2). This typically requires costly instrumentation and infrastructure to mea-
sure, reducing their practicality as point-of-care or consumer diagnostics. More
recent modifications to the SHERLOCK system have included lateral flow read-
outs, which improves usability and removes the need for fluorimeters (44, 47, 48).
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Figure 2.1: Cas12a forms a ribonucleoprotein complex with a guide RNA molecule. This complex is then able
to bind double-stranded DNA (dsDNA) regions that fulfil two criteria: (i) the DNA sequence is complementary to
the sequence of the variable region of the gRNA, and (ii) this target region has an appropriate flanking protospacer
adjacent motif (PAM) for Cas12a. Once the Cas12a-gRNA complex binds the dsDNA target, the dsDNA is cut
with approximately single-turnover kinetics. However, a secondary nuclease activity also becomes active, targeting
single-stranded (ssDNA) with high turnover. This activity can be readily detected using oligonucleotides modified
with a fluorophore (F) and a quencher (Q). Adapted from English et al.(9). Copyright AAAS.

However, the underlying reaction remains the same, and applications have yet to
emerge outside of disease diagnostics. Furthermore, the ability to couple CRISPR-
Cas enzyme activities to electronic signals would expand their uses towards wireless
and embedded sensors, and allow for the coupling of the test readouts to existing
data transmission and processing pipelines (9, 49).

2.2 Programmable control of DNA-materials with CRISPR-Cas12a

Smart materials that respond to biologically-relevant signals now play an impor-
tant role in emerging technologies for drug delivery, diagnostics, tissue engineering
and medical devices (50, 51). These autonomous systems can be designed to inte-
grate signals ranging from enzymatic activity (52, 53) and the presence of metabo-
lites (54, 55), to changes in pH (52, 56) and temperature (57, 58). For the reasons
discussed in Section 2.1, materials that detect and respond to DNA and RNA are
of particular interest in the development of diagnostics (59), or for applications
that require the context-dependent release of therapeutics (50, 60).

6



Figure 2.2: A single Cas12a enzyme can be rapidly re-programmed to detect multiple pathogen-associated DNA
marker sequences. Here, we designed gRNAs complementary to four genes in S. aureus antibiotic-resistance
mechanisms: the antibiotic-resistance genes ermA (A) and ermC (B), the virulence factor gene spa (C), and the
vancomycin-resistance gene vanA (D). As shown, the specific gRNA-target combination does affect the timecourse
and the overall sensitivity of the system.Adapted from English et al.(9). Copyright AAAS.
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Incorporating DNA into materials as both a structural and information-encoding
element is emerging as a promising approach to address this need (61). This has
been facilitated by the decreasing cost of DNA-synthesis (62) and the relative ease
with which sequence complementarity can be predicted and programmed at the
sequence-level (63–65). Moreover, DNA is generally biocompatible and biodegrad-
able, attractive properties for materials in biomedical applications.

Current methods to develop DNA-responsive materials typically rely on the strand
displacement of structural DNA elements. However, the one-to-one stoichiometry
of the hybridization reaction can limit the sensitivity of these systems. Further-
more, the fact that the same material elements are simultaneously responsible for
structure and detection means that extensive redesign is often required for each
new target. We reasoned that the natural signal amplification inherent to the
mechanism of NA detection with Cas12a, combined with its robustness in vitro,
would enable the sensitive and programmable actuation of DNA materials in re-
sponse to biological cues (9).

Recognizing the strengths of CRISPR-based nucleic acid detection platforms, we
set out to (i) expand their application space to the programmable control of materi-
als, and (ii) build on the available readout formats for diagnostic tests. To demon-
strate the ability of Cas12a to actuate the properties of materials in response to bio-
logical cues at different scales, we selected three polymer chemistries: poly(ethylene
glycol) hydrogels for the controlled release of pendant small-molecules and enzymes
anchored through ssDNA linkers, polyacrylamide-DNA (PA-DNA) hydrogels for
the entrapment of larger cargos including nanoparticles and human cells, and car-
bon black-DNA composites that act as CRISPR-responsive electronic fuses (Fig.
2.3). We then employed the PA-DNA hydrogels in a low-cost, paper-based device
(µPAD) for the diagnostic detection of pathogen-associated dsDNA and ssRNA.
The use of a CRISPR-responsive material to control the flow of buffer through
the device allowed us measure the readout electronically, and couple the sensitive
system to an RFID tag for the wireless transmission of the test result. The culmi-
nation of this work is published in two accompanying manuscript (9, 10), which
provide extensive detail on the methods and results.
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Figure 2.3: We synthesized three different materials that contained DNA as a functional or structural ele-
ment, and demonstrated their programmable actuation using Cas12a-gRNA for the controlled release of small-
molecules, enzymes, nanoparticles, and living cells. We then constructed a paper-based diagnostic device using
polyacrylamide-DNA hydrogels and Cas12a for the detection of pathogen DNA and RNA. Adapted from English
et al.(9). Copyright AAAS.
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2.2.1 Releasing small, tethered cargos from PEG-DNA hydrogels

The targeted dsDNA cleavage activity of Cas12a can be used to preferentially
release anchored cargos with near-single turnover; however, we focused on the col-
lateral ssDNase activity of the enzyme, as it allows for the efficient transduction of
external stimuli into changes in material properties through catalytic signal ampli-
fication. To illustrate the programmable actuation of materials using Cas12a, we
covalently tethered a fluorophore (Cy3) into PEG hydrogels through an ssDNA
linker (Fig. 2.4A) and monitored its release into solution upon Cas12a-induced
cleavage. The Cas12a-gRNA complex was insufficient to catalyze cargo release;
however, introduction of the mecA dsDNA trigger initiated the hydrolysis of ss-
DNA anchors (Fig 2.4B). By contrast, a randomly permutated version of the mecA
dsDNA (scrambled control) failed to do so. We then used horseradish peroxidase
(HRP) enzyme as a model for larger biomolecule payloads, demonstrating that
biological function was preserved after immobilization in hydrogels using ssDNA
anchors and subsequent release by Cas12a (Fig. 2.4C). Within 10 min of expo-
sure to a low-concentration (10 nM) dsDNA stimulus, we detected sufficient HRP
activity in the supernatant for a visual readout (Fig. 2.4C, inset). Further incu-
bation allowed us to routinely discriminate trigger and scrambled dsDNA down to
100 pM. These experiments are consistent with the efficient ssDNase activity of
activated Cas12a (46).

To demonstrate that changes to the gRNA were sufficient to entirely reprogram
the target responsiveness of the material, we designed gRNAs to target a panel of
genes involved in S. aureus antibiotic-resistance mechanisms (Fig. 2.2). These in-
clude the antibiotic-resistance genes ermA and ermC (66, 67), the virulence factor
gene spa (68), and the vancomycin-resistance gene vanA (69). Out of 25 combina-
tions of gRNAs and dsDNA, those in which the sequence of the trigger matched
the gRNA resulted in substantially higher fluorophore payload release from the
hydrogel matrix (Fig. 2.4D). These results correlated to similar observations of
the reactions performed in solution and suggest that different gRNA-trigger pairs
activate Cas12a to different extents (46).

For many applications, the rate at which a molecule is delivered from a carrier
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conveys important biological information (51). The speed of CRISPR-mediated
hydrogel actuation corresponds to the amount of input dsDNA; conversely, for a
given level of input, the response dynamics can be hard-coded into the system by
altering the properties of the starting material. For example, pore size is expected
to alter the mobility of macromolecules in polymer networks (70). On the basis of
our macroscopic observations of programmed anchor hydrolysis, we hypothesized
that this could be used to further tune the relationship between dsDNA input and
Cas12a-mediated response. By modulating the cross-linking density of a PEG-
DNA hydrogel and measuring the rate of fluorophore release by Cas12a-gRNA,
we established another strategy by which the behavior of the CRISPR-responsive
material could be controlled (Fig. 2.4E)(45, 46).

In addition to controlling global dynamics of ssDNA cleavage through bulk mate-
rial properties, we capitalized on the sequence-defined, addressable nature of the
ssDNA linkers and the selectivity of the collateral cleavage activity of Cas12a for
ssDNA over dsDNA (Fig. 2.1).We attached two different fluorophores (Cy3 and
6-FAM) into PEG hydrogels with distinct ssDNA linkers and preprogrammed the
differential sensitivity of one linker over the other to Cas12a collateral degrada-
tion by hybridizing it with a complementary blocking strand in situ. Whereas the
release of the unprotected fluorophore was unaffected, the speed of release of the
hybridized reporter was markedly reduced (Fig. 2.4F).

2.2.2 Releasing large, enmeshed cargos from PA-DNA hydrogels

The high catalytic efficiency of dsDNA-activated Cas12a-gRNA makes it well
suited for converting dsDNA signals into bulk material changes. To demonstrate
this, we designed DNA cross-linked polyacrylamide (PA) hydrogels (71, 72) by
separately incorporating two noncomplementary oligonucleotides into PA chains.
We then cross-linked the PA-DNA precursors using an oligonucleotide strand that
forms bridges between the PA-DNA chains. These cross-links contained single-
stranded, AT-rich Cas12a collateral cleavage sites (Fig. 2.5A). In these hydrogels,
degradation of DNA crosslinks physically disrupts the polymer networks (70, 73).

The Cas12a-induced degradation of PA-based CRISPR gels was initially evalu-
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Figure 2.4: Cas12a-mediated release of small molecules and enzymes from PEG hydrogels. (A)
ssDNA acts as a cleavable linker for attaching payloads to an inert PEG matrix. hn, light energy. (B) Release
of a tethered fluorophore by Cas12a is initiated only upon introduction of a specific dsDNA trigger and not a
scrambled dsDNA control sequence. (C) Functional enzymes can be anchored into the hydrogel and released
by Cas12a in sufficient quantities for visual detection in an HRP activity assay within minutes. A.U., arbitrary
units. (D) Activation of Cas12a and fluorophore release (t = 8 hours) is defined by the complementarity between a
dsDNA sequence and the gRNA of Cas12a. (E) Cross-linking density of the PEG hydrogels modulates the release
rate of the cargo by Cas12a. The correlation was analyzed using a Kendall rank test. (F) Prehybridization of the
ssDNA linkers with a matching oligonucleotide selectively reduces the release rate of molecules anchored in the
gel (observed at t = 1.5 hours). The means were compared with independent samples that were not preprotected
with oligonucleotides (gray). Differences in the means of the test conditions and the unprotected controls were
analyzed using a t test [Bonferroni-adjusted a = 0.0125, P values: not significant (n.s.) P > 0.05, ***P < 0.0001].
All plots show mean ± SD for n ≥ 3 replicates. Adapted from English et al. (9). Copyright AAAS.
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Figure 2.5: Programmable release of NPs and live cells from PA-DNA hydrogels. (A) ssDNA bridges
lock DNA-functionalized PA chains into a 3D network. (B) Cas12a- mediated degradation of PA-DNA gels
stained with EvaGreen intercalating DNA dye. (C) Degradation of gel with 25 combinations of gRNAs and
dsDNA triggers and comparison of signals after 12 hours. (D) Release of AuNPs from 7% (w/v) PA-DNA gels
using Cas12a collateral cleavage, tracked by measuring gel optical density. The Cas12a-gRNA and dsDNA trigger
were encapsulated in the gel with the AuNPs (concentrations shown include supernatant volume). Adapted from
English et al. (9). Copyright AAAS.

ated with a DNA-intercalating dye to label bridge sequences in PA-DNA gels and
track gel integrity. The bridges were degraded upon exposure to gRNA-Cas12a
and trigger dsDNA, as revealed by the dissipation of gel fluorescence at rates
dependent on trigger concentration (Fig. 2.5B). Compared with experiments per-
formed in solution, gel degradation appeared more robust to the introduction of
sequence mismatches between the gRNA and dsDNA trigger. Using fluorescein
isothiocyanate-dextran particles physically entrapped in the hydrogel, we also vi-
sualized the degradation of millimeter-scale PA-DNA hydrogels.

Programmable degradation of PA-DNA hydrogels was assessed by testing 25 com-
binations of different gRNAs and dsDNA triggers. Consistent with the nonde-
structive cargo-release experiments (Fig. 2.4D), PA-DNA hydrogel degradation
occurred only when the gRNA and dsDNA sequenceswere complementary (Fig.
2.5C), demonstrating Cas12a-gRNA’s ability to discriminate between inputs.

Though biomolecules can be tethered to materials through well-defined, single link-
ers, physical entrapment in a polymer matrix represents a more general strategy
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to control the release of larger payloads. We tested the release of NPs by encapsu-
lating PEG-coated gold NPs (AuNPs) in PA-DNA hydrogels. Loading gels with
both Cas12a-gRNA and a dsDNA trigger led to total NP release through Cas12a
activation and gel degradation, whereas gels loaded with a scrambled dsDNA trig-
ger showed no significant release of AuNPs relative to a buffer-only background
(Fig. 2.5D). This was consistent with the disruption of the percolated network
upon cross-link cleavage (74, 75).

2.2.3 Paper-based diagnostics from CRISPR-responsive materials

We used a tunable PA-DNA hydrogel to control the permeability and electrical
readout of a paper-based microfluidic device (Fig. 2.6). Paper-based technologies
have shown promise for point-of-care diagnostics, as they are low cost, equipment-
free, and easy to use (12, 76). Our device (Fig. 2.6A) expands on the concept of
microfluidic paper-based analytical devices (µPADs) that rely on the capacity of
hydrogels to obstruct flow through porous channels (77).

The layers of the device were folded to create a multilayered structure in which
the hydrophilic regions are topologically aligned. Capillary-driven flow through
the device terminated in a fifth layer where the output was measured (Fig. 2.6A).
In this system, an intermediary layer contains PA-DNA gel precursors (Ps-X and
Ps-Y) that, when mixed with ssDNA crosslinker, form a hydrogel in the paper
channels (55, 78). The extent of gel formation, and therefore the rate of buffer
flow, is dependent on the extent of degradation of the ssDNA gel cross-linker
during a preincubation step. The activation of Cas12a can be confirmed by adding
a fluorescent ssDNA reporter during this step. By degrading the cross-linker by
using Cas12a, we were able to couple the level of buffer flow to the concentration
of dsDNA trigger added to a Cas12a reaction incubated for 4 hours.

When nonspecific dsDNA trigger is present during preincubation, ssDNA cross-
linkers are not cleaved, allowing for hydrogel assembly in the microchannel. Con-
versely, in the presence of a specific dsDNA trigger, unimpeded flow can be visually
detected by adding dyes to the µPAD channel. We found the rate of buffer flow
through a µPAD to be inversely related to the concentration of an MRSA dsDNA
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trigger. Using this visual output, we were able to detect dsDNA concentrations
down to 400 pM.

To optimize our CRISPR-µPAD for field diagnostic applications, we used reverse
transcription (RT) to expand the range of detectable biomarkers to RNA and cou-
pled the RT to an isothermal amplification [recombinase polymerase amplification
(RPA)] step to improve the limit of detection. We used RT-RPA followed by a
µPAD readout to detect synthetic Ebola genomic RNA (79) down to 11 aM, a
sensitivity matching other state-of-the-art CRISPR based diagnostics (40, 44, 46).
This approach is promising for point-of-care diagnostics and has overall better
performances in terms of sensitivity, portability, and cost than other molecular
diagnostics.

Visual readouts of buffer flow are commonly used, yet they are difficult to cou-
ple to downstream hardware for data processing. To overcome this limitation,
we modified the CRISPR-actuated fluidic system to read buffer flow as an elec-
tric signal: the microfluidic channel in the final layer was sandwiched between
two electrodes and connected to an ohmmeter (Fig. 2.6A). Electrical conductivity
between the electrodes relied on electrolytes provided by the flowing buffer and
was directly correlated to the buffer penetration length in the µPAD channel (80).
Using this approach, sub-nanomolar concentrations of dsDNA trigger were success-
fully detected at a 5-min end point, without DNA amplification, demonstrating
the potential of the CRISPR µPAD for embedded sensor applications (Fig. 2.6B).
Nonspecific dsDNA trigger did not activate Cas12a, thus leaving the electrical cir-
cuit open (Fig. 2.6B). We were able to reduce the preincubation time required to
observe a signal to 1 hour by tuning the properties of the acrylamide precursors.

The wireless, decentralized logging of individual clinical tests during infectious dis-
ease outbreaks could address challenges with record keeping and logistics. To inte-
grate CRISPR-Cas reactions with electronic monitoring systems through hydrogel
actuation, we incorporated a wireless radio-frequency identification (RFID) mod-
ule into the µPAD. The original design was modified such that buffer flow would
shortcircuit an interdigitated silver electrode, thereby modulating the efficiency
of signal transmission by a flexible RFID tag (Fig. 2.6C). We then conducted
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Figure 2.6: Cas12a digestion of hydrogel precursors modulates permeability of a paper-based
microfluidic device (µPAD) with dual visual and electronic readouts for diagnostic applications..
(A) Schematic of the stackable mPAD design (77) modified for operation with CRISPR gels and electrical readout.
Layers 1 to 4 contain hydrophilic regions that form a continuous channel on folding and feed into a lateral flow
channel in layer 5. The channel in layer 5 was covered with conductive tape to measure conductivity as a function
of buffer wicking. In the presence of target trigger, Cas12a cleaves the DNA linker, preventing hydrogel cross-
linking in the channel and enabling flow. (B) End point measurements (5 min) of resistance facross the channel for
different concentrations of dsDNA MRSA trigger input after a 4-hour predigestion step. Sc = 50 nM scrambled
dsDNA. (C) Schematic illustrating the integration of the paper-fluidic device with an RFID flexible tag. Cas12a
activation in the preincubation step results in the short-circuiting of an interdigitated electrode arrangement in
the loop RFID tag, thereby altering the received signal strength indicator (RSSI) compared with a reference tag
(Ref.). (D) Representative signal traces for positive and negative results in the experimenter-blinded trial of the
RFID µPAD device. Samples containing either 0 aM (negative) or 11 aM (positive) EBOV ssRNA trigger were
amplified by RT-RPA, incubated with the ssDNA gel bridging strand and Cas12a-gRNA for 4 hours, and assayed
on a µPAD-RFID device. Adapted from English et al. (9). Copyright AAAS.
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an experimenter-blinded trial consisting of 12 samples (containing either 11 or 0
aM Ebola ssRNA amplified by RT-RPA) divided across three geographic locations.
The experimenter preincubated the samples with Cas12a and Ebola-specific gRNA
for 4 hours and then recorded the RFID-µPAD signals over the course of 2 min.
Buffer flow through the µPAD in Ebola-positive samples caused shortcircuiting of
the RFID tag antenna, which was detected in real time as a change in the sig-
nal strength compared with an unmodified reference RFID tag (Fig. 2.6D). All
positive and negative samples were correctly assigned using the RFID-µPAD.

2.2.4 Conclusions

We have demonstrated several strategies to interface biological signals with ma-
terials that combine the inherent programmability of Cas enzymes with hydrogel
systems. These strategies offer control over a variety of complex behaviors and
properties, including the release of molecules, NPs, and live cells, as well as bulk
hydrogel degradation, electronic signal transduction, and microfluidic valve actu-
ation. By exploiting the enzymatic properties of Cas12a, we have designed a plat-
form that improves on hydrogel programmability and versatility, as only the gRNA
molecule needs to be changed to allow hydrogel response to a user-defined DNA
sequence. The catalytic activity of Cas12a improves sensitivity compared with
DNA-responsive hydrogels requiring stochiometric amounts of DNA triggers for
material activation. Finally, we demonstrate various forms of output that expand
the capabilities of CRISPR-responsive materials and enhance existing biomaterial-
based approaches for tissue engineering, molecular diagnostics, and bioelectronic
interfaces with programmable readouts.
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3 | Engineering and evolving natural gene regulatory

networks

Since the field’s inception, synthetic biologists have sought to apply engineered tools to the
study of natural gene networks to answer questions in fundamental biology (7). The mechanisms
underlying the emergence and expansion of complex gene regulatory networks (GRNs) across the
kingdoms of life, and the relationship between genotype and phenotype, have been a major area
of research since the first models of transcriptional control were proposed by Jacob and Monod
(81, 82). The overwhelming majority of this work is based on the observation and comparison of
natural systems. Progress in phylogenomics has led to the establishment of powerful models for
the processes of gene duplication, transfer, and the emergence of new architectures and functions
(see BOX)(83–86). In parallel, there has been a longstanding application of directed evolution
to the study of evolutionary trajectories for proteins (16, 87), gene circuits (88), and whole
organisms (89, 90). However, experiments designed to explicitly validate proposed evolutionary
models of gene network evolution through real-time observation remain rare (91–93).

I argue that the most efficient way not only to understand, but also to generate complex behaviors
in living systems, is by making targeted alterations in natural regulatory networks (94). New tools
that enable in-context perturbations to gene regulation are an important addition to the synthetic
biology toolbox, as they facilitate the design of circuits regulating native genetic elements. In the
future, the applications of such systems could include engineering platforms for cell therapies, as
the desired cellular behaviors often involve a complete remodelling of the cellular phenotype (95),
including the activation of transcriptional programs that would be far too complex to recreate
artificially. Here we propose several approaches that could help build technologies for advanced
synthetic biology applications.
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Sources of genetic novelty in cellular populations.

• Duplication. The duplication of operators (96), regulators (97), structural genes
(92, 98), operons (99, 100), and even whole genomes (101) is a major source of
novel genetic material for genome expansion (102, 103)

• Functionalization. In the most general model, these duplication processes are
often followed by sub-functionalisation and/or neo-functionalization of the paralogs
(104). In a process termed ‘paralog interference’, the evolutionary trajectories
of the duplicate genes are proposed to impede on one-another due to extensive
overlaps in their bioactivity and interaction networks (105).

• Structural rearrangement. The recombination, inversion and translocation of
existing (duplicated) genes (106–108) generates structural variation.

• De novo emergence. The evolution of non-coding regions into functional genes is
possible, but is more common in eukaryotes than in prokaryotes due to differences
in the amount of non-coding DNA (109).

• Mobile genetic elements (e.g. transposable elements). Comparative ge-
nomics indicates roughly 10,000 transposable element-derived fragments are under
purifying selection in the human genome, accounting for 48% of the total sequence.
25% of characterised human promoters contain sequences from transposable ele-
ments (22, 110).

• Horizontal gene transfer. This is well documented for both genes and operators
(111, 112). In E. coli, 98% of metabolic phenotype specialisations can be accessed
via a single DNA transfer event (113).

3.1 A focus on mobile genetic elements

In order to study and forward-engineer complex natural GRNs, new tools are needed to re-
wire and evolve such systems in a way that scales to whole genomes rather than small, well-
defined sequences. If we look to nature, mobile genetic elements (MGEs) would appear to be
a good starting point. In particular, transposons are an ancient and diverse form of MGE
that have helped drive major evolutionary transitions (24), and have provided much of the
functional raw material for extant gene regulatory networks (22, 25). Indeed, the proliferation
of transposase genes across kingdoms has provided a rich source of DNA-binding and nuclease
domains (114, 115), while the transposons themselves can disperse novel or existing cis-regulatory
sequences throughout genomes to establish co-regulated groups of genes (23, 116). This has led
to extensive debate as to whether transposons are entirely parasitic (117, 118), or are in fact
more generally of adaptive benefit to their hosts as has been observed in some cases (119). To
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date however, there have been few systematic, forward-engineering studies on their potentiating
role in the evolution of complexity and adaptability in gene regulatory networks (120–122).

Since their discovery (123), several natural transposon families have been re-purposed as power-
ful molecular tools for both loss- and gain-of-function genetic screens (15). Typical experimental
pipelines couple genome-wide transposon insertion mutagenesis with next-generation sequencing
to measure differential fitness in pooled populations. As examples, these screens have quan-
tified gene essentiality across genomes and environments (124), and have helped to elucidate
mechanisms of antimicrobial resistance (125, 126) and the genetic determinants of cancer (127).
However, the majority of these studies use simple transposon constructs (128, 129) that fail to
either capture gene-gene interactions through multiplexed insertion, or investigate the effects of
dynamic gene-network re-wiring. Furthermore, the lack of an option for precise genomic targeting
makes them inefficient as tools for genome editing and gene delivery.

3.2 CRISPR-associated transposon systems

The persistent and rapid growth of public genome sequence databases has given researchers the
unprecedented ability to explore the diversity of MGE-encoded functionality, and understand
their evolution. This is a particularly rich area for exploration, as the constant arms race between
these genetic ’parasites’ and their hosts fuels evolutionary innovation that can be harnessed by
engineers (130). As a particularly pertinent example, Clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated (Cas) enzymes have been identified and
characterized in a range of bacterial species (131). The resultant Cas nuclease toolbox has been
harnessed for use in genome engineering (132, 133), transcriptional recording (134), diagnostics
(13), and smart materials (9). Interestingly, these systems are in fact directly descended from
the appropriation of mobile genetic element systems by their microbial hosts (25).

The value of these tools for synthetic biologists lies in their inherent programmability: a simple
change in the sequence of a guide RNA is sufficient to modify the target of a Cas nuclease, or
their catalytically inactive variants (e.g. dCas9). These Cas derivatives can then act as plat-
forms for the targeting of genetic regulators to user-defined loci, thereby modulating endogenous
gene expression (14). Transcriptional repression using dCas proteins (CRISPRi) is relatively
species-agnostic, and is commonly used in bacteria (135) and eukaryotes (136). Conversely, tran-
scriptional activators (CRISPRa) have been engineered in eukaryotes through the fusion of dCas
targeting domains to well-established activation domains (137). Programmable CRISPRa tools
have found numerous applications in eukaryotic hosts, yet analogous approaches have proved
more challenging to interface with endogenous transcriptional machineries in bacteria (138).
Moreover, even the most recent bacterial CRISPRa technologies are still limited to enterobac-
teria (139). This represents a bottleneck in the engineering of naturally isolated bacteria with
poorly understood gene regulation mechanisms, and in which the manipulation of endogenous
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genes can facilitate the study of original biological features (140).

More recent exploration of this evolutionary linkage between CRISPR systems and mobile ge-
netic elements has yielded novel RNA-guided nucleases (26, 27), and led to the discovery of
CRISPR-associated transposons (CASTs) (29, 31, 141). We envision the development of Cas-
guided transposons as a potential solution to the long-standing issue of a generalizable gene
activation platform in bacteria (29, 30). By adapting this approach it may be possible to re-
model native promoters of bacterial genes in situ by insertion of engineered DNA sequences
(142). Such sequences could harbor features designed to control gene expression like binding
sites for sequence-targeted RNA polymerases (143), thus providing new genetic actuation han-
dles in genetically intractable hosts. In this section, I present preliminary results demonstrating
the use of CRISPR-guided transposon systems (specifically shCAST – a CAST from Scytonema
hofmanni) for the targeted regulation of synthetic and endogenous genetic systems and discuss
potential future applications in the creation of reconfigurable genetic circuits.

3.2.1 Targeted transcriptional control with shCAST

While existing CRISPR-associated transposon (CAST) platforms present the exciting possibility
for generalized, in situ transcriptional regulation (29–31), this capability has yet to be experi-
mentally validated. As a proof-of concept demonstration, we implemented a simple workflow to
test the impact of the insertion of engineered CAST systems on downstream gene expression by
modifying the three-plasmid protocol described by Strecker et al. (Fig. 3.1A) (29). We reasoned
that the gRNA-defined insertion of a mini-Tn7-like transposon upstream of a fluorescent reporter
(gfp) would modulate gene expression in a manner dependent on synthetic transcription factor
and promoter sequences inserted into the transposon itself, and allow for simple plate-based read-
outs of transposition activity (Fig. 3.1B). Importantly, while the TypeV-K shCAST system offers
the benefit of unidirectional insertion when compared to Type I systems, the shCAST system
can mediate cointegrate formation due to the absence of an associated TnsA (Fig. 3.1C)(144).
This could have implications for the heterogeneity of the resulting target expression profile.

First, we focused on introducing constitutive "ON" regulation at the promoter-less target reporter
(Fig. 3.2A). We compared the baseline effect of upstream transposon insertion to that of a
transposon harboring a well-characterized, synthetic σ-70 promoter (pJ23119) embedded in the
right inverted terminal repeat (ITR) sequence (right end, RE)(Fig. 3.2B). Interestingly, we
observed a significant (∼9x) activation of gfp expression with just the unmodified transposon,
which increased slightly upon the incorporation of a promoter. To establish a likely maximum
threshold for gene activation, we encoded a full-length T7 RNA polymerase (T7 RNAP) gene
within the transposon itself to drive high levels of transcription from a well-define promoter
(145). In two different variants of this transposon (pT7_v1 and pT7_v2), we introduced the
same orthogonal promoter sequence at two distinct sites within the RE ITR. As expected, the
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Figure 3.1: An experimental workflow for CAST-controlled circuits. (A) The S. hofmanni CRISPR-
associated transposon (shCAST) system can be divided into sub-components across two plasmids to allow for
independent modification of each element. The helper plasmid encodes the transposase genes, and the Type V-K
CRISPR system consisting of cas12k and its associated gRNA. The donor plasmid harbors the mini-Tn7-like
transposon with a selectable marker. Finally, a target plasmid is used to measure insertions through changes in
the expression of a GFP reporter. (B) All three plasmids (pDonor, pHelper and pTarget) are co-transformed
into E. coli cells, with the ability to stably maintain the R6K origin of replication on pDonor due the presence
of a genomically integrated pir gene. After selecting for successful transformation (and in pir− strains, strictly
transposition as pDonor becomes a suicide vector), individual colonies are picked and reporter expression levels
measured using a plate reader. gfp, green fluorescent protein; PAM, protospacer adjacent motif; LE, left end; RE,
right end.
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Figure 3.2: Introducing constitutive reporter expression with CAST systems. (A) We inserted pro-
moters into the right end (RE) of the transposon, replacing sections of the wild-type sequence that had not been
annotated as long (terminal) repeats (29). For the delivery of the T7 RNAP, we also included a cassette designed
for low-level expression within the transposon (145). In this assay, successful transposition results in the insertion
of the promoter upstream of a promoter-less fluorescent reporter and the establishment of constitutive expression.
(B) Insertion of the unmodified transposon results in a significant 9-fold median increase in fluorescence com-
pared to a non-targeting gRNA. This increases to an 11-fold activation with the addition of a pJ23119 promoter.
Variants of a T7 RNAP-carrying transposon with two different T7 promoter insertions (pT7_v1 and pT7_v2)
resulted in the heterogeneous activation of the target. In this assay, a pir+ strain was used, so there is no explicit
selection for successful transposition. gfp, green fluorescent protein; PAM, protospacer adjacent motif; LE, left
end; RE, right end; nt, non-targeting gRNA; target, targeting gRNA.

T7 RNAP did drive the maximum observed levels of gene activation, but with a significant
level of heterogeneity: only one of the two promoter variants appeared functional (pT7_v2),
and the spread amongst individual colonies was much higher than the previous two systems.
This heterogeneity resulted in an overall lower median activation (∼3x), and is likely caused by a
combination of the significant increase in size of the transposon (the T7 RNAP expression cassette
is ∼4 kb) and the poorly-characterized impact of changes to the RE sequence on transposition
efficiency.

Given the significant level of background activation observed from the ‘wild-type’ shCAST trans-
poson, we anticipated that the introduction of externally inducible systems would be hampered
by high levels of baseline expression in the "OFF" state. Indeed, an initial attempt to deliver an
arabinose-regulated pBAD cassette within the transposon failed to introduce useful, titratable
control over downstream gfp expression (Fig. 3.3). Importantly, in this example the promoter
was contained within the transposon proper rather than implanted within the end sequence,
demonstrating the potential pitfalls of controlling target expression across a ∼200 bp section of
poorly characterized DNA sequence.

To address this challenge, we reasoned that active repression within the RE ITR itself would
serve to dampen the baseline activation and then provide a mechanism to titrate activation after
insertion (Fig. 3.4). We inserted two variants of the ATc-inducible pTet promoter (BBa_R0040
and PLtetO-1(146)) into the RE ITR sequence between the annotated long and short repeat
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Figure 3.3: Unmodifed RE sequences do not support inducible expression. (A) We modified the
transposon donor to encode an araC -pBAD promoter cassette oriented outwards from the interior, across the
right end. Targeting the transposon upstream of a promoter-less reporter should introduce arabinose-inducible
expression. (B) An unmodified version of the transposon shows significant baseline levels of gene activation, in
agreement with Fig. 3.2. The increase in fluorescence upon the introduction of 0.2% arabinose is likely due to
the increase in carbon source availability. The addition of the pBAD promoter resulted in a decrease in reporter
expression, and this lower signal did not increase significantly upon induction with arabinose. In this assay, a
pir+ strain was used, so there is no explicit selection for successful transposition. gfp, green fluorescent protein;
PAM, protospacer adjacent motif; LE, left end; RE, right end; nt, non-targeting gRNA; target, targeting gRNA;
ara, arabinose.
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Figure 3.4: Repressor binding sites in the RE enable inducible target control. (A) We incorporated
two tetR regulated promoter variants, and their cognate repressor, into the transposon end and its interior,
respectively. (B) The repressor binding sites reduced the background levels of reporter activation in the absence
of the inducer ATc. Across the two promoter variants, pTet BBa_R0040 (54 bp) and PLtetO-1 (74 bp), the
background was reduced to the same level as the non-targeting gRNA. Addition of the inducer, ATc (100 ng/mL),
resulted in ∼2.6 or ∼4.4-fold median reporter activation. In this assay, a pir+ strain was used, so there is no
explicit selection for successful transposition. gfp, green fluorescent protein; PAM, protospacer adjacent motif;
LE, left end; RE, right end; nt, non-targeting gRNA; target, targeting gRNA; ATc, anhydrotetracycline.

sections (29), and then assayed the impact of ATc induction on reporter expression after trans-
position (Fig. 3.4A). To supply the TetR repressor protein, we also included the tetR gene on the
transposon under the control of the constitutive promoter pN25. Importantly, the presence of the
tetO repressor binding site appeared to suppress the level of baseline activation in the absence
of ATc, while the addition of ATc then alleviated this activity and lead to ∼2.5-4.5-fold median
reporter activation depending on the pTet variant used (Fig. 3.4B). The apparent requirement
for operator integration into the ITR itself could impose a size restriction on the promoter that
can be used - pTet, PLtetO-1, pT7 and pJ23119 are all <75 bp in length, which is comparable
to the longest continuous gap between annotated repeats in the RE (57 bp). Significantly larger
promoters could disrupt transposition entirely.

Building on this model for active repression in the transposon end, we sought to increase the
complexity of the signal integration occurring upstream of the reporter while maintaining a
minimal promoter length. We modified the construct in Fig. 3.4, replacing the pTet promoter
variants with a pT7-tetO promoter (Fig. 3.5A). This provides two layers of possible regulation:
the ATc-mediated de-repression of the tetO element, and inducible control over the expression
of the T7 RNAP itself. To achieve this, we performed this experiment in the BL21(DE3) strain,
which harbors a LacI regulated T7 RNAP gene. Importantly however, this strain is pir−, so
unlike the experiments described in Fig. 3.2-3.4, the R6K replication origin of the pDonor plas-
mid is unsupported. Hence, following transformation of the pDonor, only cells with a successful
transposition event will grow under kanamycin selection. This is in contrast to previous experi-
ments in which transposition is not explicitly selected for, and therefore we expect to see 100%
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of the transformed BL21(DE3) colonies showing reporter responsiveness. Indeed, all three of the
colonies assayed showed high levels of reporter induction upon the addition of both IPTG and
ATc (Fig. 3.5B), with titration curves showing the anticipated AND-like logic behaviour (Fig.
3.5C). The discrepancy between the fold-changes of the individual transformants in Fig. 3.5B
warranted further investigation, and diagnostic PCR reactions confirmed the presence of two
distinct types of transposition product: simple integrations (colonies 1 and 3), and a cointegrate
(colony 2, Fig. 3.5D). This highlights an important consideration for synthetic circuit design
using CAST systems: heterogeneity in the transposition process can lead to heterogeneity in the
circuit response.

As a final proof-of-concept demonstration for the use of CAST systems in synthetic circuit
design, we investigated their capacity to support the in situ generation of circuit diversity and
memory in an analogous menchanism to recombinase-based logic circuits (147, 148). We focused
on mimicking the behaviour of natural composite transposons (149), designing a test system
in which the transposase can select from two possible transposon options defined by identical,
layered LE ITR sequences (Fig. 3.6A). In this system, transposition of the longer sequence (Tn-1)
delivers a promoter-less gfp reporter downstream of the target, while transposition of the shorter
sequence (Tn-2) delivers just the kanamycin selection cassette. Given the inverse relationship
between cargo size and transposition efficiency, we expect a priori that the smaller section will
be preferentially mobilized. Importantly, we used a pir− strain and blue-white screening to
stringently select for colonies derived from successful transposition events.

To measure reporter insertion (and by proxy the transposition of Tn-1), we designed two gR-
NAs targeting the endogenous lacZ gene. Insertion of the gfp ORF downstream of the lac pro-
moter should therefore create a reporter system responsive to IPTG-mediated LacI de-repression.
Across both target sequences, we observed a bifurcation in the fold-activation of GFP expres-
sion upon IPTG induction: the majority of colonies did not respond to IPTG, whereas a small
sub-population showed an equivalent level of activation to a control transposon that lacked the
internal LE2 sequence (Fig. 3.6B). Across both target sequences, the non-responsive colonies
corresponded to those with low absolute GFP levels, indicating that there was indeed a prefer-
ence for the smaller Tn-2 and that the insertion of a reporter gene could be used to quantify the
activity of an endogenous promoter (Fig. 3.6C).

3.2.2 Reconfigurable gene circuits based on CAST systems

With the proof-of-concept experiments described here, we have shown that engineered CAST
systems can be used to activate target genes and detect the activities of endogenous promoters.
We have also demonstrated a repression-based strategy to introduce inducible control over the
downstream reporter, highlighting the significant impact that the ITR sequences can have on the
bioactivity of the transposon and suggesting a blueprint for future engineering of these sequences.
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Figure 3.5: Signal integration at a dual-input promoter inserted with a CAST system. (A) In a similar
approach to Fig. 3.4, we introduced a hybrid pT7-tetO promoter into the RE of the transposon, alongside the
cognate repressor tetR carried in the transposon interior. By performing this experiment in a BL21(DE3) strain
background, the T7 RNAP could be controlled via IPTG-induction. (B) Endpoint fluorescence measurements
show a high fold-change increase in GFP levels upon the addition of both inducers (ATc, 250 ng/mL, IPTG,
400µM), with some heterogeneity across replicates. (C) The independent titration of both the inducers shows a
characteristic AND-like logic behaviour. (D) Diagnostic PCR reactions for the three replicates shown in (B) (in
corresponding order) indicate that the significantly lower reporter induction levels could be associated with the
cointegration event. In this assay, a pir− strain was used, which explicitly selects for successful transposition.
gfp, green fluorescent protein; PAM, protospacer adjacent motif; LE, left end; RE, right end; nt, non-targeting
gRNA; target, targeting gRNA; ATc, anhydrotetracycline; IPTG, Isopropyl-β-D-1-thiogalactopyranoside
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Figure 3.6: Composite transposons introduced a pre-defined degree of heterogeneity in circuit
response. (A) Introducing two identical LE sections in sequence along with a single distal RE sequence creates
two possible transposition donors: Tn-1 (outer LE1), and Tn-2 (inner LE2). To distinguish the outer from the
inner product, we incorporated a promoter-less fluorescent reporter immediately downstream of LE1 but upstream
of LE2. Finally, we used two separate lacZ)-targeting gRNAs to insert the composite transposon products into
the endogenous lac operon, downstream of the IPTG-inducible promoter. (B) With a control donor transposon
that lacks LE2, all of the insertion products show an ∼2-fold increase in GFP expression upon the addition of
IPTG. In contrast, when two transposon donors are possible and one lacks the gfp reporter gene, there is a
bifurcation in the response to IPTG. The overall fold change in signal for the responders decreases for the target
site further from the lac promoter. (C) The proportion of replicates that show a ∼1-fold change in fluorescence
upon IPTG addition also have low absolute fluorescence levels across both conditions. In contrast, a smaller
sub-population show an IPTG-dependent increase in fluorescence indicating the presence of the Tn-2 product and
its GFP cargo. This suggests that the longer Tn-1 donor is disfavoured, likely due to its larger size. In this assay,
a pir− strain was used, which explicitly selects for successful transposition. gfp, green fluorescent protein; PAM,
protospacer adjacent motif; LE, left end; RE, right end; nt, non-targeting gRNA; target, targeting gRNA; IPTG,
Isopropyl-β-D-1-thiogalactopyranoside.
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Finally, we have implemented a composite transposon design that can be used to generate defined
heterogeneity in a cell population akin to recombinase based memory circuits. In the future, this
type of transposase-mediated structural diversification could be used to implement logic circuits,
or enable lineage tracking given a sufficient number of changeable bits.

Moving forward, these CAST systems could be incorporated into reconfigurable synthetic gene
circuits, in which the transposition events (reversibly) alter the underlying network structure
based on inducible gRNA expression, and hence the overall behaviour of the system (150). To
achieve this, steps must be taken to reduce the heterogeneity in the transposition process across a
population. This could include maximising transposition efficiency by modifying ITR sequences,
cargo size, gRNA sequence, and subcomponent stoichiometry (31). To this end, an engineered
solution to the problem of cointegrate formation in Type V-K systems (Fig. 3.5) has recently
been developed that uses a nicking endonuclease to replace the absent TnsA functionality (144).
Ultimately, defined design rules for the incorporation of ORFs and promoters in the transposon
will need to be established, particularly in the case where promoters must be embedded in the
ITR sequences themselves.
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3.3 Engineering autonomous transposons for directed
genome evolution

For very complex systems, our ability to design optimal solutions from sequence alone can be
a major challenge, primarily because of the size of the design space to be explored (151, 152).
Directed evolution can be used to optimize and re-purpose existing tools or strains towards
specific tasks without the need for a prior understanding of the underlying sequence-function
relationships. Generally, this approach uses iterative rounds of diversification and selection to
explore the sequence-activity landscapes of single molecules or circuits (16). This idea was
explored early on using targeted mutagenesis experiments in small directional synthetic gene
networks to generate pre-defined logic behaviors (153). Directed evolution is now regularly
used to expand the repertoire of canonical synthetic biology tools (154–156), for example by
creating transcription factors with new target sites or responding to synthetic molecules (157)
(Fig. 3.7A). However, sequential rounds of in vitro mutagenesis and in vivo selection are not
suitable for the untargeted evolution of large-scale, highly connected networks, as they require a
detailed knowledge of critical actuation points within the circuit.

To improve the throughput and biological relevance of these approaches, recent efforts have fo-
cused on in vivo continuous directed evolution (158), in which synthetic circuits couple a complex
biological property such as protein solubility to a fitness-conferring gene (159). Continuous, in
vivo evolution could be a powerful approach to re-wire and optimize endogenous gene networks,
for reasons deeply rooted in evolutionary theory: highly connected networks with redundant or
promiscuous connectivity (e.g. many overlapping transcription factor-promoter interactions) are
very robust to evolutionary change, meaning that seemingly important network alterations often
have a minor impact of the phenotype (94). While this may, at first sight, seem to work against
the emergence of new functionalities, robustness actually enables the accumulation of no-cost
genotype changes that could eventually generate entirely new phenotypes (160, 161). However,
considering the size of the evolutionary landscape of even a small gene network, enabling tech-
nologies are needed to explore the vast sequence space on practical timescales. Rather than
focusing on fine-grained nucleotide-level diversification, we can look to natural systems to iden-
tify coarse-grained, structural changes that drive genome-scale network evolution (Fig. 3.7B).
In this section, I present the design and implementation of a transposon-mediated in vivo mu-
tagenesis platform to complement the growing number of directed genome evolution platforms
(162)∗.

∗The manuscript associated with this work is still in preparation, and the data presented here
and their interpretation are accurate at the time of writing. However, they may be subject to
change pending more detailed analysis. Supplementary data will be included in the final paper
but are as yet unprepared.
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Figure 3.7: Directed evolution enables the non-rational generation of new behaviours, but few
approaches incorporate genome-wide structural changes. (A) A typical directed evolution cycle will focus
on generating nucleotide-level diversity for a defined module of interest (e.g. a protein or RNA). This can be done
in vitro or in vivo. An appropriate selection or screening criteria must be carefully designed to identify variants
with a desired property but not ‘cheaters’. Following phenotyping, the proportion of the population exceeding
some selection criteria can be carried forward for a next cycle of diversification and enrichment. Alternatively,
structure-function models can be used to design or identify candidates for further iterations. (B) Nucleotide-level
mutation does not scale well for genome-wide diversification. However, in microbes, transposons or insertion
sequences can mediate adaptive responses and drive population-level diversity by moving within genomes. This
can be initiated by defined external stimuli, and can lead to changes in the structure and connectivity of gene
regulatory networks.
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3.3.1 An engineered platform for directed genome evolution

Designing well-defined platforms to study and recreate complex natural systems in the laboratory
is a major area of focus for synthetic biology (6), beginning with early efforts to study gene
expression noise (163, 164). As a field, it has already begun to provide tools to introduce
structural (165) or network connectivity (94) changes using pre-defined, functional components.
Harnessing these coarse-grained perturbations for laboratory evolution could accelerate strain
engineering through network re-wiring (166), and build rich data for network-level models of
cell phenotypes (152). In turn, this would provide a platform to study the impact of analogous
processes in the evolution of natural systems.

Despite their established role in microbial genome dynamics and evolution (119), there have
been few systematic, forward-engineering studies into the role of transposons in the adaptability
and evolution of complexity in gene regulatory networks (120–122). Current continuous directed
evolution technologies are primarily focused on accelerating nucleotide-level diversification on
orthogonal plasmids or defined genetic loci (158). By contrast, we lack inducible control over
larger structural changes in laboratory evolution experiments, severely limiting our understanding
of these evolutionary processes. Many of the larger-scale processes generating genome-wide
structural heterogeneity in cells – for example duplication, translocation, or recombination of
DNA segments (108) – promise to accelerate fitness landscape exploration through mechanisms
distinct from nucleotide mutagenesis (162). Currently, these approaches are limited by our ability
to track the underlying changes across a genome and their reliance on artificially introduced
recombination sites. While transposon-based tools have been developed for high-throughput
loss- and gain-of-function genetic screens (e.g. transposon insertion sequencing, Tn-seq)(15),
these pipelines employ a single, static round of mutagenesis and have not been optimized for
continuous evolution. These tools are used to quantify gene essentiality across genomes and
environments (124) or specific phenotypes of interest (125, 167), but cannot reveal evolutionary
dynamics between host and parasite(117, 118).

To this end, we set out to develop an engineered, self-propagating transposon platform to study
the role of MGEs in the evolution of complex natural gene regulatory networks, and to harness
their capacity to accelerate genome diversification through continuous, genome-wide mutagenesis
in vivo. Existing transposon tools for genetic screens have been developed on an ad-hoc basis,
and lack the ability to continuously re-wire endogenous networks to probe their evolvability.
Building on the hyperactive mariner transposase derivative Himar1C9 from the horn fly Haema-
tobia irritans (168), we adopt a synthetic biology framework to transposon platform design that
focuses on three areas: (i) establishing a systematized, modular assembly workflow to deliver
functionalized transposon variants for gene-network re-wiring (169, 170), (ii) comparing the im-
pact of engineered transposon variants on host phenotypes in parallel evolving populations, and
(iii) using unique transposon barcodes to track individual lineages within host populations via
longitudinal next-generation sequencing (NGS) readouts (171).
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We demonstrate that this autonomous transposon platform can re-capitulate natural examples
of insertion-mediated host adaptation to both nutrients and antibiotics. We then compare the
impacts of transposon functionalization on the evolution of E. coli populations towards diverse
carbon source utilization. Finally, as a proof-of-concept experiment with more complex, dynamic
environments, we compare parallel evolutions across alternating carbon sources and investigate
the impact of contingency on host adaptation. Moving forward, we anticipate this directed
genome evolution platform playing a central role in longer-term evolution experiments, focusing
on the dynamics of host-parasite interactions and in particular how this depends on contingency
(172) and environmental complexity (e.g. temporal structure) (173–175).

3.3.2 Results

Construction and characterization

Our platform for continuous, transposon-mediated genome evolution can be broken down into
three core functionalities: a titratable mechanism for transposase expression (in cis or in trans)
(Fig. 3.8Ai), a DNA assembly strategy to functionalize transposons with natural and synthetic
cargos (e.g. reporters, promoters and/or transcription factors) and thereby enable network re-
wiring (Fig. 3.8Aii) (94), and a high-resolution, genome-wide readout of insertion location based
on next-generation sequencing (Fig. 3.8Aiii). To build this self-propagating transposon mutage-
nesis platform, we started from the well-established mariner transposon himar1C9. This trans-
poson - derived from the horn fly Haematobia irritans - has been optimized for high insertion
frequencies and is orthogonal to natural microbial mobile genetic elements (168). Furthermore,
it yields a random distribution of insertions specifically at TA sites throughout the genome, and
is compatible with a range of next-generation sequencing pipelines for insertion localization (15).
To enable autonomous self-propagation of the transposon within the genome, we explored two
strategies for the expression of the transposase: the first resembles a natural transposon, with the
transposases acting in cis from within the region flanked by the inverted repeat (IR) sequences
(see publication, in prep.). The second uses a medium copy helper plasmid (pHelper) to provide
transposase acting in trans (Fig. 3.8Ai). In this work, we primarily focus on the plasmid-based
transposase expression strategy, as it supports the rapid prototyping of transposon variants in a
single common pHelper strain and their sequential introduction into a single genome (Fig. 3.8B).

To enable the external titration of transposase expression, we compared two pHelper designs:
an arabinose-inducible araC-pBAD expression vector (177), and an ATc-inducible tetR-pTet ex-
pression vector. First, we compared the number of colonies formed following transformation of
a pir− pHelper strain with two transposon donor variants, representing a simple proxy for the
frequency of initial transposition from the non-replicating donor plasmid (Fig. 3.8C). Active re-
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Figure 3.8: An engineered platform for continuous transposon-mediated mutagenesis and gene
regulatory network re-wiring. (A) Our approach to directed genome evolution can be broken down into three
core elements: (i) a mechanism to supply titratable levels of transposase in cells either from within the transposon
(in cis) or from an independent pHelper plasmid (in trans); (ii) a DNA assembly platform to functionalize and
barcode transposon variants, allowing in situ network re-wiring and external tracking, respectively; and (iii) a
parallelized approach to evolution focusing on comparing replicate linages across different transposon variants
and environmental conditions, with a modified Tn-Seq pipeline for genome-wide insertion site identification. (B)
Transposase expression in trans enables the sequential transformation and insertion of transposons functionalized
with orthogonal fluorescent reporter cassettes into the genome of E. coli MDS42 cells, as determined by flow
cytometry (FITC, 488nm; mCherry, 561nm). (C) A comparison of two strategies to titrate transposase expression
levels from the pHelper plasmid using either pBAD or pTet. We used relative CFU counts on selective plates as
a proxy for insertion frequencies following transformation of chemically competent MDS42-pHelper cells with the
transposon donor suicide vector (3x109 plasmid molecules, R6K origin of replication). The inducers (arabinose
or ATc) were added after the heat shock, during the rescue in SOC/SOB (1 hr, 37°C). (D) The introduction
of transposase and transposon elements into MDS42 cells lacking endogenous MGEs increases the rate of in
vivo mutagenesis. As a proxy, we measured the proportion of replicate, bottlenecked cultures that develop
resistance to the antibiotic D-cycloserine (20uM) via the spontaneous inactivation of the cycA gene (e.g. through
transposon insertion) (120, 121, 176). Endpoint ODs (40 hrs, 37°C) were measured for n=24 colonies from
duplicate transformations, n=24 colonies for the parental MDS42-pHelper strain, and n=48 for ‘wild-type’ MDS42.
Tn, mariner transposon (kanR); Tn[GFP], mariner transposon harboring a green fluorescent protein gene; Tnpase,
himar1c9 transposase; ATc, anhydrotetracycline; ara, arabinose; Tn-Seq, transposon insertion sequencing.
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pression of the pBAD promoter in the presence of glucose resulted in a relatively low background
insertion frequency. Conversely, while the pTet helper resulted in a higher absolute number of
insertion mutants, the off state also retained a relatively high level of activity. A similar pat-
tern was observed in an established method for comparing in vivo mutation rates: resistance to
the antibiotic D-cycloserine (D-cyc) occurs following inactivation of the cycA gene (176, 178).
By measuring the relative frequency of the emergence of spontaneous D-cyc resistance (D-cycR)
mutants in a non-selected population, a composite metric for the various sources of genomic
mutation rates can be derived that includes MGE-mediated gene disruptions (121). Again, we
found that the pBAD system offered tighter control over the genomic mutation rate while the
pTet system offered a higher maximum and an intermediate uninduced state (see publication,
in prep.). Furthermore, we demonstrated similar results in a simplified, plate-format version of
this assay based on the proportion of growth-positive wells inoculated with a severely bottle-
necked population of cells (Fig. 3.8D). By reducing the need for plating and colony counting,
this approach would be compatible with higher-throughput, liquid-handling based pipelines for
benchmarking transposon variants (17, 19). While the pBAD-regulated transposase expression
platform offers tighter control, our need for an inducer that was orthogonal to the nutrient con-
tent of any future growth conditions meant that we employed the tetR-pTet pHelper expression
vector in subsequent experiments.

Benchmarking using a known transposon-mediated adaptation

MGEs can play an important role as genetic switches, remodeling the host genome in response
to changes in environment in ways that can sometimes be adaptive for the host. One well-
documented example of this is the activation of the bgl operon to facilitate growth on the glyco-
side arbutin (Fig. 3.9A): frequent insertion of IS1 or IS5 into the operator of the regulatory gene
bglG disrupts a H-NS repressor binding site, leading to an increase in bglG expression and the
upregulation of the structural genes bglF, bglB and bglH (179, 180). Guided by previous work
developing this phenomenon into an assay for MGE activity (121), we began by benchmarking
the continuous himar1C9 mutagenesis platform in this context. First, we modified this protocol
by switching from solid to liquid media, using longitudinal OD measurements rather than CFU
counts (Fig. 3.9C). This enabled a dramatic increase in throughput: we compared 48 repli-
cates across four strains (MDS42, MDS42 pHelper, MDS42::Tn pHelper, and MDS42::Tn-pOUT
pHelper) and two inducer conditions (no ATc, or 50ng/ml ATc) for a total of 576 parallel evolving
populations (Fig. 3.9B).

These populations were passaged in 96-well plate format through minimal media with an in-
creasing ratio of arbutin to glucose as a carbon source. High-OD endpoint phenotypes (11/48
replicates) were only observed in the Tn-pOUT strain exposed to the ATc inducer (Fig. 3.9B-D).

35



Figure 3.9: Validating transposon-dependent gene activation with a model, cryptic metabolic
operon. (A) The adaptation of wild E. coli isolates to growth on the carbon source arbutin involves the
disruption of an H-NS repressor binding site upstream of the positive regulator bglG by IS1 or IS5, and the
subsequent activation of the structural genes bglF/B/H (121, 179). We introduced two transposon variants, Tn
and Tn-pOUT (pJ23104), into MDS42-pHelper cells and cultured 576 parallel populations derived from unique,
single-colony founders. (B) Endpoint OD600 measurements (48 hrs, 1.0g/L arbutin) for n=48 replicates per
condition. Data in the grey box are cultures that were supplemented with ATc (50ng/mL) until the final passage.
(C) Min-max normalized ODmeasurements for n=48 replicates in a single condition (Tn-pOUT + ATc throughout,
Fig. 3.9B green dots) showing the emergence of high-growth variants in 100% MT-arbutin media (1.0g/L). (D)
Growth curves for two conditions (Tn-pOUT and Tnpase only, both with ATc) in MT-arbutin media (1.0g/L),
inoculated from the 24 hr timepoint in 95% MT-arbutin media from Fig. 3.9C. High-growth replicates are
colored. (E) Fold-enrichment values for peaks identified using MACS3, based on aligned Tn-Seq reads from the
start-point (TB, left) and endpoint (MT-arbutin, right) cultures for a single founder colony (P28C01). The initial
insertion (yidJ) is the dominant peak before selection, and is retained alongside new high-intensity peaks post-
selection including bglG. (F) Differentially-enriched insertion loci (labelled points) across n=11 paired lineages
identified using Bio-Tradis (181). (G) All (11/11) of these replicates exhibited a sharp insertion peak at a TA
site upstream of bglF (two representative traces shown). (H) Longitudinal sequencing enables the genome-wide
tracking of transposon movement from their initial insertion location to their convergence on the bgl operon,
including intermediate insertions (purple).
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Based on this evidence for a transposon variant-specific phenotype, we modified an established
Tn-Seq pipeline to compare the initial and endpoint insertion locations across all eleven replicates
(Fig. 3.9E). As expected, for the pre-selection populations each of the 11 replicates was identified
with a unique, highly enriched ‘founder’ insertion (except in one case, where the reads from the
initial insertion aligned to a set of ribosome genes with high sequence similarity) (Fig. 3.9C).
In every corresponding endpoint population that evolved a high-growth phenotype on arbutin, a
second highly enriched peak was identified in the terminator region downstream of bglG and up-
stream of bglF (Fig. 3.9F). Furthermore, we consistently observed the preservation of the donor
site during transposon movement, in keeping with other reports on transposon remobilization
(31, 182): this is evident from the retention of the signature ‘founder’ insertion in the endpoint
samples.

By comparing parallel replicates that represent distinct founder insertions, these results sug-
gest that evolution with an autonomous Tn-pOUT reproducibly achieves an equivalent growth
outcome to observations of natural IS1/IS5 insertions, but via a slightly distinct mechanism:
the direct upregulation of bglF/B/H expression rather than disruption of H-NS mediated bglG
repression (Fig. 3.9G) (179, 180). Interestingly, in some of the 11 replicate populations, we
detected additional highly enriched peaks that we hypothesize represent intermediate insertion
events preceding the high fitness insertion at bglF (Fig. 3.9F,H). Through genetic linkage, these
intermediate insertions would be carried to fixation in the population. Taken together, our re-
sults confirm the capacity of our engineered, autonomous transposon system to replicate natural
adaptive processes and highlight the important influence that specific functional differences (i.e.
the presence of an outward-facing promoter) can have on the overall contribution of MGEs to
the evolvability of their host populations.

Screening for transposon-dependent phenotypes

To test the power of our engineered, autonomous transposon system to identify insertion-dependent
phenotypes, we designed a rapid screen of 31 carbon sources in a standard Biolog EcoPlate assay
(183): after transforming the pHelper MDS42 strain with two transposon variants, we picked
three founder colonies for each and included three control colonies from the parental strain.
After several passages through fresh plates, we identified three carbon sources in which the
transposon-harboring strain appeared to exhibit a partial or complete growth advantage: L-
serine, glycyl-L-glutamic acid, and b-methyl-D-glucoside (Fig. 3.10A). Both glycyl-L-glutamic
acid (184) and β-methyl-D-glucoside (185, 186) have previously been described as examples of
growth conditions that differentiate laboratory strains of E. coli and environmental strains. The
isolate capable of L-serine utilization showed a high overall tolerance compared to MD42 and
MG1655, a phenotype that remained stable in the absence of antibiotic selection for the trans-
poson (Fig. 3.10B). In the presence of glucose as an alternative carbon source, we observed
detectable growth in up to 100 g/L of L-serine (Fig. 3.10C-D).
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To verify how reproducibly this strain evolved and to identify the underlying genetic changes,
we augmented the initial screen with a second experiment comparing 16 unique founder colonies
for each of the same three strains across three passages in 12 g/L-serine in the presence of
ATc. We observed growth in 14/16 colonies when the transposon was functionalized with a
constitutive promoter, but no growth in cultures with either an unfunctionalized promotor or
no transposon (Fig. 3.10E). Comparison of Tn-seq data for four of the 16 colonies before and
after selection identified a reproducible insertion upstream of the sdaA gene (Fig. 3.10F-G),
which encodes the 4Fe-4S enzyme L-serine deaminase I and catalyses the conversion of L-serine
to pyruvate and ammonium (187). In E. coli, sdaA is typically regulated by a σ32 promoter
as part of the heat shock response, and its activity is strongly dependent on the oxidative state
of the iron-sulfur complex - oxidative inactivation occurs in aerobic conditions (188). The low
enzyme activity observed in cell extracts under aerobic conditions might therefore explain the
strong selection for transposon-mediated gene activation, and a re-wiring from the natural σ32-
mediated expression to the synthetic, constitutive σ70 promoter harbored on the transposon.
This experiment highlights the rapid and stable generation of useful mutant phenotypes that
can be achieved with this platform (Fig. 3.10A), and the ease with which the transposons can
be tracked to identify the underlying genotypes (Fig. 3.10G).

A modular assembly pipeline facilitates rapid prototyping and bar-

code tracking

The results presented in this work so far, as well as those from diverse insertion mutagenesis
screens (15), demonstrate that the functionalization of the transposon and the design of the
donor plasmid can impact the outcomes of a given screen. Modular, combinatorial assembly
pipelines facilitate the rapid prototyping of genetic constructs from lists of defined parts, and
allow for pooled screens (169, 170). We modified an existing Golden Gate assembly platform
for transposon mutagenesis constructs (‘Magic Pools’) to allow for the incorporation of libraries
of outward-facing promoters and additional genetic cargos (Fig. 3.11A). Importantly, this plat-
form centers on the introduction of barcodes into individual transposons such that their unique
molecular identity can be cross-referenced with their genomic location via random barcode Tn-Seq
(RB-Tn-Seq) (Fig. 3.11, inset) (171). While this is typically implemented to allow for standard-
ized Bar-Seq workflows when comparing insertion mutant libraries across several conditions, in
the context of our autonomous mutagenesis platform it performs a distinct function – allowing
for the longitudinal tracking of barcoded transposons as they propagate through genomes via
computational demultiplexing.
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Figure 3.10: Screening for transposon-dependent carbon source utilization phenotypes. (A) For
a preliminary screen of 31 carbon sources (Biolog Ecoplate format), we used triplicate founder colonies for two
transposon variants (Tn, Tn-pOUT with pJ23104) and the MDS42-pHelper parental strain as a control. The
heatmap shows the maximum OD across the three replicates for each condition. We identified three distinct
groups: no growth (18), universal growth (10), and transposon-dependent growth (3). (B) L-serine utilization
was observed in 1/3 of the Tn-pOUT replicates (EVOL-1). Further comparison of this isolate to MG1655 and
MDS42 demonstrated its high tolerance to L-serine levels, both with (upper) and without (lower) antibiotic
selection for the transposon and transposase. (C) Detectable growth at even higher concentrations of L-serine
(up to 100g/L) was observed in the presence of glucose (4.0g/L). (D) Growth rate estimates for EVOL-1 from
the data in (C) calculated using the curveball python package [73]. (E) A repeated screen focusing on L-serine
increased the number of unique founder replicates to 16. Reproducible evolution of L-serine tolerance was only
observed with the Tn-pOUT transposon (14/16 replicates). (F) With Tn-Seq data from 4 of these samples at
both the start- and endpoints, we identified three genes from a single region showing high differential enrichment:
pabB, yeaB and sdaA. (G) Both pabB and yeaB are upstream of sdaA (L-serine deaminase I), with genome-wide
maps showing convergence from distinct founder peaks and high-resolution maps showing convergent transposon
insertion in the promoter region (inset).
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Figure 3.11: (Previous page.) A modular assembly platform for transposon functionalization and
barcode-based lineage tracking. (A) A modified two-layer Golden Gate assembly pipeline focusing on mod-
ular plasmid assembly (BbsI) and promoter library insertion (BsmBI) within the transposon enables rapid proto-
typing and transposon barcoding. (B) Comparison of the evolutionary impacts of the two original transposons (Tn
and Tn-pOUT, n=24 per condition) with three second generation transposons based on RB-TnV2 with additional
outward promoters (RB-TnV2_pJEx, RB-TnV2_pLacO1/pL, n=9 per condition) across the three carbon sources
identified in Fig. 3A). Each cell represents a replicate culture, with each column derived from the same initial
founder colony and each row corresponding to a unique carbon source. Colored cells indicate growth (endpoint
OD600>0.2). Rows marked with a * indicate contamination from RB-TnV2_pJEx cultures as determined based
on the unique sequencing barcode of each founder. (C) OD600 measurements for each carbon source were used
to track the emergence of growth phenotypes in cultures with (top row) and without (bottom row) ATc and the
pOUT-specific inducers CV or IPTG. We included two controls: MDS42-pHelper expression the transposase only,
and the parental MDS42 strain (n=12 per condition). (D) Computational barcode demultiplexing from pooled
sequencing runs for each unique variant-environment combination enabled the re-construction of insertion mutant
lineages. For a single lineage, condition-specific insertion spectra evolve from the initial founder insertion(s).
(E) By comparing independent lineages for a single carbon source-inducer combination, convergent insertion loci
emerge (black arrows). (F). Differential enrichment of RB-Tn-Seq reads between paired start- and endpoint sam-
ples for independent lineages further confirms reproducible insertion sites. For MDS42 cells harboring transposons
with a pLacO1 promoter in bMDG + IPTG, the two common peaks in Fig. 3.11E correspond to frdD and yqfB
(likely activating bglA, inset). (G) For RB-TnV2_pLacO1/pL, growth phenotypes in bMDG emerge later for this
transposon variant in the absence of IPTG (Fig. 3.11C). Differential enrichment implicates a secondary insertion
in lacI in the absence of IPTG, likely rescuing the activation potential of the pLacO1 transposons (inset). RB,
random barcode; IR, inverted repeat; CV, crystal violet; IPTG, Isopropyl β-D-1-thiogalactopyranoside; bMDG,
β-methyl-D-glucoside;

To systematically investigate the impact of transposon functionalization on network re-wiring,
we evolved parallel replicates of five different transposon systems across three different carbon
sources, comparing the two original transposon variants (Tn, Tn-pOUT) used in this work with
three additional barcoded variants generated using the modular, combinatorial assembly pipeline
(RB-TnV2, RB-TnV2_pJEx, and RB-TnV2_placO1/pL) (Fig. 3.11A). Importantly, we studied
replicate populations initiated from a single-insert founder (n=24 or n=9). We also included
two controls; the transposase-expressing pHelper MDS42, and unmodified MDS42. Barcoded
transposon variants RB-TnV2_pJEx and RB-TnV2_placO1/pL are functionalized with inducible
promoters: pJEx is based on the Jungle Express platform and harbors the engineered crystal
violet-responsive repressor eliR (189), while placO1/pL is regulated by the endogenous LacI
protein and its substrate analogue IPTG (146). We sought to compare the impact of these
transposons on the adaptation of MDS42 populations to growth on the three carbon sources
identified in the initial screen (L-serine, glycyl-L-glutamic acid, and β-methyl-D-glucoside, Fig.
3.10A), focusing on any differences observed between the inducible promoters with and without
their respective ligands (Fig. 3.11B).

For each carbon source, we used longitudinal OD measurements across three passages to identify
the emergence of growth phenotypes (Fig 3.11C). To track the location of the transposons within
the genomes of the evolving cells, we performed RB-Tn-seq on pooled samples at three timepoints
across the experiment: LB (24h), M9 (24h), and at the end of the third passage on the selective
carbon source (48h). Importantly, the unique barcode defining each founder colony supports
both the computational demultiplexing of the underlying lineages of each pooled sample (Fig
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3.11D), and the identification of cross-contamination between wells (a common problem in long-
term plate-based assays) (Fig 3.11B) (17). For each unique combination of carbon source and
inducer(s) with n > 1 growth phenotypes, we compared demultiplexed, replicate lineages to
identify reproducible insertion sites associated with carbon source utilization (Fig. 3.11E). As
an example, in the case of the TnV2_placO1/pL transposon induced with IPTG, two conserved
insertions emerge: one in yqfB (adjacent to bglA), and one in frdD (Fig. 3.11F). The bglA gene
encodes 6-phospho-β-glucosidase A, the upregulation of which has previously been associated
with mutants able to utlize β-methyl-D-glucoside as a carbon source (185, 190). The potential
role of frdD in this phenotype is yet to be determined, but it appears to be specific to the
TnV2_placO1/pL lineage.

The OD traces for the IPTG- and IPTG+ replicates of the TnV2_placO1/pL evolution (Fig.
3.11C, third column) show a delayed but reproducible emergence of growth phenotype in the ab-
sence of IPTG. Given the requirement for the upregulation of bglA (Fig. 3.11F), we hypothesized
that transposon insertion into the endogenous lacI gene would relieve repression on the outward
facing placO1/pL promoter and establish quasi-constitutive gene activation at other insertion
sites. As evidence for this multi-site insertion mechanism, comparing the differential enrichment
of reads across the n=8 paired IPTG- and IPTG+ conditions identified a common, additional
lacI insertion in the IPTG- context (Fig 3.11G). The artificial regulatory interaction between
lacI and bglA introduced by the insertion of the placO1/pL promoter is therefore disrupted
through a secondary knock-out of lacI. This example highlights two important advantages of
our transposon-mediated evolution platform moving forwards: first, the possibility for multi-loci
mutagenesis enables the investigation of gene-gene interactions (191), and second, the ability
to incorporate endogenous regulatory sequences into the transposon establishes a mechanism to
create new network connectivities in situ (94).

3.3.3 Discussion

In this work, we develop an engineered, autonomous transposon platform for continuous genome-
wide mutagenesis and dynamic regulatory network re-wiring. To validate its generalizability and
robustness, we then use this platform to study the impacts of transposon functionalization on the
evolution of parallel E. coli populations towards diverse carbon source utilization and antibiotic
resistance phenotypes. Through the implementation of barcode-based tracking and longitudinal
next-generation sequencing, we are able to re-construct transposon lineages within the genomes of
pooled host cells and investigate the impact of environmental complexity and genetic contingency
on host-transposon interactions. Moving forwards, we envision this directed genome evolution
platform being used to discover and optimize strains for biopharmaceutical applications, and as
a well-defined testbed to study the role of MGEs in the emergence and re-wiring of complex
natural gene regulatory networks. Throughout, we have ensured the compatibility of the NGS
readout for this platform with current and future (near)-continuous, automated culture systems.
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Expanding the throughput and timescale for the individual evolution experiments will enable
a more statistical approach to measurements of evolvability, and facilitate the discovery of rare
genetic innovations. Furthermore, long-term host-parasite dynamics could be readily tracked
using fluorescence or sequencing-based readouts to improve our understanding of host adaptations
to parasite burden and study intra-genomic competition between transposons.

3.3.4 Future directions

In this section, I highlight some exciting applications for the engineered, continuous transposon
mobilisation platform. Importantly, these experiments could be readily performed without sig-
nificant modifications to the existing system. As such, they represent potential immediate next
steps.

Studying intra-genomic parasite dynamics

Computational models for intra-genomic competition between mobile genetic elements predicts
the emergence of ‘super-parasites’ that compete for transposase resources in trans (173). These
non-autonomous, minimal elements lack their own transposase genes, and their resulting compact
size can allow them to propagate at the expense of the larger autonomous copies. However, this
competition can lead to parasite population collapse as the copy number of the transposase genes
decreases and becomes susceptible to random, mutation-driven inactivation.

The continuous transposon mobilisation platform presented here could be used to track the
population-wide dynamics of intra-genomic compeition between labelled transposon populations
(Fig. 3.12). For example, two transposon variants could be introduced into the same genome: one
encoding a transposase gene in cis, the other acting as a super-parasite. These could be labelled
with different fluorescent reporters (for cytometry-based readouts) and/or DNA barcodes (for
NGS readouts), to allow for longitudinal tracking of the relative abundance of each variant.
Cytometry-based fluorescence readouts in particular could enable assaying of transposon copy
numbers at the single-cell level with high temporal frequency. Alternatively, two orthogonal
transposon systems (e.g. Tn5 and mariner) could be initiated and inter-variant competition
assays used to study how these parasites compete with one another, and the impact of this
competition on their host. One final possible area of investigation, likely requiring longer-term
laboratory evolution experiments, could be focused on observing the de novo emergence of super-
parasitism itself in genomes harboring multiple copies of an autonomous transposon variant.

To achieve direct intra-genomic mapping of multi-insertion mutants, the implementation of
single-cell workflows to identify the physical linkage between transposon copies would be nec-
essary. One limitation of the current sequencing-based approach is our inability to distinguish
whether insertion events are in the same genome, or in different positions within the genomes
of two or more divergent but co-resident host lineages. Technological solutions to this problem
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Figure 3.12: Differential transposon labelling would enable sub-population tracking in intra-
genomic parasite competition assays. (A) We envisage studying two broad, hypothetical scenarios involving
the parallel or sequential delivery of labelled transposons into the same genome. The first focuses on the con-
cept of super-parasitism, in which a non-autonomous transposon population competes for the same transposase
resource as the autonomous variants. Alternatively, two orthogonal transposon systems (e.g. Tn5 and mariner
could be introduced, and compared to controls with two differentially-labelled copies of the same transposon.
This would help identify factors that contribute to the relative long-term stability of mobile genetic elements.(B)
Flow cytometry analysis could provide longitudinal single-cell measurements of relative fluorescence across the
two channels, as a proxy for relative transposon copy numbers. This data could then be aggregated to provide
population-averaged fluorescence measurements. Alternatively, relative proportions of the two transposon variants
could be estimated from NGS data using unique molecular identifiers as proxies for raw counts. In this context,
digital droplet PCR would also be applicable.
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could stem from the recently-described droplet Tn-Seq (dTn-Seq) approach (192), but single-cell
bacterial sequencing remains challenging (193, 194). Alternatively, dynamic, self-modifying bar-
code sequences would be necessary to introduce a time-variant record of the underlying parasite
lineage as it propagates within a population (195–197).

Increasing throughput and complexity with automated culture

Natural evolutionary trajectories are influenced by the many dynamic environmental variables
that define a specific niche. During laboratory evolution, the number of selection pressures
is often limited to one or two variables, effectively reducing the phenotype space that can be
explored (18, 198–200). This could also drive a reduction in gene network complexity in labo-
ratory evolution (174). In contrast, even the simplest of natural niches experience fluctuating
conditions across a range of variables. Observations from extant genomes suggest that environ-
mental complexity could be a primary driving force for gene regulatory complexity (32, 198, 201).
To address this need, automated culture systems can be designed with continuous evolution in
mind. This gives experimenters the power to control multiple environmental conditions in par-
allel, and to adjust the stringency of selection in real time in response to near-continuous fitness
measurements (17, 19). Furthermore, robotic liquid handling systems can maintain hundreds
of cultures in 96-well plate format, enabling a more statistical approach to investigations into
evolvability that focuses on the repeatability of individual trajectories. We propose adopting
an experimental workflow that uses parallelized, feedback-controlled culture systems to perform
transposon-mediated directed genome evolution, as this would allow for real-time measurements
of growth rates and a provide a more tailored selection regimen.

Experimentally testing the predictive-dynamic framework

The predictive-dynamic framework proposes that in niches where two or more environmental
variables or cues are statistically coupled through time, gene regulatory networks will evolve to
encode this information in order to better exploit resources or prepare for stresses (Fig. 3.13)(198,
200). As an example, the up-regulation of genes required for respiration in the low oxygen
environment of the human GI tract is observed in E. coli following a temperature increase: this
has been proposed as an evolved response to the environmental correlation structure experienced
when the bacteria enter a mammalian host (32).

While a series of anecdotal examples lend support to this theory, the spontaneous emergence of
novel network linkages under analogous conditions has not been reproduced in the laboratory.
A continuous, transposon-mediated genome re-wiring platform could support directed evolution
experiments with dynamic environmental conditions to assess whether temporal correlations in
these variables drive network re-wiring. These experiments would likely require the adoption
of the robotic automated culture platforms described in a previous section, as it would rely on
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Figure 3.13: A predictive-dynamic framework for gene network evolution. (A) In natural environments,
temporal correlations may emerge between different variables. If one such variable serves as a reliable cue for
another, anticipatory regulation can evolve as an alternative to reflexive responses. (B) At the network level, this
corresponds to the emergence of novel connections between pathways. Adapted from Freddolino et al.(201)

alternating growth conditions with well-defined, pre-programmed timings. To define the different
parameter regimes under which this might occur, the following outstanding questions about the
evolution of genetic co-regulation must be answered:

• Are coupled environmental selection pressures sufficient to drive the evolution of anticipa-
tory gene regulation patterns? If so, under what range of inter-variable correlations does
this robustly occur?

• Across selection pressures, can the opportunity cost of a reflexive regulatory strategy by
quantified? How does this vary with selection stringency?

• What effect does varying the environmental dynamics (e.g. no selection pressure, or
uncorrelated selection pressures) have on the observed evolutionary trajectories?

• Are anticipatory regulatory strategies generally lost as strains adapt to constant, non-
selective conditions?
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4 | Discussion

In this thesis, I have presented two distinct areas of research: the development of smart material
systems that respond to nucleic acid cues in their environment (Chapter 2), and the engineering of
transposon-based tools for synthetic biology and directed evolution (Chapter 3). Fundamentally,
these two separate aims are linked through their re-purposing of the natural diversity and func-
tionality of mobile genetic elements to create tools for biological engineering. The programma-
bility and sensitivity of the CRISPR-Cas enzymes we harnessed to control large-scale material
properties for cargo release and diagnostics highlights the impressive biochemical capabilities
that can be discovered within MGE lineages (25–27). Conversely, we have shown that synthetic
biology approaches can be used to ‘domesticate’ natural transposon systems, and with that their
intrinsic capability for dynamic network re-wiring and genome engineering. This represents an
important advance in ongoing efforts to better integrate synthetic genetic elements into complex
natural systems (6, 202). The focus here is on perturbing the endogenous functions of the host to
steer them towards a useful phenotype using smaller synthetic controllers, adapters and reporters
to modulate, re-wire, and measure natural networks (203, 204). Importantly, the regulatory and
biochemical heavy-lifting are performed by the host, rather than large, heterologously-expressed
gene circuits. These network-level engineering approaches mediated by mobile genetic elements
are likely to become more important as we engineer complex living systems for bioproduction
(4, 5) and therapeutics (34, 205).

As we develop new MGE-derived tools to engineer and evolve cellular networks, we also create
a laboratory platform to study their analogous natural processes (Fig. 4.1). As such, we not
only want to obtain a desired cellular phenotype, but also track the underlying genomic and
population-level changes that establish this phenotype and compare these to existing evolution-
ary models (152). To this end, I have presented our efforts to develop next-generation sequencing
assays to track barcoded populations of transposons as they propagate and move through the
genomes of an evolving cellular population. By expanding both the number of parallel replicates
and the complexity of the environmental space that we explore through automation, our hope
is that our transposon-mediated directed genome evolution platform could be used to gener-
ate ‘proofs-by-construction’ for proposed mathematical models of host-parasite interactions and
anecdotal observations of predictive behaviours in gene regulation (32, 200, 206). Ultimately,
through long-term evolution experiments across unpredictable environments, this platform could
be used to observe and study the expansion of gene regulatory networks and answer fundamental
questions on how this increase in complexity occurs (104).

47



Figure 4.1: A general approach to studying complex evolutionary processes with synthetic sys-
tems. An ever-increasing abundance of metagenomic and genomic sequencing data across diverse organisms has
empowered well-defined evolutionary models. For example, by reconstructing phylogenies for families of proteins
or protein sub-domains, it is possible to identify duplication events that support sub- or neo-functionalization.
To study these processes over reasonable timescales in the laboratory and with sufficient experimenter control,
semi-synthetic analogues could be established as a model system.
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5 | Methods

5.1 CRISPR-responsive materials

For a detailed explanation of the methods used to create CRISPR-responsive materials, please
see the full protocol in Gayet et al. (10) and the methods of the original publication (9).

5.2 CRISPR-associated transposon systems

Strains and media

All cloning protocols and reporter expression experiments were performed using Miller LB broth
(Fisher), with 15 g/L Bacto agar (BD) added for solid media. Unless otherwise stated, we
used kanamycin (50 µg/ml), carbenicillin (100 µg/ml), and chloramphenicol (50 µg/ml) for an-
tibiotic selections. Cloning was performed in using NEB Stable competent cells (pir−), and
One Shot PIR1 Chemically Competent E. coli (pir+). The inducers IPTG, Isopropyl-β-D-1-
thiogalactopyranoside (IPTG) and anydrotetracycline (ATc) were added to the growth media
from stocks stored at -20°C, at the concentrations described in the text. Arabinose was supple-
mented into the growth media at a final concentration of 0.2% w/v. Note that on the pHelper
shCAST plasmid, expression of the transposase and Cas12k is driven by a lac promoter (plac).
However, the One Shot PIR1 Chemically Competent cells in which the majority of the experi-
ments are performed have the genomic ∆lac169 mutation, which means they lack a functioning
lacI gene and so expression from plac is effectively constitutive in this background.

Plasmids and cloning

The shCAST plasmids from Strecker et al. (29), corresponding to Addgene plasmids #127924,
#127921, and #127926 were a gift from Feng Zhang. The T7 RNAP casette was derived from
pCS6, which was a gift from Matthew Bennett (Addgene plasmid #55752). The modified pDonor
and pTarget plasmids used in this work were created using a combination of HiFI DNA assembly,
KLD, and restriction-ligation cloning. All pTarget and pHelper plasmids were cloned in NEB
Stable Competent E. coli, whereas the pDonor plasmuds with an R6K origin of replication were
cloned in One Shot PIR1 Chemically Competent E. coli (ThermoFisher). Correct assemblies
were verified using colony PCR and Sanger sequencing (Quintara Biosciences, Cambridge, MA).

The gRNA sequences used in this work (pTarget PSP1, randomized PSP1, lacZ sgRNA-3, and
lacZ sgRNA-4) are described in (29), and were inserted into the pHelper backbones by Golden
Gate assembly. Briefly, the two oligos encoding the spacer were first phosphorylated and annealed
by combining 1µL Oligo 1 (100µM), 1µL Oligo 2 (100µM), 1µL 10X T4 ligase buffer (NEB),
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0.5µL T4 PNK (NEB), and nuclease free water to a total volume of 10µL in a PCR tube. The
components were mixed and annealing was performed in a thermal cycler with the following
conditions: 37°C for 1hr, 95°C for 5 min, ramp to 25°C at 5°C/min. Following annealing, the
10µL reaction was diluted by adding 90µL nuclease free water. We then set up the golden gate
assembly reaction by combining 1µL annealed oligo, 1µL pHelper plasmid (25ng/µl), 1µL T4
DNA Ligase buffer (NEB), 0.5µL T4 DNA Ligase (NEB), 0.5µL BspQI (10,000 U/ml), and then
nuclease free water to 10µL. The reaction mix was then incubated according to the following
program on a thermal cycler: 30 cycles of digestion and ligation (37°C for 5 min, 16°C for 5 min),
followed by a final digestion step (60°C for 10 min). For each assembly, 3µL was transformed into
NEB Stable competent cells, and purified plasmid was obtained from 6mL of overnight culture
using a QIAprep Spin Miniprep Kit (Qiagen).

Transformations and fluorescent reporter assays

For the experiments performed in Fig. 3.2 - 3.4, purified plasmid stocks were diluted to a
working concentration of 5 ng/µL. Then, 1µL each of the pTarget, pDonor and pHelper plasmids
was co-transformed into chemically competent One Shot PIR1 cells. Following heat shock, the
transformations were rescued in SOC at 30°C for 2 hrs, before plating on triple-antibiotic selection
media and growing overnight at 30°C. Then, individual colonies were inoculated into the wells of
a 96-well plate conatianing 300µL LB and antibiotics. These cultures were grown to saturation
overnight at 30°C, diluted 1:100 into fresh media, and then grown in the presence of the inducer(s)
for 8-12h at 37°C. Fluorescence and OD measurements of 100µL of culture were taken using a
CLARIOstar microplate reader (BMG Labtech).

For the experiment described in Fig. 3.5, the pTarget and pHelper plasmids were first trans-
formed into BL21(DE3) competent cells (NEB). From these successful transformants, we then
made fresh chemically competent BL21(DE3) cells. Finally, we transformed 1µL of the pDonor
plasmid (100ng/µL) into these cells, and plated on LB-agar with 1mM IPTG, and triple antibi-
otic selection. IPTG induction of the CAST components on the pHelper plasmid is necessary
because BL21(DE3) cells have an intact copy of the lacI gene. Furthermore, because BL21(DE3)
is a pir− strain, there is stringent selection for successful transposition events. Three colonies
from the plate were picked, and inolculated into 6mL LB media (Fig. 3.5B), or 300µL LB media
in a 96-well plate (Fig. 3.5C). These cultures were grown overnight at 30°C, and then transferred
them to fresh media at a dilution of 1:100 with the corresponding concentration of inducers.
After 8-12h growth at 30°C, fluorescence and OD measurements of 100µL culture were taken
using a CLARIOstar microplate reader (BMG Labtech).

For the experiment described in Fig. 3.6, pDonor plasmids (100ng) were transformed into BL21-
AI One Shot Chemically Competent E. coli (ThermoFisher) harboring either the pre-transformed
pHelper plasmids with sgRNA-3, or sgRNA-4. As described in (29), these gRNA target the
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endogenous lacZ gene. IPTG induction of the CAST components on the pHelper plasmid is
necessary because BL21-AI cells have an intact copy of the lacI gene. Furthermore, because
BL21-AI is a pir− strain, there is stringent selection for successful transposition events. After
rescuing the transformations at 30°C for 2 hrs, we plated the cells on LB-agar with dual antibiotic
selection and X-gal/IPTG for blue-white colony screening and pHelper induction. We then
inoculated colonies into 300µL LB media with antibiotics in 96-well plates, and grew the cells
overnight at 30°C. Once the cultures had reached saturation, we then transferred them to fresh
media with 400µM IPTG, at a dilution of 1:100. After 8 hrs growth at 30°C, fluorescence and
OD measurements of 100µL culture were taken using a CLARIOstar microplate reader (BMG
Labtech).

5.3 Directed genome evolution with mariner transposons

Strains and routine plasmid construction

The underlying genetic part sequences used to construct the plasmids in this study were ob-
tained from the following plasmids: the TetR-regulated himar1C9 was from pHdCas9, a gift
from Harris Wang (Addgene plasmid # 137080); the AraC/pBAD-regulated himar1C9 was form
pSAM_AraC, a gift from Harry Mobley (Addgene plasmid # 91569); the mariner transposon
flanked with MmeI-modified inverted repeats was derived from pSAM_Ec, a gift from Matthew
Mulvey (Addgene plasmid # 102939).

To construct the pHelper plasmids, we used NEB Turbo E. coli competent cells. pDonor plas-
mids harboring an R6K y origin of replication were assembled in Invitrogen OneShot PIR1 and
PIR2 competent cells. All plasmids were constructed with a combination of NEB HiFi assem-
bly protocols and restriction-ligation cloning, except those described in Fig. 3.11. Following
transformation of the chemically competent cloning strains, clones were isolated on LB agar
containing either 50ug/ml chloramphenicol, 50ug/ml kanamycin or 100 ug/ml carbenicillin. Di-
agnostic colony PCR reactions were performed in OneTaq HotStart 2x Master Mix (NEB) with
sample loading dye, and 2-5 positive colonies were identified by resolving the amplicons on 1%
agarose gels with SYBR Safe (brand). The clones were grown overnight in 6 ml LB with the cor-
responding antibiotic selection, and plasmid DNA was extracted with a GenCatchTM Plasmid
DNA Mini-Prep Kit (Epoch Life Sciences). Finally, each plasmid prep was sequenced at ∼1x
coverage to verify the insert and backbone sequences (Sanger Sequencing, Quintara Bio).

Transposon-mediated mutagenesis and evolution experiments were performed in two E. coli K-12
strains: MG1655, and its genome-reduced derivative MDS42 (121).
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Growth media and inductions

Standard cloning procedures and non-selective outgrowths were performed using Miller LB broth
(Fisher), with 15 g/L Bacto agar (BD) added for solid media. Unless otherwise stated, we used
kanamycin (50 ug/ml), carbenicillin (100 ug/ml), and chloramphenicol (20 ug/ml) for antibiotic
selections.

For the carbon source utilization experiments described in Fig. 3.10, we used M9 minimal media
supplemented with different carbon sources. To make 1L of the base media, we combined 200
mL Difco 5x M9 minimal salts solution (BD), 1mL MgSO4 (1M), 0.3mL CaCl2 (1M), and 10mL
of a trace elements stock solution (100x). To make the 100x trace elements stock solution, we
combined the following (in order) to 800ml of milliQ water: 5g EDTA, 498mg FeCl3 (anhydrous),
84mg ZnCl2, 765ul CuCl2-2H2O (0.1M), 210ul CoCl2-6H2O (0.2M), 1.6ml H3BO3 (0.1M), and
8.1ul MnCl2-4H2O (1M) before bringing the total volume to 1L and sterilizing over a 0.22um
filter. NaOH was used to adjust the pH to 7.5 immediately after the EDTA was added.

For the Biolog experiments in Fig. 3.10, we added milliQ water (EMD Millipore) to this solu-
tion and brought the volume to 1L before sterlizing over a 0.22um filter. For the downstream
experiments with either L-serine (6-100g/L), glycyl-L-glutamic acid (12g/L), or beta-methyl-D-
glucoside (4g/L), we incorporated the solid carbon source to the base media before bringing the
volume to 1L and sterilizing over a 0.22um filter. To make M9-glucose, we added 1mL biotin
(1mg/mL), 1mL thiamin (1mg/ml), and 20mL glucose (20% w/v stock) to the base media before
bringing the volume to 1L and sterilizing over a 0.22um filter.

For the D-cycloserine and arbutin growth experiments in Fig. 3.8 & Fig. 3.9, we used the
MT mineral salts medium described by Hall (179). This consists of 423mg sodium citrate,
100mg MgSO4·7H2O, 1.0g (NH4)2SO4, 540mg FeCl3, 1.0mg thiamine, 3.0g KH2PO4, and 7.0g
K2HPO4, with either glucose (2.0g/L) or arbutin (1.0g/L) as carbon sources. For the arabinose
induction experiments, we combined arabinose (1.0g/l) and glycerol (2.0g/L). In the arbutin
growth experiments, we used glucose (1.0g/L) and glycerol (2.0g/L) as the carbon source.

Unless otherwise stated, the transcriptional inducers used in this study were added to growth
media at the following concentrations: anhydrotetracycline (ATc); 50ng/ml, arabinose; 0.1%

w/v, isopropyl β-D-1-thiogalactopyranoside (IPTG); 200uM, and crystal violet (CV); 0.25uM.
The ATc and IPTG stock solutions were stored frozen at -20°C.

Transformation and D-cycloserine assays

For the arabinose-inducible transposase system, E. coli strains harbouring an pBAD-controlled
himar1C9 transposase on a medium-copy p15A plasmid were transformed with 3x109 pDonor
plasmid molecules (∼10ng), and rescued for 1 hour at 37°C in either SOC (uninduced), or
SOB+0.2% arabinose (induced). We compared to transposon constructs: an unmodified donor
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containing a neoR/kanR cassette (labelled Tn in the text), and a larger variant containing kanR
and mNeonGreen expression cassettes (labelled Tn[GFP] in the text). 450uL from each trans-
formation was then plated on two replicate plates. After growth at 37°C overnight, colonies
were counted. For the ATc-inducible system, E. coli strains harbouring a TetR/pTet controlled
himar1C9 transposase on a medium-copy p15A plasmid were transformed with 3x109 plasmid
molecules (∼10ng), and rescued for 1 hour at 37°C in either SOC, or SOC + 100ng/ml ATc.
450uL from each transformation was then plated on two replicate plates. After growth at 37°C
overnight, colonies were counted.

The D-cycloserine growth assay presented in Fig. 3.8 was performed by transforming MDS42
harboring a TetR/pTet controlled himar1C9 transposase on a pHelper plasmid with the two
transposon variants described above: Tn and Tn[GFP]. Individual colonies were picked and
inoculated into a deep-well 96-well plate with 300uL TB (plus antibiotics) per well (n=24 per
variant, per duplicate transformations). We also included two controls: the parental MDS42
strain (n=48), and MDS42 (n=24) with the pHelper plasmid. After an overnight incubation
at 37°C, the TB plate was passaged into two parallel plates containing 300uL MT minimal
salts media with 0.1% glucose and 0.2% glycerol per well, at a dilution of 1:100. One MT-
glucose/glycerol plate was supplemented with ATc (50ng/ml). The cultures were grown for 8
hours at 37°C, and then passaged into a final pair of selection plates containing 400uL MT-
glucose/glycerol media and 20uM D-cycloserine, with or without ATc. Importantly, each culture
was diluted 10,000-fold into the selection media at this step to create a population bottleneck,
and selection was maintained with kanamycin (25ug/ml) and chloramphenicol (25ug/ml).

Arbutin growth experiments

In a preliminary experiment (see accompanying publication), we transformed both E. coli MG1655
and MDS42 cells harboring either a tetR or araC regulated himar1C9 transposase helper plas-
mid (pHelper) with a donor plasmid harboring the Tn-pOUT construct. Individual colonies
from the transformations were picked alongside the respective pHelper controls and the parental
strain, and inoculated into 300uL of terrific broth (TB, Difco) in individual wells of a deep-well
96 well plate. Throughout this experiment, we used both chloramphenicol and kanamycin at
25ug/mL. After growth overnight at 37°C with shaking at 900 rpm, we passaged the wells into
300uL non-selective MT minimal salts media at a dilution of 1:100. For the variants with the
tetR-regulated transposase, the non-selective MT media contained glucose (1.0 g/L) and glycerol
(2.0 g/L) as the carbon source, and duplicate plates were incubated for ∼8 hours either with or
without 50ng/uL ATc (i.e. induced or uninduced conditions). For the variants with the araC-
regulated transposase, the duplicate plates contained either MT media with glucose (1.0g/L)
and glycerol (2.0g/L) as the uninduced state, or arabinose (1.0g/l) and glycerol (2.0g/L) as the
induced state. Similarly, these duplicate plates were incubated for ∼8 hours at 37°C with shaking
at 900 rpm. After passaging, the wells of the TB overnight plate were supplemented with 300uL
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of 50% glycerol and frozen at -80°C. Following treatment with or without inducer, the cultures
were passaged at a ratio of 1:2000 into 400uL fresh MT media containing arbutin (1.0g/L) by
first diluting each well 10-fold in PBS. These cultures were incubated for 5 days at 37°C, and
high-growth phenotypes were documented based on the characteristic color change of the me-
dia. For the arabinose-inducible system, the MT-arbutin media was incompatible with sustained
induction. However, for the ATc-inducible system we maintained 50ng/mL throughout.

Focusing specifically on the ATc-inducible tetR variant of the pHelper, we repeated this exper-
iment by re-inoculating fresh TB plates from the original glycerol stock plates and grew them
overnight at 37°C. We then passaged the wells into duplicate plates of 300uL MT media with
glucose (1.0 g/L) and glycerol (2.0 g/L) at a ratio of 1:100, either with or without inducer, and
incubated them at 37°C for ∼8 hours. We then passaged 3uL per well from both the induced
and uninduced plates into two intermediate conditions: 300uL total of MT-arbutin and MT-
glucose/glycerol mixed at ratios of either 3:1 or 19:1. After a 24 hour incubation, these four
plates were then finally passaged into 100% MT-arbutin media at a ratio of 1:100, and incubated
for 5 days at 37°C. On the second day, 200uL of fresh media was added to each well. On the fifth
day, endpoint OD600 measurements were taken with a CLARIOstar Plus plate reader (BMG
Labtech).

The experiment presented in Fig. 3.9 was performed in a similar way, starting with the inoc-
ulation of single colonies into the wells of a 96-well deep well plate and then passaging the
cultures through the following conditions (dilution factors for each passage are provided in
brackets): 8 hours in 400uL TB, 8 hours in 400uL MT-glucose/glycerol (1:100 dilution), 24
hours in MT-arbutin:MT-glucose/glycerol mixed at a 1:1 ratio (1:100 dilution), 24 hours in MT-
arbutin:MT-glucose/glycerol mixed at a 3:1 ratio (1:100 dilution), 24 hours in MT-arbutin:MT-
glucose/glycerol mixed at a 19:1 ratio (1:100 dilution), 48 hours in 100% MT-arbutin (1:100
dilution). For each of the 24 hour incubations, endpoint OD600 readings were taken using a
SpectraMax M5 plate reader. During the final selection in MT-arbutin, intermediate OD600
readings were taken by removing 100uL of culture per well and replacing the volume with 100uL
of appropriate fresh media. A final endpoint OD600 reading was taken at 48 hours.

The growth curves shown in Fig. 3.9 were obtained by inoculating 100uL of MT-arbutin me-
dia (containing 50ng/ml ATc) with 1uL of the appropriate ATc+ culture following the 24 hour
incubation on MT-arbutin:MT-glucose/glycerol mixed at a 19:1 ratio. In all the experiments
described in this section, parental MG1655 and MDS42 strains were maintained without antibi-
otic. pHelper strains expressing the transposase only were maintained with chloramphenicol.
Transposon insertion strains were maintained with both chloramphenicol and kanamycin.
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Biolog carbon source assays

Chemically competent MDS42 cells (50uL) containing a pHelper plasmid with a chloramphenicol
resistance marker were transformed in triplicate with 20ng of the pDonor plasmids Tn and Tn-
pOUT, and plated on LB agar with dual chloramphenicol (20ug/ml) and kanamycin (50 ug/ml)
selection. One colony from each of the triplicate plates was inoculated into 6ml of M9-glucose min-
imal media with ATc (50ng/ml), chloramphenicol (20ug/ml) and kanamycin (50ug/ml), alongside
three control cultures inoculated from untransformed MDS42-pHelper cells with ATc (50ng/ml)
and chloramphenicol (20ug/ml). After 16 hours of growth, the nine cultures were passaged into
identical, fresh media at a dilution of 1:100 and grown for a further 8 hours. The cultures were
diluted to a concentration of 106 cfu/ml, and then 1uL was aliquoted into the wells of three Biolog
EcoPlates such that each plate contained 32 wells corresponding to MDS42 pHelper, 32 wells
corresponding to MDS42 pHelper Tn, and 32 wells corresponding to MDS42 pHelper Tn-pOUT
spanning each unique carbon source respectively. The wells of the Biolog EcoPlates contained
100uL of M9 salts media (without carbon source), supplemented with 50 ng/ml ATc. To reduce
the potential burden imposed by antibiotic selection in this preliminary screen, we used chlo-
ramphenicol (10ug/ml) and kanamycin (25 ug/ml) to maintain selection for the transposase and
transposon, respectively.

The three replicate plates were incubated at 37°C with shaking at 900 rpm and 90% humid-
ity. OD600 measurements were taken every 6-12 hours using a SpectraMax M5 plate reader.
After 24 hours of growth, 1uL of culture was taken from each well and used to inoculate fresh
triplicate plates at a dilution of 1:100. This process was repeated every 24 hours for a total
of 4 passages, with OD600 measurements continuing in parallel for both freshly inoculated and
ancestral plates. A glycerol stock of the single MDS42 pHelper Tn-pOUT replicate (EVOL-1)
that showed detectable growth on L-serine was stored at -80°C.

L-serine growth experiments

A glycerol stock of EVOL-1 was used to streak out colonies on LB-agar with chloramphenicol
(20ug/ml) and kanamycin (50 ug/ml) selection. For comparison, we also grew out stocks of
MDS42 pHelper, MG1655 pHelper, MDS42 and MG1655. Eight colonies were picked from each
of the five strains (EVOL-1 plus four controls), and grown up overnight in M9-glucose media a
deep well 96-well plate at 37°C. These overnight cultures were then each inoculated 1:300 into
two different parallel sets of conditions: 300uL M9-glucose with either 24, 50, 75 or 100 g/L
L-serine Fig. 3.10C, and 300uL M9 salts only with 6, 12, 24 or 50 g/L L-serine Fig. 3.10B.
These cultures were grown for 24 hours, with 100 uL aliquots removed for OD600 measurements
at 13hrs and 23hrs using a CLARIOstar Plus plate reader (BMG Labtech).

To measure the growth rates of the EVOL-1 strain across different L-serine concentrations, we
inoculated 1uL of the overnight cultures into 100uL of M9-glucose with either 24, 50, 75 or
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100g/L L-serine, and compared this to control cultures of MDS42 pHelper (n=8). We incubated
the plate at 37°C in a CLARIOstar Plus plate reader (BMG Labtech), with orbital shaking at
700 rpm and OD measurements every 10 minutes. The growth curve data for each of the eight
replicates across the four concentrations was then analyzed using the Curveball python package
(https://github.com/yoavram/curveball). The models.fit_model function fits six related logistic
growth models to the data and then selects the best model by comparing the Bayesian Information
Criteria for each (207). The confidence intervals for the growth rate parameters were obtained
from 15 bootstrapped replicates of the best fit model.

To assess the reproducibility of this adaptation process, we repeated the transformation process
for the original carbon source screen: chemically competent MDS42 cells (50uL) containing a
pHelper plasmid with a chloramphenicol resistance marker were transformed with 20ng of the
pDonor plasmids Tn and Tn-pOUT, and plated on LB agar with dual chloramphenicol (20ug/ml)
and kanamycin (50ug/ml) selection. To control for any effects of the antibiotic selection, we
performed the same transformation with chemically competent MDS42 cells (50uL) containing a
pHelper plasmid with an ampicillin/carbenicillin resistance marker. Sixteen colonies from each of
the six MDS42 strains – Tn and Tn-pOUT with either pHelper(chlor) or pHelper(carb), and the
parental controls pHelper(chlor) and pHelper(carb) – were inoculated into 300 uL M9-glucose
minimal media with 50ng/ml ATc in a deep-well 96 well plate and incubated at 37°C for 10
hours. These cultures were then passaged into 300 uL of identical fresh media at a dilution
of 1:300 and grown overnight. After this second passage in M9-glucose minimal media, 3uL of
the overnight cultures were inoculated into two parallel plates of M9 salts media with 300uL of
12g/L L-serine per well either with or without 50ng/ml ATc. Appropriate antibiotic selection
was maintained throughout with chloramphenicol (20ug/ml) or carbenicillin (100ug/ml), and
kanamycin (50ug/ml) for strains containing the transposon. At 32 hour intervals, each plate was
passaged into an identical one containing 300uL per well of fresh media at a dilution of 1:100,
with a final OD600 measurement taken after 50 hrs of growth in the third passage.

For each of the two strains with detectable growth at this endpoint [MDS42 Tn-pOUT pHelper(chlor)
and MDS42 Tn-pOUT pHelper(carb)], we stored four separate replicates for Tn-Seq and paired
these with the corresponding ‘start point’ cultures from the first round of non-selective growth.
We then pooled all the replicates for each strain at the start point (six pools), and all the repli-
cates in the two growth-positive strains at the endpoint (two pools). This total of 24 samples (8
independent populations at matched start and endpoints, plus 6 start point pools and 2 endpoint
pools) were prepped for Tn-Seq.

Tn-Seq sample preparation and sequencing

To generate Tn-seq data from frozen cell pellets, we used a modified version of the Tn-seq protocol
described by Palani (208). First, we purified genomic DNA (gDNA) from cell pellets (fresh, or
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flash-frozen and stored at -80°C) using a Qiagen DNeasy Blood & Tissue Kit following the
manufacturers instructions. We included an RNase A treatment, and eluted samples in 100uL
AE buffer. We then fragmented 100ng gDNA using an NEBNext Ultra II FS DNA Library Prep
with Sample Purification Beads, again manufacturers instructions. As described by Palani, at
the ligation step we replaced the standard NEB adapter with 2.5uL of a custom, pre-annealed
Nextera-compatibe adapter (sENG-020 and sENG-021, 1uM) containing an 8N unique molecular
identifier (UMI). We then performed a 0.8X SPRI selection, eluting in 17uL of 0.1x TE buffer and
transferring 15uL of this to a new tube. We set up 50uL enrichment PCR reactions with 15uL
of adapter-ligated gDNA template, 5uL each of the forward and reverse primer (sENG-022 and
sENG-023), and 25uL of NEBNext Ultra II Q5 Master Mix. Using a T100 Thermal Cycler (Bio-
Rad), the samples were incubated as follows (heated lid on): 98°C 30s, (98°C 10s, 65°C 1 min 15s)
x 12 cycles, 65°C 5 mins, 4°C hold. We then performed a 0.9X SPRI selection, eluting in 17uL
of 0.1x TE buffer and transferring 15uL of this to a new tube. We measured the concentration
of DNA in a 1uL aliquot of each sample using a Qubit3 fluorimeter (ThermoFisher), and set
up indexing PCR reactions with 10ng of template (made up to 7.5uL), 2.5uL each of a unique
pair of i5 and i7 primers from a Nextera XT Index Kit (Illumina), and 12.5uL NEBNext Ultra
II Q5 Master Mix. The samples were incubated as follows (heated lid on): 98°C 30s, (98°C 10s,
65°C 1 min 30s) x 10 cycles, 65°C 5 mins, 4°C hold. We then performed a final 1.2X SPRI
selection on each sample, eluting in 30uL 0.1x TE buffer. We used 2% and 4% TAE-agarose
gels to check the size distributions of the amplified products relative to a low molecular weight
DNA ladder (NEB), and verified the absence of primer-dimer bands (∼128bp). After measuring
the concentrations of each sample, we then pooled them by equal mass and submitted them for
sequencing by Quintara Biosciences (Cambridge, MA). Samples were run in paired-end mode
on a MiSeq (2x150 cycles, 1M reads) or HiSeqX (2x150 cycles, 300M reads) with a 15% PhiX
spike-in.

Tn-seq analysis

Raw paired-end sequencing reads were first trimmed, quality filtered, and tagged for UMIs us-
ing fastp (209) v0.23.2 with parameters "-U –umi_loc=read2 –umi_len=9 –trim_front1=27
–trim_front2=17". To locate transposon insertion sites, we mapped filtered reads with Bowtie2
(210) v2.4.4 against reference genomes for E. coli MG1655 (U00096.3) or MDS42 (AP012306.1).
In brief, we created bowtie indices from each reference genome using the ’bowtie2-build" func-
tion with default parameters. We then mapped paired-end reads to a reference genome using the
"bowtie2" function with parameters "–sensitive-local –maxins 1000 –no-mixed –no-discordant –
no-unal". We chose the maximum insertion parameter based on the size distribution of sequences
observed on a 2% agarose gel prior to sequencing. Additionally, only read pairs in which both
reads concordantly aligned to the reference genome were considered in subsequent analyses. We
deduplicated mapped read pairs based on both their UMI and mapping coordinate using the
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UMI-tools (211) v1.1.0 "dedup" function with parameters "–umi-separator=: –paired".

To locate genomic sites enriched with transposon insertions, we used the Model-based Analysis
of Chip-Seq (MACS) v3.0.0a7 peak calling algorithm (212). Specifically, we identified genomic
sites with significantly higher read coverage compared to background, within samples, using
the "macs3 callpeaks" function with parameters "-f BAMPE -g 5e6 -B -q 0.01". Peaks were
associated with their nearest genes using the BEDTools (213) v2.30.0 "closest" function. We
plotted peaks and their corresponding fold-change over background in Python v3.6.13 using
Matplotlib v3.2. The most highly enriched peaks were labeled with their nearest gene. If two
genes were equally proximal to a peak, only one gene name was used as the label. Lastly, we
calculated the distribution of transposon insertion events by counting the number of times forward
and reverse reads mapped to each position in the genome. Mapping counts were normalised by
the total number of mapped reads.

Statistical comparisons of transposon enrichment pre- and post-evolutions were conducted using
Bio-Tradis (181). As input to Bio-Tradis we used alignments produced by the SMALT v0.7.6
read mapper (ref:https://www.sanger.ac.uk/tool/smalt-0/) as this was the only short read map-
per that did not result in substantial amounts of soft-clipping, which interferes with the Bio-
Tradis pipeline. We performed alignments using the "smalt map" function with parameters
"-x -y 0.96 -r -1" and deduplicated alignments as described above. Since the native Bio-Tradis
pipeline only accepts FASTQ files as the initial input, we modified the existing scripts to accept
deduplicated BAM files in order to mitigate statistical artefacts created by PCR amplification
biases. The resultant insertion site files were then annotated with genomic features using the
"tradis_gene_insert_sites" function with default settings. Transposon enrichment pre- and
post-evolution was then compared using the "tradis_comparison.R" function with parameters
-f -t 128, which produced fold-changes and adjusted p-values for each gene above the detection
threshold. We produced volcano plots using the EnhancedVolcano (214) v.1.4.0 package in R
v3.6.1.

Magic pools platform

To facilitate the rapid golden gate assembly of transposon donor plasmids, we modified the Magic
Pools pipeline descrbed by Liu et al. (169). A schematic of the overall design is provided in
Fig. 3.11. In short, the donor plasmid was split into the following functional components: Part
1, a promoter to be used for the expression of the cargo; Part 2, cargo gene(s) for expression
from within the transposon; Part 3, a pre-assembled antibiotic resistance cassette (including
promoter, ORF and terminator(s)); Part 4, one end of the transposon including the FseI-SbfI
sites for barcode insertion and the terminal repeat, as well as the backbone components for
plasmid cloning (R6K origin of replication, oriT sequence, and ampicillin resistance cassette);
Part 5, one end of the transposon with BsmBI sites for pOUT promoter insertion, as well as
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insulating terminator sequences. A portion of Part 4 (encoding the mariner transposon end)
and all of Part 5 were first ordered as g-Blocks (IDT). The linear Part4 g-Block fragment was
combined with a linear section of plasmid backbone components using NEBuilder HiFi DNA
Assembly Master Mix (NEB). Flanking BbsI cut sites for each part were installed by PCR using
Q5 Hot Start High-Fidelity 2X Master Mix (NEB), and the resulting products verified via agarose
gel and column purified. Each part was stored as a linear DNA amplicon at -20°C.

We began by assembling pMP-001. Part 4 (50 fmol) and all other parts (100 fmol) were combined
in a 20uL golden gate assembly reaction, containing 2uL T4 DNA ligase buffer (NEB), 1uL
T4 DNA ligase (NEB), and 1uL BbsI-HF (NEB). The samples were incubated for 60 cycles x
(37°C,5 mins -> 16°C, 5 mins), and then 3uL was transformed into One Shot PIR1 competent cells
(Invitrogen). Correct assembly of the transposon donor plasmid was verified via colony PCR and
sanger sequencing. To assembly the pOUT constructs ‘pMP-001_x’, distinct promoter regions
were then inserted into the Part 5 segment of pMP-001. We first PCR-amplified the promoter
regions of interest using Q5 Hot Start High-Fidelity 2X Master Mix (NEB) to insert orientation-
specific BsmBI cut sites, and the resulting products were verified via agarose gel and column
purified. Each part was stored as a linear DNA amplicon at -20°C. Golden gate assembly reactions
for pOUT promoter insertion were prepared by combining the plasmid backbone (50fmol), the
promoter amplicon (100fmol), water (to a total reaction volume of 10uL), T4 DNA ligase buffer
(1uL, NEB), T4 DNA ligase (0.5uL , NEB), and (0.5uL BsmBI-v2-HF, NEB). The samples were
incubated for 60 cycles x (42°C, 5 min -> 16°C, 5 min) -> 60°C for 5 min, and then 3uL from each
reaction was transformed into One Shot PIR1 competent cells (Invitrogen). Correct promoter
insertions were verified by sanger sequencing.

To create N20 barcodes for each transposon variant, we adapted the protocol described by Wet-
more et al.(171). In short, the barcode section is ordered as a ssDNA oligo, and then two flanking
PCR primers were used to create a double stranded barcode amplicon with flanking SbfI-FseI
cut sites for insertion into the transposon backbone. To identify the optimal template concentra-
tion, we set the flanking primer concentration to 0.5uM and varied the barcode template input
concentration (0.2, 0.1, 0.02, or 0.01uM). We then performed PCR reactions with Q5 Hot Start
High-Fidelity 2X Master Mix (NEB), setting the annealing temperature to 64°C and elongation
time to 60 seconds for a total of 6 cycles to preserve barcode diversity. We found that a starting
concentration of 0.02uM template maximized the barcode input while minimizing the formation
of undesired products (e.g. unamplified template, primer dimers, or amplicon oligomers) as de-
termined by agarose gel. Following this optimization, we repeated three 50uL PCR reactions in
parallel and gel purified the product bands using a Monarch DNA Gel Extraction Kit (NEB)
to create a pool of barcode amplicons. Separately, we set up restriction digest reactions for the
different transposon donor plasmids and the barcode amplicon in 50uL reactions as follows: 2ug
DNA, 5uL CutSmart Buffer (NEB), 1uL SbfI-HF (NEB) and 1uL FseI (NEB). After incubating
the samples for 2 hours at 37°C, we gel-purified the products using a Monarch DNA Gel Extrac-

59



tion Kit (NEB). Finally, we performed separate ligation reactions to insert barcodes from the
same digested pool into the different donor backbones, combining template (0.1 pmol), barcode
(0.6 pmol), 2uL T4 DNA ligase buffer (NEB) and 1uL T4 DNA ligase (NEB) in 20uL reactions
that were then incubated at 16°C overnight.

To check that the barcoding process was successful, we transformed 5uL of the pMP-001-BC
ligation into One Shot PIR1 competent cells (Invitrogen) and used Sanger sequencing to verify
that 8 different colonies contained 8 unique barcodes. To prepare barcoded libraries of each
transposon donor, we transformed 5uL of the ligation reaction into each of two aliquots of
One Shot PIR1 (Invitrogen) competent cell tubes, plating 4 x 250ul per tube following rescue
with 950uL of SOC. We then incubated the LB-agar plates overnight at 30°C, resuspended the
colonies in 2.5 ml of LB-Kanamycin (50ug/ml) per plate, and pooled the resuspension for each
donor variant (giving 20ml LB per ligation reaction). We added this to 250mL of LB with
Kanamycin (50ug/ml) in 1L flasks and grew the cultures for 1 hour at 37°C. After dividing
this culture into 50mL aliquots we then used Zympo-spin VI columns (C1013-10) to perform
scaled-up minipreps on the cell pellet using buffers from a GenCatch Plasmid DNA Mini-Prep
Kit (Epoch Life Sciences).

RB-Tn-Seq sample preparation and sequencing

We prepared gDNA samples from cell culture pellets in the same way we prepared samples for
Tn-seq. To modify the NGS sample preparation workflow to include the transposon barcode, we
modified the primers described by Wetmore et al. (171) and Palani (208) for enrichment of the
transposon-genome junctions via PCR. Furthermore, we used an adapter and enrichment primer
sets designed for compatibility with the NEBNext Multiplex Oligos for Illumina (Dual Index
Primers Sets) in an analogous two-step amplification process. In short, we replaced the standard
NEB adapter with 2.5uL of a custom, pre-annealed TruSeq-compatibe adapter (sENG-021 and
sENG-024, 15 uM) containing an 8N unique molecular identifier (UMI). We then performed an
0.3X/0.15X SPRI selection, eluting in 17uL of 0.1x TE buffer and transferring 15uL of this to
a new tube. We set up 50uL enrichment PCR reactions with 15uL of adapter-ligated gDNA
template, 5uL each of the forward and reverse primer (sENG-025 and sENG-027 for Tn-Seq
donors, or sENG-030 and sENG-027, for RB-Tn-Seq donors), and 25uL of NEBNext Ultra II Q5
Master Mix. Using a T100 Thermal Cycler (Bio-Rad), the samples were incubated as follows
(heated lid on): 98°C 30s, (98°C 10s, 65°C 1 min 15s) x 13 cycles, 65°C 5 mins, 4°C hold. We
then performed a 0.9X SPRI selection, eluting in 17uL of 0.1x TE buffer and transferring 15uL
of this to a new tube. We measured the concentration of DNA in a 1uL aliquot of each sample
using a Qubit3 fluorimeter (ThermoFisher), and set up indexing PCR reactions with 10ng of
template (made up to 15uL), 5uL each of a unique pair of i5 and i7 primers from a NEBNext
Multiplex Oligos for Illumina (NEB), and 25uL NEBNext Ultra II Q5 Master Mix. The samples
were incubated as follows (heated lid on): 98°C 30s, (98°C 10s, 65°C 1 min 30s) x 11 cycles, 65°C
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5 mins, 4°C hold. We then performed two 0.9X SPRI size selection steps on each sample, eluting
in 30uL 0.1x TE buffer. We used 2% and 4% TAE-agarose gels to check the size distributions of
the amplified products relative to a low molecular weight DNA ladder (NEB), and verified the
absence of primer-dimer bands (∼128bp). After measuring the concentrations of each sample,
we then pooled them by equal mass and submitted them for sequencing by Quintara Biosciences
(Cambridge, MA). Samples were run in paired-end mode on a MiSeq (2x150 cycles, 1M reads)
or HiSeqX (2x150 cycles, 300M reads) with a 15% PhiX spike-in.

Rb-TnSeq analysis

We first filtered for read pairs in which the forward read contained the expected transposon
terminus sequence, with 2 mismatches permitted, using the seqkit (215) v2.2.0 "grep" function
with parameters "-s -i -m 2 -P -p CAGACCGGGGACTTATCAGCCAACCTGTTA". Since this
process only returns forward reads, we obtained corresponding reverse reads using fastq-pair
(ref: https://github.com/linsalrob/fastq-pair) v0.4. Next, we extracted RB-TnSeq barcodes by
locating the sequence between expected barcode flanking regions using the "seqkit amplicon"
function with parameters "-m 4 -P -s -F GATGTCCACGAGGTCTCT -R GCCGGCCGTC-
GACCTGCAGCGTACG -r 19:-26 âbed". In order to consolidate nearly-identical barcode se-
quences that differ because of sequencing errors, we clustered barcodes using the Bartender (216)
"bartender_single_comâ function with parameter "-d 2". Only reads associated with barcodes
that matched the expected length (20bp) were used in subsequent analyses.

After extracting transposon-derived sequences and their associated barcodes, reads were trimmed,
quality filtered, and tagged for UMIs using fastp with parameters "-U –umi_loc=read2 –umi_len=8
–trim_front1=30 –trim_front2=0". We then mapped filtered reads using Bowtie2 and dedupli-
cated alignments as described above. Every deduplicated alignment was then associated with its
most proximal gene using the BEDTools "closest" function.

Barcodes were used to demultiplex samples into lineages (i.e., samples from different time points
that contain the same RB-TnSeq barcode). We used barcode-gene associations to track genes
that were enriched in transposon insertions throughout and between lineages.
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