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Abstract

Bacteria employ molecular communication systems termed quorum sensing (QS) to sense cell
density and organize collective behavior. Many of these behaviors have implications on
modern society and human health. As the antimicrobial toolbox of classic antibiotics shrinks
due to extensive spread of resistance in pathogenic bacteria, interfering with bacterial
communication by ‘quenching’ the QS signals poses a promising strategy for novel
antimicrobial drugs. Many bacterial biosensors have been used in the search of natural
compounds interfering with QS. However, the majority of these detect compounds quenching
autoinducer-1 QS and only a few detects compounds which quench other types of QS.
Additionally, simple quorum quenching (QQ) biosensors are prone to bias and false-positive
results. This thesis aims to employ synthetic biology tools to construct a modular and tunable
cellular biosensor based on a bistable genetic circuit with two signal outputs for detecting
compounds capable of quenching autoinducer-2 (Al-2) QS. In order to maintain tunability
and modularity of the biosensor, the BASIC DNA Assembly system was used. A library of
modular bioparts was generated and assembled into the biosensor plasmids. Escherichia coli
DH5a, which is unable to produce Al-2, was used as primary sensor chassis. The promoter of
the Al-2-regulated lsr-operon, P, was employed as the sensing entity to control expression
of a repressor, TetR, and a red fluorescent protein, mRFP1. The expression of sfGFP, a green
fluorescent protein, was controlled by the TetR-repressed promoter Pr.. The biosensor
plasmid therefore switches fluorescence color of DHS5a depending on whether AI-2 QS is
active or quenched. Different strategies were used to induce Py, but these proved
unsuccessful. Leaky expression occurring through Pjs- and lack of fluorescence by mRFP1 in
the genetic construct were instead identified as possible reasons for the non-functional sensor.
Further experiments revealed that one sensor module was functional, and that the inherent
modularity of the BASIC DNA Assembly system allows for straightforward tuning of
different parts. Future studies can therefore rely on the module containing Py, and sftGFP and

focus on tuning the P~ module.

Keywords: quorum quenching, quorum sensing inhibition, synthetic biology, biosensor, genetic toggle switch
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1 Introduction

Bacteria, once believed to be unicellular life forms living as self-sufficient individuals, have
been shown to reside in organized, complex communities [1]. This previous perception of
bacteria as being solely unicellular organisms living solitarily stems from the era of Robert
Koch and the “pure-culture paradigm”. Although these ideas played a significant role in both
the identification of many bacterial pathogens and the development of antibiotics for
treatment of bacterial infections, it was later discovered that bacteria rarely grow in planktonic
pure-cultures outside of the laboratory [1], [2]. This was understood four decades ago after
great advances in the research fields of biofilm development and quorum sensing (QS). A
biofilm is defined as a self-produced matrix of extracellular polymeric substances in which
the cells reside [3], and quorum sensing as a communication strategy based on chemical
signal molecules [4]. These advances clearly showed that not only do bacteria form complex
communities in which they are interdependent, but they are also able to communicate and
coordinate activities [1], [5]. Put together, bacterial communities exhibit equally complex

behavior as larger multicellular organisms [4].

To coordinate these community-wide activities, bacteria use quorum sensing. While many
quorum sensing coordinated activities are beneficial to mankind, such as their role in
biogeochemical cycling [6], interspecies communication within symbiotic gut microbiota [7],
[8], and enhanced crop protection [9], there is a wide range of implications affecting human
health and modern society. The most impactful examples are bacterial virulence, biofilm
formation and antibiotic resistance development [10]. Perhaps one of the greatest threats to
mankind is the increasing spread of antibiotic resistant bacteria. Humanity is now marching
into the so-called ‘post-antibiotic era’, where multi-resistant strains emerge quicker than the
development of antimicrobial drugs [11]. The World Health Organization (WHO) estimates
that this will cause 10 million deaths annually in 2050, deeming it one of the biggest threats to
global health [12], [13]. In addition, the few newly developed drugs have the same chemical
motifs as the existing ones, which means that bacteria ultimately will develop resistance to
these [14]. This rapid emergence of antibiotic resistance is mainly caused by the very
widespread use of antibiotics and the ‘life-or-death’ selection pressure innate to their modes-

of-action [11], [15].



It is evident that development of new types of antimicrobial intervention strategies are
needed. Interference with the bacterial QS system, also called quorum quenching (QQ), has in
the past decade emerged as a promising strategy for combating bacteria. ‘Silencing’ bacteria
by jamming their QS-based communication has several advantages, for instance [16]: (1) a
single molecule can simultaneously interfere with multiple functions like biofilm formation,
expression of virulence factors etc., (2) if used in combination, QQ molecules could enhance
the effect of existing antibiotics, e.g. by limiting biofilm formation, (3) in theory, QQ
molecules should not exert an evolutionary pressure for resistance development if growth
remains unaffected [17]. Hence, being able to disrupt QS would be a valuable element in the
antimicrobial toolbox. This study aims to develop a modular biosensor system for the
detection of QQ compounds specific for the interspecies Al-2-based QS (described in Section
1.5). The system is based on a genetic circuit employed in a bacterial host, and such a
biosensor can be used to screen natural product libraries. A more detailed aim of this study is

described in Section 1.5.

1.1 Quorum sensing

In most societies in nature, communication is key for cooperation. Being unicellular
organisms with limited motility, bacteria have evolved QS to allow for communication-based
coordination within communities. In short, QS is chemical communication by collective
production, release and detection of extracellular signaling molecules (called autoinducers,
Al), which enable synchronized genetic regulation [1], [18]. This cross-talk enables bacterial
communities to react to environmental changes by regulating physiological processes in a cell
density dependent manner, only carrying out specific activities when they are most productive
and beneficial [1], [19]. Typically, the formation of autoinducer-receptor complexes induces
expression of the gene(s) responsible for autoinducer production, quickly increasing the
extracellular concentration of the respective autoinducers. This creates a feed forward loop,
synchronizing behaviors across a given population of bacteria [18]. From a human
perspective, perhaps one of the most relevant scenarios of QS is the regulation of virulence
factors upon bacterial invasion of a host organism: For pathogenic bacteria, it can be vital to
reach a certain number of invading bacteria before initiating virulence in order to resist
defense mechanisms of the host. [1]. The opportunistic pathogen Pseudomonas aeruginosa
will, for example, induce genes encoding virulence factors responsible for host tissue

destruction (mainly /asB and lasA, an elastase and a protease) when reaching a given cell
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density threshold [5], [20]. Conversely, as shown in a study by Hammer & Bassler, 2003,
Vibrio cholerae carries out an oppositely regulated pattern, where virulence factors and
especially biofilm formation are expressed at low cell density and repressed during high cell
densities. This is due to the nature of the V. cholerae infection process: Upon early infection
at low cell densities, typically via contaminated water entering the host, V. cholerae form
biofilm in order to colonize the intestinal epithelia, where they secrete toxins causing

severe diarrhea. As the cell density rises, biofilm production is repressed and bacteria now
freed from the biofilm will be flushed and returned to the environment, allowing population

dispersal to new hosts [21].

The implications of QS to mankind are widespread and not only limited to human pathogens.
These are summarized in Table 1. Put together, there is a wide array of mechanisms regulated
by quorum sensing, and it is now widely accepted that bacteria are able to communicate not
only within a species but also on an interspecies and even interkingdom level [22]. This

capability is the result of the evolution of different types of QS systems.

1.1.1 Bacteria communicate with various quorum sensing systems

Traditionally, QS has been divided into three overall systems [1], [23]: (1) an acyl-
homoserine lactone (AHL) based species-specific system in Gram-negative bacteria, also
known as autoinducer-1 (AI-1) QS, (2) the /uxS-based autoinducer-2 (AI-2) system used by
both Gram-negative and Gram-positive bacteria, and (3) a two-component system in Gram-
positive bacteria using small autoinducing peptides (known as AIP-QS). Other types of QS
which go beyond these classes have later been discovered, with examples like the
Pseudomonas quinolone signal [24], the diffusible signal factor (DSF) [25], and an
autoinducer-3 (AI-3) [26]. All known QS systems but one are species-specific. The exception
is the AI-2 system [14] which is prevalent within the domains of Bacteria. It has been shown
that more than 100 species of both Gram-negative and Gram-positive bacteria are able to

recognize and produce AI-2 [22].
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Table 1 | Overview of quorum sensing mediated implications to modern society.

QS regulated Industry Consequence Reference
mechanism
Biofilm formation
Transport Bacterial biofilm formation on ship hulls leads to [27]
colonization by marine invertebrates and algae (also known
as biofouling), which increases fuel usage as a consequence
of additional drag
Medicine, Due to reduced permeation of the biofilm, bacteria (28], [29]
food industry ~ embedded in biofilm will acquire increased resistance to
antibiotics, host immune defense mechanisms and cleaning
agents
Food industry ~ Biofilm formation on processing utensils causes increased ~ [28]
contamination of food with bacterial pathogens, resulting in
food waste
Water QS induced biofilm formation has been shown in sulfate- 130]
treatment, reducing bacteria, which are key-contributors to microbial
transport biocorrosion of metal surfaces
Efflux pumps
Medicine QS has been shown to regulate efflux pumps, which are [15]
able to extrude antibiotics from within the bacterial cell
Antibiotic resistance development
Medicine Induction of competence has been shown to be regulated by  [31]
QS, enabling bacteria to take up exogenous DNA and
thereby possibly share genes encoding antibiotic resistance
horizontally
Virulence
Medicine A wide array of human and veterinary pathogens, e.g. S. 32]
aureus, P. aeruginosa, V. cholerae, collectively induce
virulence genes (causing disease in host) by QS
Aquaculture Aquatic pathogens rely heavily on QS for host colonization — [33]
and virulence induction, especially among members of the
ubiquitous Vibrio genus, which is a major constraint within
the aquacultural industry
Microbial Food industry ~ Proteolytic, pectinolytic, chitinolytic and lipolytic [29]
degradation mechanisms associated with spoilage of food are regulated

by QS
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1.1.2 Autoinducer-2: A universal signaling molecule

The first indications of a second QS system came when Bassler et al. 1993 discovered that V.
harveyi mutants incapable of AHL synthesis (AI-1) still remained capable of QS-dependent
gene activation, and only a few years later, it was shown that this system could be induced
with cell-free culture fluids from other bacterial species [34], [35]. Researchers then identified
the gene responsible for AI-2 production, designated /uxS. Homologs of /uxS were found in
several other sequenced genomes [36]. Fast forward one and a half decade, and many hundred
genomes with /uxS homologues have been discovered, establishing the fact that AI-2 indeed
is a universal signaling molecule [37]. It has also been found to influence the transcription of
more than hundred genes in some species [38]. Here, the path of AI-2, from production to

export, import and response, will be described.

1.1.2.1  LuxS: AI-2 synthase and part of central metabolism

In all species capable of AI-2 production, the enzyme LuxS is responsible for synthesizing
4,5-dihydroxy-2,3-pentanedione (DPD), a precursor of the AI-2 signaling molecule. LuxS is a
part of the pathway called the activated methyl cycle (AMC), which is responsible for the
recycling of a major cellular methyl donor, the S-adenosylmethionine (SAM) [39]. As shown
in Figure 1, SAM is metabolized to S-adenosylhomocysteine (SAH). SAH can be converted
directly to homocysteine if the organism has genes encoding the S-adenosylhomocysteine
hydrolase (SahH). AI-2 producing bacteria instead convert SAH in a two-step reaction: 5'-
methylthioadenosine/S-adenosylhomocysteine nucleosidase (MTAN, encoded by pfs)
converts SAH to S-ribosylhomocysteine (SRH), and S-ribosylhomocysteine lyase (LuxS,
encoded by /uxS) converts SRH to homocysteine and DPD, being the linear form of AI-2
[37]. As DPD is highly unstable, it readily rearranges into R- or S-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran (R- or S-THMF). Both of these isomers are better known as AI-2
[40]. Although the explained biosynthetic pathway and chemical byproducts are similar in all
bacteria capable of producing Al-2, the isomer of the Al-2 signaling molecule (R- or S-
THMF) detected by the bacteria was later shown to differ. However, because R- or S-THMF
are capable of interconversion and the fact that they are in equilibrium when in solution, AI-2-

based QS still works across species regardless of the isomer a species detects [37].
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Figure 1 | The activated methyl cycle (AMC) with the relevant steps highlighted in color. (A) Coming from the other
half of the AMC, a methyl group is removed from SAM which converts it to SAH (a toxic intermediate). (B) Organisms with
sahH convert this directly to homocysteine. (C) Organisms with /uxS convert it to homocysteine in two steps: SAH is
converted by MTAN to SRH before LuxS converts it to homocysteine and DPD (the linear form of Al-2). (D) DPD rapidly
rearranges into S-THMF or R-THMF, which to bacteria is the recognizable form of AI-2. Adapted and modified from
Pereira, Thompson and Xavier, 2013 [37].

1.1.2.2  Sending a signal: Export of AI-2

Because of the fact that AI-2 is hydrophilic with low affinity to lipids in nature, the cell
membrane acts as a permeability barrier [37]. The cellular export mechanism of AI-2
remained unknown until Herzberg et al., 2010 showed that deleting the gene tgsA (previously
known as ydg(G), which encodes a previously uncharacterized membrane-spanning protein
TgsA (YdgG), resulted in decreased extracellular and increased intracellular concentrations of
Al-2, increased cell motility and increased biofilm formation. However, these phenotypes
were restored when expressing tgsA in trans [41]. Nevertheless, as stated by Pereira et al.
2013, since the extracellular accumulation of AI-2 in TqsA deficient strains, in conditions
where Al-2 uptake is inhibited, is only twofold lower compared to wild type, TqsA is not the

sole exporter of AI-2. Hence, other export mechanisms must exist [37].
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1.1.2.3  Various types of AI-2 perception

Al-2 detecting bacteria use different genetic systems to relay, interpret and process the actual
signaling molecules. The systems are named after their receptor. Three types of receptors
specific to Al-2 have been characterized to this date, being the LsrB protein in Sa/monella
typhimurium and E. coli, the LuxP protein in Vibrio species, and the RbsB protein

in Aggregatibacter actinomycetemcomitans [42]. In addition, bacteria lacking the above
mentioned receptors have been shown to respond to AlI-2, indicating that other unidentified
receptors exist [37]. The LsrB receptor and the Lsr system, which is of most relevance to this
study and therefore will be focused on, is a part of the LsrACDB-transporter [14]. The initial
uptake of AI-2 happens through a secondary, promiscuous PTS transporter [43], and as
elaborated below, when the QS feedback loop has been activated, the LsrB protein binds the
R-THMF isomer of AI-2 and initiates internalization of AI-2 via the LsrACD part of the
transporter. [42].

1.1.2.4  Modification and termination of AI-2 by the Isr system

Upon transportation into the cell, the AI-2 molecule is phosphorylated by a kinase, LsrK, into
P-AI-2. Inside the cell, the P-AI-2 binds to LsrR, a repressor. In the absence of P-AI-2, LsrR
binds to a regulatory region (in this study, the whole region is denoted Ps-) and represses the
divergently transcribed IsrRK-ACDBFG operon. This operon contains genes regulating its
own expression (/srRK), genes for transporters responsible for uptake of Al-2 (IsrACDB), and
genes for downstream processing and termination (/s7/'G). High P-AI-2 concentrations
promote transcription of the operon by removing LsrR from Py, which in turn creates a
positive feedback loop, increasing both the uptake and phosphorylation and, eventually,
depletion of AI-2 from the extracellular medium[14], [37]. This process, from export to

termination, is depicted and elaborated in Figure 2.

Bacteria with this /s system and the depletion of AI-2 from the extracellular medium towards
the stationary phase seem to contradict the paradigm of QS, being that autoinducers
accumulate with increasing cell density [37]. This has led to the hypothesis that species
harboring the /s7 system not only use Al-2 molecules to perceive the surrounding cell density

but also remove AI-2 to deceive and confuse other nearby species to gain an advantage [43].
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Figure 2. Model for AI-2 secretion, uptake and signalling by the Isr system. (A) In low cell densities, i.e. lag phase, the
extracellular concentration of AI-2 is low, and the /s7 operon is repressed by LsrR. (B) In the exponential growth phase, Al-2
accumulates extracellularly, and initial uptake occurs through PTS-dependent transporters. Imported AI-2 is phosphorylated
by LsrK to P-AI-2 which upon binding and removal of LstR derepresses the /s7 operon. (C) Activation of Isr operon leads to
increased uptake by the LsrACDB-transporter-complex. A positive feedback loop occurs, and the extracellular concentration
of Al-2 decreases rapidly. P-AI-2 is eventually degraded by LsrG and LsrF. Adapted and modified from Pereira et al. [37].

1.2 Jamming the signal: Quenching of quorum sensing

Communication is key, and maybe disrupting communication could be key to combat bacteria
in present time as we gradually step into the ‘post-antibiotic era’, where many antibiotics are
rendered useless due to microbial resistance. QQ has in the recent years attracted a lot of
attention as a promising approach for controlling bacterial infections and generally limiting
bacterial growth in undesired places. Until 2020, at least 57 molecules with QQ activity have

been patented, but few are licensed and commercially available [16], [44].
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The term ‘quorum quenching’ covers all the possible routes of disrupting QS, however, many
studies distinguish between quorum quenching as the enzymatic deactivation of QS and
‘quorum sensing inhibition’ (QSI) as the chemical disruption of QS [45]. In this study, the
term ‘quorum quenching’ describes both QQ and QSI.

In this section, different QQ strategies will be described and the scientific efforts within this
field will be briefly reviewed.

1.2.1 Criteria for quorum quenching molecules

In order to remain effective, it has been proposed that QQ compounds should fulfill a few
criteria. Most research on QQ has been focused on targeting Al-1-based QS, and therefore
these criteria apply to this type of QS. In a comprehensive review on this topic, Kalia et al.
2013 state, based on the work of [46]-[48], that an effective AHL-QQ compound is: (1) a
small molecule which efficiently reduces gene expression regulated by QS, (2) very specific
for the targeted QS regulator with no unfavorable effect on either bacteria or host, (3)
chemically stable with no risk of degradation by host metabolism, and (4) longer than native
AHL chains [49]. All criteria except the last can be applied to AI-2-QQ), although there are
some challenges in this context. The second criterion is crucial in preventing the emergence
of resistant strains: When growth remains unaffected, there is no selection for development of
resistant strains [17]. However, the ‘specificity for a QS regulator’ in this criterion remains a
challenge in terms of AI-2-QQ, if the aim is to target the QS system of specific bacteria, e.g. a
virulent pathogen in a human host. The above mentioned criteria apply for AI-1-QQ
molecules, which have highly specific cognate receptors, and as AI-2 is an unspecific QS
molecule recognized by many different receptors, AI-2-QQ will probably affect a wide range
of bacteria in the environment. This could be a problem if the QQ molecules interfere with
favorable microbiome species in and on humans [50]. In other cases where the aim is to
minimize all bacterial growth, e.g. in anti-biofouling measures, this would merely be an
advantage instead of a problem.

1.2.2 Quorum quenching strategies

In Gram-negative bacteria, there are three overall modes-of-action of QQ relating to the point

of ‘attack’: The signal production, the signal molecule itself and the signal receptor [46].

Few studies have aimed at the signal production as a method of inhibiting QS, leaving the
field relatively open for novel discoveries [16]. Nonetheless, researchers have discovered

molecules inhibiting the production AI-2. For example, Gutierrez ef al. 2013 found that
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transition state analogs of MTAN, the gene product of pfs, which is responsible for the
conversion of a precursor of Al-2 as shown in Figure 1, effectively inhibits production of Al-

2 without affecting bacterial growth [51].

More research has focused on neutralizing the QS signal itself. Still, most discoveries have
revolved around enzymes and antibodies directed towards AHL-based QS [16], and as stated
by Sikdar and Elias in 2020, ‘proficient enzymes able to neutralize AI-2 remain elusive’ [50].
However, Roy et al. managed to quench AI-2 signaling between co-cultures of E. coli and S.
typhimurium by adding the native E. coli LsrK enzyme (described in Figure 2). Here, AI-2 is
phosphorylated extracellularly by LsrK, and as P-AI-2 is negatively charged, transport into
the cell is prevented [45], [52].

The most extensively studied QQ mechanisms are aimed at the signal receptor. Upon binding
to the receptor, antagonists can e.g. block the active site of the receptor or modify the
conformation of the receptor-signal complex. In the case of AI-2 QS, this would prevent
uptake of signal molecules, rendering the bacteria ‘deafened’. As a part of several studies,

scientists have synthesized AI-2 analogs which show QS-inhibiting abilities [45], [53]-[55].

1.3 Using biosensors to find quorum quenching compounds

In the pursuit of novel QQ molecules, researchers have taken different approaches. These
include chemical techniques, computer-aided methods and virtual screening, nano- and
microtechnological techniques, and bioassays [44]. The latter include the use of genetically
engineered whole-cell biosensors (also known as bioreporters), where the screening process
has proved to be easy and cost-effective to use [56]. Also, by constructing these biosensors
using the tools and approaches of modern synthetic biology, one can easily adapt biosensors

to sense and detect a wide array of desired elements (as described later in Section 1.4).

The common component of all biosensors is a biological element, which allows for the
specific detection of a target analyte and transduces this event of detection into a readable
signal. This signal is often one which can be easily converted into an electrical signal and fed
to an electronic device for interpretation and data storage [57]. In cell-based biosensors, the
biological element is the cell itself, and the transduction of the detection event is typically
mediated by a reporter gene encoding a protein, which gives a colorimetric, luminescent or
fluorescent signal. Whole-cell biosensors have been employed by the scientific community

for a long time, and several biosensors detecting QQ compounds have been reported.
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1.3.1 Examples of quorum quenching detecting biosensors

To date, several studies using cell-based biosensors for detection of QQ compounds have
been published, where the great majority target inhibitors for AI-1 QS. These range from

simple systems to more complex genetic circuits.

The easiest and most simple approach in QQ screening is to use natural indicator strains like
Chromobacterium violaceum which produces a visible pigment called violacein upon
induction by AI-1 QS [44]. In many other studies, plasmid-based biosensors with QS-
regulated promoters fused to a reporter gene have been used. An example is the plasmid-
based sensor developed by Hentzer et al., which contains the Pseudomonas aeruginosa QS-
regulated promoter /asB fused to an unstable variant of the green fluorescent protein (GFP)
[58]. The shorter half-life of the unstable GFP allows for continuous assessment of potential
QQ activity of screened compounds, where QQ will be revealed by reduced fluorescence
intensity. This sensor was later, 15 years after its publication, helpful in identifying the

common carotenoid Zeaxanthin as an inhibitor of Al-1-based QS in P. aeruginosa [59].

A different and unique approach was taken by Rasmussen et a/. when they in 2005 developed
a unique suicide-based biosensors called QSIS (Quorum Sensing Inhibitor Selector) for
identification of AI-1-QQ. Here, they fuse QS-controlled promoters, Pz or Pss, to genes
encoding lethal proteins, phlA4 or sacB. Induction of these promoters by the cognate Al-1 will
lead to cell death or growth-arrest. Hence, this biosensor will not grow unless a non-toxic QQ

compound is present in necessarily high concentrations [17].

The QSIS strategy was later used by Weiland-Briuer et al. to develop one of the more
infrequent biosensors for identification of AI-2-QQ compounds, from which the present study
has drawn certain inspiration. Here, they fused the AI-2 controlled promoter, Py from E. coli
K-12, to a killing gene, ccdB, which inactivates gyrase and leads to cell death. They employ
this reporter circuit in E. coli DH5a as it lacks /uxS, a gene necessary for production of AI-2
(to be able to control induction of Py). Screening bacteria inhabiting the surface of marine
eukaryotes with this biosensor, they managed to identify proteins with AI-2 interfering
properties [60].

Generally, there has been extensive research into QQ of Al-1, and as a result, many
biosensors aiming for detection of AI-1 quenching have been developed. Conversely, there
are markedly fewer biosensors for detection of AI-2-QQ, and this field of research seems

under-explored.
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14 A synthetic biology approach via the BASIC DNA assembly

system

The term ‘synthetic biology’ is widely used with different meanings. In the context of this
study, it refers to a systematic approach of genetic modification inspired by other engineering
fields. The central idea of this approach is to employ standardized genetic ‘parts’ which can
be assembled in a modular fashion. The use of a synthetic biology inspired approach
combined with the BASIC DNA assembly system, developed by Storch et al., allow for an
easy and rapid interchange of genetic sequences (denoted parts) and tuneability [61]. This
draws parallels to the BioBrick standard, the first of its kind, which has established
standardized guidelines for parts. Here, similarly to the BASIC system, parts are flanked by
standard prefix and suffix sequences, in a storage backbone, and these parts are readily cut
and can be assembled with others using different assembly methods [62]. The ‘Registry of
Standard Biological Parts’ is a collection of such genetic parts, and as of today, there are more

than 20.000 documented genetic parts [63].

The BASIC system similarly rely on standardized prefix and suffix sequences. But, unique for
its kind, it employs linker sequences used to assemble parts in the desired order. An assembly
of multiple parts can be done simultaneously, and, for example, Storch et al. managed to

assemble seven parts with 90% accuracy in one operation [61].
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Figure 3 | BASIC standardization and workflow. (A) The BASIC DNA part is flanked by a prefix (iP) and a suffix (iS)

sequence, each containing an inward facing Bsal site. Upon digestion with Bsal, a specific 4 bp overhang is generated to
which DNA-linkers will ligate with its own 4 bp overhang. (B) The workflow of BASIC assembly. Step 1: Simultaneous
digestion and ligation of linkers, separate for each part. Step 2: Purification, removal of unligated linkers. Step 3: Linker-
adapted parts are mixed together and assembled into one construct. Figure adapted and modified from Storch et al. 2015.
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1.4.1 The principles of BASIC
The very core elements of BASIC are (1) the standardized parts and (2) the DNA linkers.

1) All parts in a BASIC library are flanked by integrated prefix and suffix sequences (iP /
iS, same for all parts) (Figure 3 A).

2) To assemble parts and to assemble them in the correct order, orthogonal DNA linker
pairs are used (Figure 3 A-B). The 4 bp or 6 bp overhang is identical in all linkers,

whereas the 21 bp overhang is complementary for each linker pair.

As shown in Figure 3B, the linkers are attached to parts simultaneously with the digestion of
the Bsal sites. This is done in a reaction separate for each part, meaning each part contains a
prefix and a suffix linker. In the final step, orthogonal linker pairs are assembled by
annealing, hence generating the final constructs of parts where the order is determined by the

choice of linkers.

1.4.2 Tuneability and adaptation is achieved by BASIC linkers

The BASIC system employs different linkers. Neutral linkers connects parts with a neutral
sequence. RBS linkers include a ribosomal binding site (RBS) of different strengths, ranging
from 1-3. The relative RBS strength of these linkers have been characterized via GFP
expression. In relation to the strongest RBS linker (RBS3, 100% expression), RBS2 and
RBS1 show relative expression levels of 56% and 5% respectively. This allows for tuneability
of protein translation. Methylated linkers contain the BASIC prefix and suffix sequences.
These are methylated to protect them from digestion of Bsal in the first step. However, upon
transformation and replication in vivo of an assembled construct, this methylation disappears.
By attaching methylated linkers to an assembly, the assembled construct constitutes a new
“single” part which can be digested and linked to other parts. This is also how single parts are
stored in a storage backbone: Here, methylated linkers with a Bsal site flank the single part
whereas pairing linkers without a Bsal site are attached to the storage backbone. Hence, only

the linkers attached to the part are cut, leaving the part ‘ready’ for assembly with other parts.
1.5 Aim of this study

This study seeks to develop a biosensor, which, firstly, detects compounds capable of

quenching Al-2-based QS, and, secondly, reports these detection events with a two-signal

21



output. Thirdly, the biosensor should be engineered in a way, and with methods, which allow

for quick and easy adaption to other types of QS.

In order to fulfil the aims of the study, a circuit containing a genetic toggle switch (seen on
Figure 4) was designed and constructed with a signal outcome depending on whether AI-2-

based QS is active (not quenched) or inactive (quenched).

2 Materials and methods

2.1 Bacterial strains and plasmids used in this study

Strains used in this study include E. coli DH5a and E. coli MC4100. E. coli DH5a was used
for all cloning purposes, genomic DNA extraction and as a host organism for test constructs
and biosensor construct. E. coli MC4100 was used in the experiments described in Section
3.3.1 and 3.3.2. The separate genetics parts used in this study and their acquisition are
described in Table 2 in Section 3. The plasmids, here denoted genetic constructs, used in this
study is depicted in Figure 5 in Section 3.2. All plasmid extraction were performed using
either NucleoSpin Plasmid (Macherey-Nagel, Ref 740499.250, Diiren, Germany) or the
BOMB protocol #5.3 v1.0 [64].

2.2 Growth medium, supplements and conditions

Luria-Bertani (LB) medium and M9 glucose medium were used in this study for all bacterial
growth with the exception of under transformation of plasmids where SOC medium (Super
Optimal broth with Catabolite repression) was used (Section 2.3.4). SOC medium consists of
(dissolved in H2O): 20 g/L tryptone, 5 g/L yeast extract, 0.5 g/l NaCl, adjusted to pH 7.0 with
NaOH, and a final concentration of 20 mM glucose (added before use). LB medium consisted
of (dissolved in H>O) 10 g/L tryptone, 10 g/L NaCl and 5 g/L yeast extract. In this study, the
MO glucose medium used consists of (dissolved in H>O) 1X M9 salts, 2 mM MgSOs, 0,1 mM
CaCly, 2 g/L glucose, 1 pg/mL thiamine, 1 pg/mL arginine supplemented with 1% 2X Yeast
Extract Tryptone (YT) (all final concentrations). Where appropriate, ampicillin was added to
a final concentration of 100 pg/mL. Unless otherwise stated, all strains were grown in 37 °C

at 250 rpm in an incubation chamber.

22



A stock solution of 5-methyl-4-hydroxy-3-furanone (hereafter denoted sAI2) was made by
dissolving sAI2 in H>O to reach a final concentration of 1 M. This stock solution was stored

in foil-covered tubes at -20 °C.

23 Cloning of genetic constructs

All cloning done is this study was done according to the principles of the BASIC DNA
Assembly system invented by Storch et al. [61], following the protocols in chapter 14 of
Chandaran and George, 2014 [65] with a few alterations (described Section 2.3.4 and 2.3.5).

The overall workflow is as follows (described in detail in the sections below). (1) Parts are
adapted into the BASIC format with a prefix and a suffix sequence. (2) Parts are stored in
storage backbones to build a library. Parts are cut out from storage backbones and
simultaneously assembled into desired constructs and into the desired vector backbone. (3)
For the 6-part construct (pJB30 and pJB33), the assembly was conducted in a two-step

assembly process.

2.3.1 Adaptation of parts into BASIC format

The prefix and suffix sequences were attached to each part in different ways (prefix:
5’-TCTGGTGGGTCTCTGTCC-3’ and suffix: 5’-CGATAGGTCTCCCGAGCC-3). Part 3
(Prer) was synthesized with the prefix and suffix (ordered from Twist Bioscence, San
Francisco, USA). Part 4 (sfGFP), part 7 (tetR) and part 8 (mRFPI) were acquired from an in-
house BASIC library and contained prefix and suffix before being used in this study. For part
1 (SEVA13-VB), part 2 (SEVA18-VB), part 5 (4¢/3) and part 6 (Ps), prefix and suffix were
incorporated by PCR (using Phusion High-Fidelity PCR Master Mix, Thermo Fisher
Scientific, F531L) and template-specific primers with extensions coding for BASIC prefix
and suffix. Common PCR program for all reactions were as follows. Initial denaturation: 98
°C, 30 seconds. Denaturation (25x): 98 °C, 10 seconds. Annealing (25x): 60 °C, 30 seconds.
Extension (25x): 72 °C, time individual for each primer pair. Final extension 72 °C, 7
minutes. SEVA13-VB and SEVA18-VB were amplified with primers 0JB31 and 0JB32
(extension time of 2 min, 30 seconds) and purified with Nucleospin PCR clean up kit
(Macherey-Nagel, Ref 740609.50, Diiren, Germany). A¢/3 was amplified from pKD46 using
primers 0JB9 and 0JB10 (extension time of 1 min) and purified like above. For Py, genomic

DNA from E. coli DH5a was extracted and purified using magnetic beads following the
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BOMB protocol #7.1 v1.0 [64]. P was amplified by PCR from the genomic DNA with

primers 0JB5 and 0JB6 (extension time of 1 min), and it was purified as above.

2.3.2 Storage of parts

After incorporation of BASIC prefix and suffix, all parts were stored in the part library by
inserting them in SEVA13-VB with the methylated linkers (described in Section 1.4.2) to
flank the part for easy reuse. When storing SEVA13-VB and SEVA-18, these were flanked
with methylated linkers and assembled with Part 8 (mRFPI). This enables reuse of the

backbones for storing multi-part assemblies in them.

233 Assembly of constructs with more than 4 parts

Assembly of larger constructs (> 4 parts) was divided into two steps. In the first step, the first
three and the last three parts were assembled separately and stored in SEVA13-VB with
methylated linkers (composite part 1: Py, sfGFP, Atl3, composite part 2: P, tetR, mRFPI).
Both composite parts were replicated in vivo, verified by colony PCR (cPCR) (described in
Section 2.3.5) and extracted as well as purified (as described in Section 2.1). In the second
step, treating the two composite parts like a normal part, they were assembled into SEVA13-

VB and SEVA18-VB, which generated pJB30 and pJB33, respectively.

234 Transformation of in vitro assembled constructs

For transformation of E. coli DH5a with constructs assembled with BASIC, the ‘Inoue
Method for Preparation and Transformation of Competent E. coli’ was followed in this study
[66]. However, when plating transformed cells after recovery phase, 100 uL cell culture were
plated on LB agar with antibiotic, and the remaining 800 uL was spun down (5000 x g, 5 min)

before being plated on a separate but similar plate.

2.3.5 Assembly confirmation and sanger-sequencing

Upon transformation and subsequent overnight growth on plates, 4-10 colonies (half from
each transformation plate) from each construct assembly were screened by colony-PCR
(cPCR) using DreamTaq Green PCR Master Mix (2X) (Thermo Scientific, K1081) and with
the general settings: Initial denaturation: 95 °C, 5:00 minutes. Denaturation (25x): 95 °C, 30
seconds. Annealing (25x): 57 °C, 30 seconds. Extension (25x): 72 °C, 1 min/kb. Final
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extension 72 °C, 7 minutes. Linker-specific primer pairs facing inward which amplify each
separate part were used (overview of primers in Appendix 7.1). cPCR products were run in
1% agarose gel (150V, 30 min) and assemblies were verified based on presence and length of
bands in the gel. 1 Kb Plus DNA Ladder from Invitrogen, Thermo Fisher Scientific (catalog
number 10787018) was used as ladder (see Appendix 7.2 for example). All constructs were
verified by cPCR, and pJB12, pJB17, pJB18, pJB25 and pJB30 were further verified by
Sanger-sequencing. When sequencing the mentioned plasmids, each inserted construct were
firstly amplified by PCR using Platinum SuperFi DNA Polymerase (Thermo Fisher Scientific,
12351010). with the following settings: Initial denaturation: 94 °C, 1:00 minute. Denaturation
(35x): 94 °C, 10 seconds. Annealing (35x): 60 °C, 10 seconds. Extension (35x): 68 °C, 30
seconds/kb. Final extension 72 °C, 5 minutes. After purification of PCR reaction products
using Nucleospin PCR clean up kit (Macherey-Nagel, Ref 740609.50, Diiren, Germany), the
sequencing reactions were prepared using the BigDye™ Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific, 4337458) following manufacturer’s instructions. Sequencing

reactions were sent to the University Hospital of North Norway for final Sanger-sequencing.

24 Induction and biosensor assays

All testing of genetic constructs followed the same overall procedure described in this section.
Addition of test substances is described separately for each experiment in Section 2.4.1

below.

Strains were inoculated in 5 mL medium and antibiotic (if appropriate) in 14 mL Falcon
Round Bottom Polystyrene Tubes (Corning, #352059) with snap caps allowing gas exchange.
Cell cultures were grown overnight in 37 °C at 250 rpm, and ODsoo was measured in the
morning. To be sure cells are exponentially growing when added to the assay, all cell cultures
were diluted in 5 mL fresh medium to reach a new starting ODgoo of = 0.1. Cell cultures were
again incubated under the same conditions and grown for approx. 1,5 hours until reaching an
ODsoo of = 0.2. Cultures with higher ODgoo than 0.2 were diluted until reaching ODsoo = 0.2.
From here, 80 pL or 90 pL of culture were added to a 96 well plate with clear bottom
(Corning 96-well Flat Clear Bottom, product number: 3340) along with 10 pL or 20 pL of
inducer solution. The 96 well plate were covered with a film which allows gas exchange to
decrease evaporation and prevent contamination (Breate-Easy, Diversified Biotech, Boston,
USA). Red fluorescence (excitation: 580, emission: 615, gain: 100), green fluorescence

(excitation: 480 and emission: 515, gain: 100) and ODsoo was measured continuously every
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15 minutes for 8 hours by a Synergy H1 Hybrid Multi-Mode Reader (BioTek, Agilent) in

conditions of 37 °C and orbital shaking for 10 seconds every 15 minutes.

24.1 Addition of solutions to assays

In assays including E. coli MC4100 supernatant (Section 3.3.1), 80 puL of cell culture were
added to each well along with 20 pL of supernatant from an exponentially growing (ODsoo =
0.86) E. coli MC4100 culture in the same medium (LB medium or M9 glucose medium). For
negative controls, sterile medium was added. In assays with E. coli MC4100 transformed with
test constructs (Section 3.3.2), 100 uL of cell culture were added to each well. In assays
including sAI2 (Section 3.3.3, 3.3.4 and 3.5), either 10 pL of IM sAI2 or 5 pL of 1M sAI2
along with 5 pLL dH»O were added, reaching final concentrations of 100 mM sAI2 and 50 mM
sAI2, respectively. For negative controls, 10 pL. dH>O was added. In assays including aTC
(Section 3.5), 1 mL of cell culture was, prior to being transferred to wells, mixed in an
Eppendorf tube with 0.5 puL. of an 1 mg/mL aTC solution (solution contains aTC dissolved in
50% ethanol). 90 uL of this cell culture solution was transferred to the well and mixed with

10 pL of either 1M sAI2 or dH2o0, reaching a final concentration of aTC of 0.96 uM.

2.4.2 Specific fluorescence calculations and statistics

Specific fluorescence is in this study defined as the fluorescence intensity of a cell culture
with the fluorescence intensity of the medium used subtracted and then subsequently divided
by ODsoo of the particular cell culture. All cell cultures were measured in triplicates, and, for
each time point, the standard error of the mean (SEM) was calculated and illustrated on the

graph as fill areas. These are transparent in order to clearly see data in overlapping regions.

2.5 Data visualization and figure design

In this study, data visualization were created using RStudio [67]. With the exception of Figure
3 and Figure 14, all graphical elements were created by the author using Adobe Illustrator
2021 [68] or Adobe Photoshop 2021 [69]. The information which Figure 1, Figure 2 and

Figure 3 is based on is referred to in the respective figure caption.
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2.6 LB-sAI2 plates and fluorescent imaging

Similar to Weiland-Brauer ef al., the LB-sAI2 plates were prepared mixing LB agar at 50°C
with appropriate antibiotics and final concentrations of 50 mM sAI2. However, in the present
study, the strains to be tested were spread evenly from an exponentially growing culture on
the the LB-plates after the agar had solidified (Weiland-Bréuer ef al. added 5 % (vol/vol)

exponentially growing culture of the reporter strain while LB agar was fluid).

After overnight incubation at 37 °C, pictures of the plates were taken using a Kodak Image
Station 4000MM Pro. Excitation and emission filters used were for green (Aex: 485 nm, Agm:
535 nm) and red (Aex: 570 nm, Agm: 600 nm) fluorescence. Exposure time for green

fluorescence were 0.5 second and 1 second for red fluorescence.

3 Results

3.1 Genetic circuit of the biosensor and its mode of operation

One of the main purposes of the biosensor is to report quenching of AI-2-QS with a double-
signal output where one signal implies that QS is quenched and the other signal the opposite,
namely that QS is active. To achieve this, a genetic circuit was designed and assembled into a
plasmid, yielding pJB30. This assembled construct encompasses six parts and a combination
of linkers (Figure 4 for complete circuit, Table 2 for parts description). For the dual-signal
output, two genes, sfGFP and mRFP1, encoding fluorescent proteins were included. The two
proteins respectively exhibit green and red fluorescence, and they are therefore well suited for
dual-imaging because of their differences in emission wavelengths. For the genetic switch, a
PrertetR system was employed. The Al-2-regulated promoter, Py, functions as the ‘sensing’
entity of the circuit by transducing the induction (or the absence of induction) into gene

expression of reporter genes and genetic switch genes.

The biosensor circuit works as follows: Firstly, AI-2 is supplied to the biosensor. If there is
not a QQ compound present (Figure 4 A), QS will remain active. In this case, the supplied
Al-2 will bind and remove LsrR from the Py and initiate transcription of genes encoding a
TetR repressor and a mRFP1 reporter protein. Here, TetR will bind to P and prevent
transcription of sfGFP, and, hence, the final output will be a red fluorescent signal. If a QQ
compound is present (Figure 4 B), expression of TetR and mRFP1 will be inhibited by the

native LsrR upon the binding of this to Py Here, the P, promoter will, behaving like a
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constitutive promoter, initiate transcription of sfGFP and eventually emit a green fluorescent
signal as a final output signal. The A#/3 terminator is positioned after sfGFP to prevent any

transcription initiated by Py passing through to the Pj-controlled module.

Al-2
A1 Addition of Al-2

A A2 Inductionof P

v

QS ACTIVE . r
3P, 4 sfGFP 5AtI3 6P 7 tetR 8F mRFP
N A4 Red fluorescent signal output
Signal
A3 tetRrepressesP
Al-2
B ? B1 Inhibition of QS
QS QUENCHED I—} _|_ —p
3P, 4 sfGFP 5Ati3 6P 7 tetR 8F mRFP
B2 Green signal output
Signal

Figure 4 | Genetic circuit of the biosensor and its operational principle. (A) Signal output when quorum sensing (QS) is
active (i.e. not inhibited). A1-A2. Addition of autoinducer-2 (AI-2) induces the Py, promoter, which enables expression of
downstream genes. A3. The expressed TetR repressor protein binds to and represses Pr; which blocks transcription of sfGFP.
A4. Expression of mRFPI results in a red fluorescent signal output. (B) Signal output when quorum sensing is inhibited. B1.
A given mechanism inhibits Al-2, and P, remains uninduced. B2. Transcription of sfGFP is initiated through Py, generating
a green fluorescent signal output. Atl3 terminator prevents further downstream transcription.

The host organism, hereafter referred to as ‘chassis’, of the biosensor is E. coli DH5a. This is
mainly because of the fact that it was used successfully by Weiland-Bréuer et al. to harbor
their QQ-bioreporter plasmid [60]. They used it because of its inability to synthesize both Al-
1 and AI-2, due to the absence of /ux/ gene and a frameshift mutation in the /uxS gene,
respectively. Using DH5a prevents any self-induction of QS, making it possible to control it
by exogenous addition of AI-2. Also, the chromosomal Isr operon (IsrACDBFGE and IsrRK)
is present, and this is needed for transport, recognition and processing of AI-2 molecules.
Furthermore, it is recommended by the creators of the BASIC DNA Assembly system that E.
coli DH5a is used for storage of both individual parts and assembled constructs [61]. This
enables easy and quick testing of constructs without the need for plasmid extraction and

transformation of other chassis.
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Table 2 | Overview of genetic parts used this study. ) Standard European Vector Architecture [70].

Part Function  Description Acquisition References
Part 1: Plasmid Medium copy number backbone. Ori: SEVA® [70]
SEVA13- backbone  pBBRI, resistance: bla (ampicillin-
VB resistant). Part size: 3125 bp.
Part 2: Plasmid High copy number backbone. Ori: pUC, SEVA® [70]
SEVA18-  backbone  resistance: bla (ampicillin-resistant). Part
VB size: 2532 bp.
Part 3: Promoter Contains a rrnB T terminator and two tetO  Synthesized from [71]
Pt sites (regulated by tetR) upstream of the Twist Biosciences

actual tef promoter. Part size: 157 bp.
Part 4: Reporter Constitutively fluorescent green reporter In-house stock [72]
sfGFP protein, derived from Aequorea victoria,

with enhancing folding abilities with

regards to stability and maturation time. Ex

A: 485 nm, Em A: 510 nm. Part size: 747

bp.
Part 5: Terminator Native transcription terminator from PCR. Template: [73]
3 Escherichia virus Lambda. Part size: 332 pKD46, Primers:

bp. 0JB9, 0JB10
Part 6: Promoter Regulatory region of native E. coli Isr- PCR. Template: E. [371, [60]
Pl operon. Repressed by LsrR upon binding. coli DH5a. Primers:

Repression is relieved when P-AI-2 binds 0JBS5, 0JB6.

to LsrR. Part size: 347 bp.
Part 7: Repressor  Binds to tetO site and represses In-house stock [74]
tetR transcription from Pr. Binds also with high

affinity to anhydrotetracycline which

relieves repression of Pr:. Part size: 660 bp.
Part 8: Reporter Monomeric red fluorescent protein, In-house stock [75]
mRFP] developed from DsRed (derived

from Discosoma sp.). Ex A: 584 nm, Em A:

607 nm. Part size: 714 bp.
Part 9: Promoter  Arabinose-inducible promoter. Regulated PCR. Template: [76]
Prap by AraC: Repressed in absence of pKD46, Primers:

arabinose and presence of glucose. Induced

in presence of arabinose. Part size: 424 bp

0JB7, 0JB8
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3.2 Building a library of parts and cloning genetic constructs

A main objective of the biosensor is to be modular and easily adaptable. To achieve
modularity and to be able to assemble constructs in a parallel workflow, a library of genetic
parts was built. These parts are separately described in Table 2. All parts were stored in
SEVA13-VB (vector backbone) with methylated linkers reconstituting the BASIC-prefix
(containing a Bsal cut site), meaning that they were to be easily cut out from the backbone
and assembled with other parts or other backbones.

As outlined in Figure 5 several genetic constructs have been assembled using the BASIC
DNA Assembly System by following the workflow described in Section 1.4. All constructs,
with the exception of pJB33, have been cloned into the medium copy number plasmid
SEVAI13-VB.

The linkers constitute excellent primer binding sites, and this enables easy and quick
verification of assemblies by PCR using primers amplifying each part. This is exemplified by
the verification of pJB30, pJB12, pJB17 and pJB18 as shown in Appendix 7.2. All constructs

were firstly confirmed by PCR and some were subsequently further verified by Sanger

pJB12 Plsr1-mRFP

— - —| | — — Legend
1sevarzve M ep, VTR 8 mRFP L2
o Plasmid backbone
pJB17 Plsr2-mRFP 4 ,
— Protein encoding gene
1sevazve M ep VT2 8 mRFP L2 r
. Promoter
pJB18 Plsr3-mRFP T
— P Terminator
1sevazve M gp VTR 8 mRFP L2
1 Neutral linker
pJB25 Plsr3-sfGFP "
o
7 — L L - - Methylated linker
1sevazve M e VTS 4 5fGFP M2 LMn
=
pJB26 half construct RBS1 Un-RBSx  RBS linker
- T
N o T T T o T n Linker homology type
1sevaizve M zp VIR 45fGFP boosniz M2 P
X RBS strength level
pJB32 half construct RBS3 _l_
1sevaizve M g VTS 4fGFP Y sz HW2
pJB30 full construct
— . T — . .
1sevazve M gp VTR 4fGFP Hosaz P ep, VS 7 tetR UsRES3 8 MRFP Hm2
pJB33 full construct pUC19-VB
o T I .
2sevaigve M zp VTR 4 sfGFP Yosaz P ep, U 7 tetR U3 Res3 8 mRFP M2

Figure S | Overview of genetic constructs cloned in this study. The figure illustrates the order of the different parts from
Table 2 and linkers. Note that the representation of the constructs in this figure is linear, opposed to the circular structure of
the plasmids in their natural state.
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sequencing. The reasoning for the design of each construct will be elaborated below in the

relevant section.

3.3 Induction of Pj,

It is crucial for the biosensor to be able to detect and respond to AI-2 via the P, promoter. In
order to optimize the expression from Py, three test-constructs were assembled (pJB12,
pJB17, pJB18). These constructs are identical with the exception of the RBS linker between
Pis- and mRFP1, which varies in the three RBS expression levels. The construct with the
weakest RBS producing a readable signal significantly different from the control would be

ideal, as this in theory would be least prone to leaky expression.

Three different strategies for induction of P, were tested: (1) Induction by cell-free
supernatant from Al-2-producing E. coli MC4100 strains growing exponentially, (2)
induction by transforming MC4100 with plasmids containing test-constructs, and (3)
induction using ‘synthetic AI-2’ 5-methyl-4-hydroxy-3-furanone (sAl2), which has been
proposed to be effective form of the native AI-2 [60], [77]. All strategies were tested in both
LB and M9 medium (see Section 2.2 for exact medium composition). M9 medium was

included as it is a defined medium with almost no autofluorescence.

3.3.1 Strategy 1: Induction of P with supernatant from AI-2 producing cells

To test if Py 1s induced by supernatant from Al-2-producing cells, cell-free supernatant from
E. coli MC4100 was added to the three test constructs as described in Section 2.4.1. This
strain has both the genes responsible for AI-2 production (/uxS, pfs) and genes for regulating
AI-2 QS (Isr operon) according to the IMG database [78], [79]. Supernatant was extracted
from MC4100 cultures in exponential growth phase (ODsoo =~ 0.7-0.8) as this is where the
extracellular concentration of Al-2 theoretically is highest (Figure 2). Controls received
supernatant from exponentially growing E. coli DH5a which as previously described does not

produce Al-2.

Figure 6 B-D includes red specific fluorescence measurements from testing the three test
constructs, pJB12, pJB17 and pJB18. Here, it is apparent that the none of the test constructs
are properly induced by supernatant from MC4100 when compared to the negative control
(DH5a without plasmid). Not only does the specific fluorescence fluctuate notably, it is also

very low (between 0 and 70 units) with no or very little increase over the course of the six
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shown hours. There is, however, vague indications of an induction after six hours in Figure 6
D, where the specific fluorescence from pJB18 is slightly higher than the negative control.
However, when comparing the induced pJB18 and the uninduced pJB18 (Figure 6 F), no
differences in specific fluorescence were measured between these, revealing that any red
fluorescence emitted due to the potential expression of mRFP1 from the construct has not
been caused by an induction of Py, No differences between test constructs and control were

observed when using M9 medium instead of LB medium (Appendix 7.3).
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Figure 6 | Induction with MC4100 supernatant in LB medium. (A) Genetic overview of constructs tested in this
experiment. (B-F) Test constructs in DH5a (pJB12, pJB17, pJB18, negative control without plasmid) were grown in culture
tubes, and 80 pl culture were transferred upon reaching early exponential phase to a 96 well plate. Test constructs were
supplied with 20 pl supernatant from E. coli MC4100 in exponential growth phase, and controls (uninduced) were supplied
with 20 uL LB medium. Fluorescence (excitation: 580 and emission: 615) and ODgoo were monitored every 15 minutes for 8
hours. Graphs only depict 2-8 hours. Results are displayed as specific fluorescence (normalized with ODgo value and
background fluorescence from medium subtracted). The displayed specific fluorescence values are the mean of three
technical replicates, and the shaded area depicts the standard error of the mean.

3.3.2 Strategy 2: Induction of P, by transformation of E. coli M4100 with sensor
plasmid

To circumvent the potential problem of exogenous Al-2 not being transported into DH5a, E.
coli MC4100 were transformed by electroporation with the test constructs. This strain
produces Al-2, as described previously, and therefore, if the system works as intended, P

should be induced, at least in the exponential growth phase. Furthermore, as MC4100 also
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carries the Isr operon, a biosensor with this chassis resembles the natural interaction between
production, recognition and a potential inhibition of AI-2 QS (contrary to using DH5a with

no Al-2 production as a chassis).

Figure 7 compares specific fluorescence from MC4100 containing pJB18, the test construct
with the strong RBS linker, with MC4100 without plasmid in both LB medium and M9

glucose medium. Here, specific fluorescence levels are very low, just above and even below
zero in the M9 medium, and it is apparent that there is no distinct difference between pJB18

and the control.

pJB18 Plsr3-mRFP

A A=

U1-RBS3
6P, 8 mRFP

B MC4100 pJB18 MC4100 No plasmid c MC4100 pJB18 MC4100 No plasmid

40

Specific fluorescence
Specific fluorescence
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Figure 7 | Self-inducing pJB18 in E. coli MC4100. (A) Genetic overview of construct tested in this experiment. (B-C) The
test construct in MC4100 and control (MC4100 without plasmid) were grown in culture tubes, and 100 pl culture were
transferred upon reaching exponential phase to a 96 well plate. Fluorescence (excitation: 580 and emission: 615) and ODgoo
were monitored every 15 minutes for 8 hours. Graphs only depicts 2-8 hours. Results are displayed as specific fluorescence
(normalized with ODgo value and background fluorescence from medium subtracted). The displayed specific fluorescence
values are the mean of three technical replicates, and shaded area depict standard error of the mean. (B) Experiment
conducted in LB medium. (C) Similar experiment conducted with M9 glucose medium instead of LB medium.

3.33 Strategy 3: Induction of P, using a synthetic form of AI-2

The most controlled and precisely reproducible induction strategy would be to add known,
precise amounts of an AI-2 QS inducer. Weiland-Brauer et al. successfully induced P using
sAI-2 (5-methyl-4-hydroxy-3-furanone). Here, they plated LB agar mixtures (0.8% agar)
containing 5% (vol/vol) exponentially growing culture of the reporter strain and a final
concentration of 50 mM sAI-2. In the present study, induction of P, was tested with both 50
mM sAI-2 and 100 mM sAI-2 in liquid cultures.

Figure 8 B-D shows the attempts to induce the three test constructs using 50 mM sAI-2 in LB
medium. The pattern here is very similar to the one observed using MC4100 supernatant

(Section 3.3.1): The specific fluorescence from the test constructs are not higher than the
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negative control (i.e. not induced), although there are vague indications of an induction with
pJB18. However, the specific fluorescence measurements are unstable and very low, with
levels going below zero. This depicted negative fluorescence is a result of normalization with
cell density and the subtraction of red background fluorescence from sAI2. Also, comparing
sAl-2-induced pJB18 and undinduced pJB18 indicates no distinct differences, meaning that
the small amount of red fluorescence emitted by pJB18 has not been a result of an induction

of Pisr.

No improvements were observed when adding 100 mM sAI-2 (Appendix 7.4), or when

growing cultures in M9 glucose medium (Appendix 7.5).
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Figure 8 | Induction with 50 mM 5-methyl-4-hydroxy-3-furanone in LB medium. (A) Genetic overview of constructs
tested in this experiment. (B-F) Test constructs in DH5a (pJB12, pJB17, pJB18, negative control without plasmid) were
grown in culture tubes, and 90 pl culture were transferred upon reaching early exponential phase to a 96 well plate. Test
constructs were supplied with 10 uL 5-methyl-4-hydroxy-3-furanone (sAI2) solution reaching a final concentration of 50
mM sAI2. Controls (uninduced) were supplied with H>O. Fluorescence (excitation: 580 and emission: 615) and ODgoo were
monitored every 15 minutes for 8 hours. Graphs only depicts 2-8 hours. Results are displayed as specific fluorescence
(normalized with ODgg value and background fluorescence from medium subtracted). The displayed specific fluorescence
values are the mean of three technical replicates, and shaded area depict standard error of the mean.

3.34 Troubleshooting: Testing sSfGFP as a reporter gene

Based on the results in Section 3.3.1-3.3.3, it appears that either the reporter gene, mRFP,

does not generate enough fluorescence, or the P, promoter is not induced properly.
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Naturally, it could also be the case that both are not functioning as intended. To examine if
the mRFP1 reporter gene is the reason for the observed low specific fluorescence, a new
construct, pJB25, was assembled. This contains the Pj;- promoter and a sfGFP reporter gene,

linked together using the strongest RBS linker (RBS3).

Figure 9 B-C shows the specific green fluorescence emitted from pJB25 cultures induced with
50 mM sAI-2. Compared to when using mRFP, the sfGFP provides a more stable output with
increasing values and a specific fluorescence of approximately 3000 units after eight hours. In
Figure 9 B, it is apparent that pJB25 emits more fluorescence than the control after five hours,
although, taking the error zones into account, the differences are not sizeable. Unlike with the
mRFP-based test constructs, this fluorescence increases steadily with smaller fluctuations.
However, as shown in Figure 9 C, there seems to be no difference between the induced pJB25
and the uninduced pJB25. It even look as if the uninduced culture emits slightly more green
fluorescence than the induced culture. Hence, the increased fluorescence in pJB25 compared
to the control with no plasmid is not caused by induction of Py
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Figure 9 | Induction with 50 mM S5-methyl-4-hydroxy-3-furanone in LB medium. (A) Genetic overview of the
construct tested in this experiment. (B-C) Test constructs in DH5a (pJB25, negative control without plasmid) were grown
in culture tubes, and 90 pl culture were transferred upon reaching exponential phase to a 96 well plate. pJB25 were
supplied with 10 uL 5-methyl-4-hydroxy-3-furanone (sAI2) solution reaching a final concentration of 50 mM sAI2.
Controls (uninduced) were supplied with H,O. Fluorescence (excitation: 480 and emission: 515) and ODgop were
monitored every 15 minutes for 8 hours. Graphs only depict 2-8 hours. Results are displayed as specific fluorescence

(normalized with ODsgo value and background fluorescence from medium subtracted). The displayed specific fluorescence
values are the mean of three technical replicates, and shaded area depict standard error of the mean.

3.3.5 Induction of Pi-on LB-sAI2 plates

To mimic the biosensor assay used by Weiland-Bréuer et al., pJB25 and pJB18 was tested in
a similar-type LB agar plate-based assay [60]. This was done, as there could potentially be
growth differences between cells in liquid medium and solid medium which could affect the

way the cell takes up and interprets the sAI2. To test for this, the two test constructs pJB18
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(Pis-mRFPI) and pJB25 (Pi-sfGFP) were spread evenly on LB agar plates with ampicillin
and 50 mM sAI2 to form a thin mat of cells. Figure 10 shows both green and red fluorescent
images of the test constructs after overnight incubation where a thin layer of cells were
visible. Here, no visible fluorescence is emitted from either of the plates under both red and
green fluorescent wavelengths, and this shows that Py is not induced under these growth
conditions. For comparison, an example of strong, green fluorescence can be seen in
Appendix 7.6 where pJB32, which constitutively expresses sfGFP from P, is grown
similarly to pJB18 and pJB25.

pJB25 Plsr3-sfGFP pJB18 Plsr3-mRFP
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Figure 10 | Py, induction on LB agar plates containing 50 mM sAI-2. (A) Overview of the genetic construct in each
strain tested. (B) Pictures of LB agar plates. Exponentially growing cultures of each strain were spread evenly on the plates
in the evening and pictures were taken the following morning. LB agar plates contained ampicillin (100 pg/ml) to maintain
plasmid stability.

34 Tuning the expression of sfGFP from Py

As described in Section 3.1, the composite part consisting of the first three genes of the
biosensor (Ptet-sfGFP- Atl3) will generate a green fluorescent signal output when QS is
inactive (i.e. quenched). To test if this functions as intended, pJB26 was assembled. This
construct has a P, promoter linked to a sfGFP reporter gene with the weakest RBS linker
(RBS1), followed by the A#/3 terminator. Furthermore, pJB32, a construct with the same parts
but with the strongest RBS linker (RBS3) between P.; and sfGFP was assembled in order to
verify the tuneability of the system. As the gene encoding the repressor of P, tetR, is not

present in any of the two constructs, P should in theory function as a constitutive promoter.
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Figure 11 B shows that the composite part works as intended, as the specific fluorescence
generated by the construct is distinctively higher than the control. This is in spite of using the
weakest RBS linker which results in a difference from the control by only a 1000 specific
fluorescence units. In Figure 11 C, the picture is different with notably higher specific
fluorescence from pJB32. This examplifies the tuneability of the BASIC system, as the
substitution of a single linker sequence boosts the expression of stGFP markedly: After eight
hours, the specific flourescence of pJB32 is between five to six folds higher than that of

pJB26.
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Figure 11 | Tuning the green signal output from sfGFP. (A) Genetic overview of the constructs tested in this experiment.
(B-C) The test constructs and controls were grown in culture tubes, and 90 pl culture were transferred upon reaching early
exponential phase to a 96 well plate and thereafter supplemented with 10 pl LB medium. Fluorescence (excitation: 480 and
emission: 515) and ODggo were monitored every 15 minutes for 8 hours. Graphs only depict 2-8 hours. Results are
displayed as specific fluorescence (normalized with ODggo value and background fluorescence from medium subtracted).
The displayed specific fluorescence values are the mean of three technical replicates, and shaded area depict standard error

3.5 Simulating quorum quenching by artificially triggering the
switch

The main idea of the genetic switch is to have two signal outputs: a green output for when QS
in inactive and a red signal for when QS is active. When one signal is turned on, the other
should be turned off. The above results show that the P promoter remain unaffected by the
induction strategies, and there are indications of leaky expression of genes positioned

downstream of Py (see results in Figure 9).

If leaky expression is occurring through of Py, tetR will be expressed and repress expression
from P, and, hence, the green signal output will be turned off. The repression happens when
TetR binds to the two operator sequences in Py, and blocks transcription. However, an
addition of anhydrotetracycline (aTC) derepresses Prras aTC binds with high affinity to TetR,
resulting in a conformational change rendering it unable to bind to the tetO regions [71], [74].

This opens up for two possibilities: Firstly, it is possible to simulate a scenario where QS is
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inactive (quenched) by adding aTC, as inhibition of TetR should have the same effect on P
as Py being uninduced, and, ultimately, provide a green fluorescent signal. Secondly, if
addition of aTC results in an increase in specific fluorescence, it would be a strong indicator

that TetR is present, which likely would be caused by leaky expression through P
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Figure 12 | Simulation of QQ: Artificially triggering the signal switch. (A) Genetic overview of the construct tested in
this experiment. (B-C) The test constructs and controls were grown in culture tubes in LB and were transferred upon
reaching early exponential phase to a 96 well plate. Thereafter, they were supplemented with either a final concentration of
100 mM 5-methyl-4-hydroxy-3-furanone (sAl2), both 100 mM sAI2 and 0.96 pM aTC, only 0.96 uM aTC or dH20.
Fluorescence (excitation: 480 and emission: 515) and ODggo were monitored every 15 minutes for 8 hours. Graphs only
depicts 2-8 hours. Results are displayed as specific fluorescence (normalized with ODggo value and background fluorescence
from medium subtracted). The displayed specific fluorescence values are the mean of three technical replicates, and shaded
area depict standard error of the mean.

Figure 12 shows the specific fluorescence of the simulated QQ scenario. It is apparent that the
specific fluorescence from pJB30 without aTC but both with sAI2 and without is low. Oddly,
the specific fluorescence is even lower than the negative control strain without a plasmid. In
contrast, the addition of aTC notably increases the specific fluorescence of pJB30, and it is
obvious that sAI-2 does not affect the expression from Py, under these conditions. This large
difference between the specific fluorescence measured in cultures with or without aTC
(Figure 12 B) indicates that leaky expression of TetR is occurring. Furthermore, it shows the
signal switch itself works, as the absence of TetR results in a stronger fluorescence response.
Note that the linker between Py; and sfGFP in pJB30 contains the weakest RBS (RBS1), and,
thus, the signal output could be amplified greatly if this were interchanged with RBS3 as
previously shown (Figure 11). The full biosensor construct was also cloned into a high copy
number pUC-based vector backbone, generating pJB33, to examine if this would improve the
output signal without changing the RBS linker. A similar pattern to the one was observed
using pJB33, although the differences in specific fluorescence were smaller between cultures

with or without aTC added (see Appendix 7.7).
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3.6 Proof of concept biosensor

To assess if the genetic circuit is able to switch between signal outputs, a proof of concept
(POC) plasmid was designed (Figure 13). The only difference from this circuit in this POC
plasmid and the one in pJB30 is that the P promoter has been interchanged with the
arabinose-inducible Pp4p promoter. Relying on the chromosomally expressed AraC of DH5a
(araC is present as per [78]), Psap-mediated expression will be repressed in the absence of
arabinose. Pzup is also repressed in the presence of glucose [76]. Hence, the M9 glucose
medium used in this study is not appropriate for this POC circuit, and another carbon source

like glycerol should be utilized.

Growing cells with the POC plasmid in medium without arabinose or with glucose will
simulate a quorum quenching scenario as Pgz4p would be repressed and sfGFP would be
expressed via the non-repressed Pr:. In contrary, medium with arabinose and without glucose
would simulate a scenario where QS is active: Induction of P4p would drive expression of
TetR and mRFP1 and repress Pr.. This relatively simple assay could establish whether or not
the genetic circuit functions as intended. Furthermore, the possibility of transitioning from a
QS-active state to a QS-quenched state could be assessed by adding glucose after induction of

Pg4p has been confirmed by detecting red fluorescence from mRFP1.

An attempt was made to assemble this construct. However, when confirming the assembly by
cPCR (Appendix 7.8), none of the eight colonies which were screened by cPCR contained a
correctly sized insert (3325 bp, predicted in silico). All amplified inserts run in the gel had a
size between 400 and 500 bp, and amplifying the Pg4p promoter in silico using the same
primer set yields a product of 424 bp. Hence, the Pg4p was most likely not properly cut and
released from its storage backbone, resulting in a failed assembly. Due to the limited time
scope of this project, the assembly of this construct was not pursued.

Proof of concept plasmid
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Figure 13 | Genetic design of proof of concept circuit. Note that the representation of the construct in this figure is linear,
opposed to the circular structure of the plasmid in their natural state.
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4 Discussion

With the aim of designing a system for detection of QQ compounds, a cellular biosensor
containing a plasmid-based circuit of six separate genetic parts was designed and constructed.
By using the BASIC DNA Assembly System [61] to build a library of parts and to afterwards
assemble these into several different constructs, a high degree of modularity and tuneability is
achieved. The circuit employs a genetic switch, which should give a dual fluorescent output
where only one output is turned on at a time. In more detail, a green fluorescent output should
be visible in case of QQ, and a red fluorescent output should occur when QS is not quenched.
In an attempt to simulate conditions where quorum sensing is quenched, the green fluorescent
output works as intended. Also, this signal output is turned off in conditions where QS seems
active. This is based on the assumption that leaky expression occurs through the QS-regulated
promoter, P, which is unaffected by induction attempts. In contrast, the red fluorescent
signal output does not seem to function. In this section, these findings will be discussed, and
future prospects and possible improvements for each main element of the study will be

proposed.

4.1 Second signal output decreases risk of false-positives

Reporter strains based on a single reporter gene fused to a QS-regulated promoter are not
suitable for detection of QQ compounds. In this context, they are inherently prone to bias and
false-positives, as argued by Defoirdt ef al. in an opinion-article [80]. A ‘QQ-detection event’
using these reporters will be indicated by a decrease or absence of the QS-controlled
phenotype. However, reporter phenotypes such as bioluminescence, $-galactosidase activity
and fluorescent proteins are energy-costly and, thus, depend on the metabolic activity of the
cell. Hence, compounds that are toxic to the cell but do not affect QS might be mistaken for a
QQ compound. Furthermore, compounds can interfere with the reporter phenotype instead of
its regulation (e.g. disrupt folding of GFP) [80]. To avoid these false-positives, control
experiments verifying that compounds do not affect the reporter phenotype when unregulated
by QS are needed. However, as shown by Defoirdt ef al, many studies have not included such
controls [80] despite being relatively straightforward. As described in Section 1.3.1, the
suicide-based QQ biosensors (QSIS1-3) constructed by Rasmussen et al., and further
developed by Weiland-Briuer et al. to target quenching of AI-2 QS (based on QSIS1),

compromise QS-controlled promoters fused to genes encoding lethal proteins (some variants
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include constitutively expressed reporter genes) [17], [60]. These setups avoid false-positive
results from compounds affecting cellular growth and metabolism, as the biosensor only
grows in the presence of a non-toxic QQ compound. Especially the QSIS1 biosensor has been

employed in a wide range of studies for determination of QQ-activity [81]-[87].

As opposed to fusing a single reporter gene to a QS-controlled promoter, the dual signal of
the pJB30 biosensor forms a more nuanced picture of the mechanisms occurring in the assay
and decreases the risk of false-positives. If a compound with no QQ effects negatively affects
cell metabolism to a degree where expression of fluorescent proteins are reduced greatly or
even non-existing, both the positive (green fluorescent) or negative (red fluorescent) signal
will in a similar fashion be reduced or even absent. Hence, the biosensor has an in-built
control: at least one of the signal outputs should be of the same strength as in control assays
without test-compounds. At the time of writing and of the writer’s knowledge, a biosensor
with a positive and negative signal output as in pJB30 has not been published before.
However, some biosensors bear similarities: Although with a different structure in the genetic
circuit compared to the present study, Bereza-Malcolm et al. also employed a dual-signal
output using gfp and mRFP] to control for functionality and viability of a cadmium (Cd)
detecting biosensor: In order to detect Cd, cadR, a Cd-dependent transcriptional regulator, and
Pcaa, a divergent operator which is inhibited by CadR in absence of Cd, were positioned
upstream of gfp on a reporter plasmid. Furthermore, from the same plasmid, mRFP1 is
expressed from a constitutive promoter. Hence, the output consists of a dual fluorescent
output, where GFP is expressed in the presence of Cd. The constitutive expression of mRFP1

allows for controlling of proper biosensor functionality [88]

4.2 P remains unaffected by all three induction strategies

The results in Section 3.3 clearly show that none of the three induction strategies work as
intended. Although induction with sAI-2 was, as mentioned, successfully used by Weiland-
Briuer et al., and despite using the identical promoter region of the /sr operon [60], sAI-2 did
not increase expression of either mRFPI or sfGFP in this study. In the mentioned study, the
induced cells were grown on LB agar plates supplemented with sAI-2 instead of liquid
cultures as in the present study. It is unknown whether or not this could play a pivotal role for
induction of Pj,. With regards to the induction strategies involving E. coli MC4100, these
should theoretically be very viable as the strain has genes for both production and recognition

of AI-2 molecules (Integrated Microbial Genomes (IMG) system [78]). MC4100 was for an
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example used as a positive control for AI-2 activity by Zan ef al. Here, they measured AI-2
activity by induction of bioluminescence from the bioreporter Vibro harveyi TL-26 (unable to
produce Al-2), and supernatant from MC4100 resulted in an approximately 27-fold change in
bioluminescence compared to the negative control [89]. The same relative amount of

supernatant was added to reporter strains as in this study.

The results in Figure 9 with pJB25 (P~-sfGFP), and the fact that addition of aTC greatly
increases expression from Py even in the absence of sAI-2, which implies presence of TetR
(Figure 11), are both indicative of a leaky expression occurring through Py, As expression
from the promoter is controlled by LsrR, it is obviously crucial that the /s¥R gene is present in
the chromosome of the used chassis. Potentially, the expression of chromosomal /s7R could
be faulty in the chassis used which could lead to lower levels of LsrR and weaker repression
of P Actually, the induction strategies relies on a functioning, native /sr operon, as LsrK is
needed for phosphorylation of AI-2, and LsrACDB would increase uptake of AI-2. Also, as
described in Section 1.1.2.3, the initial uptake of AI-2 happens via PTS-dependent
transporters, which obviously is essential for induction strategy 1 and 3. The presence of an
intact operon has not been verified as part of this work but could easily be verified by PCR
and subsequent sequencing. However, as P, was amplified (and sequence verified) from the
same E. coli DH5a used as chassis for the biosensor and the test constructs, it is likely that

especially the /sr operon is present.

4.2.1 Methods for induction of Py

Pisr has previously been induced using different methods, which potentially could be more
suitable. In some studies, AI-2 has been synthesized in vitro in order to induce AI-2 QS:
Gonzélez et al. use purified LuxS and Pfs enzymes to synthesize Al-2 from S-
adenosylhomocysteine, which they use to induce biofilm formation of E. coli [90]. Servinsky
et al. and Tsao et al. follow the same in vitro synthesis method, and both induce an AI-2
regulated bioreporter via a signal amplification circuit (described later) [91], [92]. In vitro
synthesis, when compared to supernatant from AI-2 producing cultures, has the advantage of

being more precise and reproducible as you can add a known amount of AI-2.

As the AI-2 signal transduction process (phosphorylation of AI-2 and induction of /s7 operon
by removal of LsrR) is a relatively weak initiator of gene expression [91], scientists have in
some studies amplified the signal through a two-step genetic circuit. Tsao ef al. and Servinsky

et al. both use two plasmids to augment the AI-2 signal: On one plasmid, the expression of
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the bacteriophage T7 polymerase (T7RPol) is controlled by Ps-. The second plasmid
expresses the gene of interest, either dsRed (Servinsky et al.) or gfp, cat or lacZ (Tsao et al.)
under the control of a T7 promoter (p77). The T7RPol strongly induces expression from p77
and thereby amplifies the AI-2 mediated expression [91], [92].

A different method for induction of Py is to engineer ‘supplier cells’ by overexpressing pfs
and /uxS on a plasmid under control of an inducible promoter. Quan et al. used the expression
vector pTrcHisB (IPTG inducible) to overexpress pfs and /uxS and managed to induce

expression of GFP under the control of Py, [93].

Another strategy could be to increase the chances of Al-2 detection. To increase the
sensitivity of an Al-2-detecting biosensor, Stephens ef al. overexpressed both LsrACDB and
LsrK, which increases Al-2 uptake rate and phosphorylation of AI-2, respectively [94].
Furthermore, they deleted /s7F'G from the chassis chromosome to prevent degradation of
imported AlI-2. These modifications resulted in a lower AI-2 detection level and increased
reporter protein expression. However, this biosensor was created for the purpose of detecting
AI-2 and not for inhibitors of AI-2. In the context of the present study, one could imagine that
too many modifications of the genes responsible for Al-2 recognition and processing could
result in a system, which does not resemble the natural AI-2 QS system and fails to detect

actual QQ compounds.

Nevertheless, in future investigations, a positive control for verification of induction with Al-
2 should ideally be included. The luminescent bioreporter, V. harveyi TL26, mentioned in
Section 4.2, could be a potential candidate for this [95].

4.2.2 Different versions of Py, have previously been used successfully

As described in Section 1.1.2.4, P, encompasses the regulatory region of the divergently
transcribed /sr operon. In multiple studies, this region has been isolated and utilized for
detection of AI-2 for several purposes. However, different lengths of Pj-has been isolated,
which in theory could affect the transcription efficiency from this promoter region. This study
used the same primer binding sites as Weiland-Bréuer ef al., amplifying the exact same
version of P As shown in Figure 14, other scientists have generated either longer or shorter
Pis- with some overlapping into both /s7R and IsrA (according to this annotation). However,
Tsao et al. has only amplified the exact region between Is7R and IsrA4 and fused this to a gene
encoding T7 polymerase to generate pCT6. This plasmid has afterwards been used in a wide

range of studies involving detection of AI-2 [42], [54], [55], [91], [94], [96]-[98], which
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indicates that this version of the /s promoter functions, and, for future work on this
biosensor, this promoter could be adapted. It is also noteworthy that these studies have

amplified the AI-2 signal by the T7 expression system, as described in the previous section.
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Figure 14 | Lengths of the Isr (P;,) regulatory region of selected studies. (A) Overview of E. coli Isr operon. (B) The
genomic area around the /sr regulatory region (Pj) is singled out and an overview is shown of the different regions used by
Tsao et al. [92], Weiland-Briuer et al. [60], this study, Zhou et al. [99] and Xavier et al. [100]. Sequence and annotations
were retrieved from Benchling (2021), https://benchling.com, and graphical elements for explanations are subsequently
added.

4.3 mRFP1 provides little or no fluorescence

The specific fluorescence levels from mRFP1 seen in this study are insufficiently low,
especially compared to those of sfGFP. If it is assumed that leaky expression is occurring
through P, constitutively, it is fair to conclude that mRFPI does not function properly as a
reporter gene under the given circumstances, and that sfGFP seems far more ideal. This is to a
higher degree more likely due to the brightness of each protein than to its maturation time.
Balleza et al. compared in vivo maturation time in E. coli MG1655 of several fluorescent
proteins. Here, they found that the maturation times of mRFP1 and sfGFP was 51.4 + 4.0

and 39.1 £ 4.7 minutes, respectively (at this time point, 90% of each protein had matured)
[101]. Given that the experiments runs for 8 hours, a notable amount of mRFP1 proteins
should have had time to mature. Albeit expressed in vitro using the PUREsystem [102] and
therefore likely different from expression in this study, Lentini ef al. compared the
fluorescence intensity for a wide range of fluorescent proteins, and they found that the ratio of
fluorescence intensity from sfGFP to mRFP1 was 115.1 + 6.9 [103]. Hence, there is a

remarkable difference in fluorescence intensity from the two proteins. In the present study’s
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test assays, the same plate-reader settings for gain was used for both red and green
fluorescence measurement, and this could be a reason as to why the red fluorescence
measurements fluctuate and appears absent. Furthermore, placing mRFP1 under the control of
a well-known inducible promoter and measuring fluorescence under the same assay

conditions would determine if mRFPI is a suitable reporter gene.

Another possible reason as to why the fluorescence from mRFP1 is almost non-existing could
be due to unintended mRNA folding: To initiate translation of mRFPI-mRNA, the RBS
upstream of the 5’-UTR of mRFP1 has to be freely accessible for the 16S rRNA of the small
ribosomal subunit to bind and recruit other ribosomal subunits [104]. However, potential
secondary structures occurring between the RBS of mRFPI and other mRNA can lead to
reduced ribosome binding kinetics, and, hence, reduced expression. This was observed with
DsRed-Express, a maturation-optimized variant of the predecessor of mRFP1, DsRed. Here,
no fluorescence was recorded despite using a strong consensus RBS of E. coli in a Ppap-
induced expression vector. By changing seven bases (one amino acid change) of DsRed-
Express to where high complementarity and secondary structures with the RBS were
predicted, Pfleger et al. created RFPgc which were highly fluorescent in the Pg4p-vector with
the same RBS [105]. Investigating the potential secondary structures relating to P and
mRFPI in this study should be prioritized in future work.

There is a possibility that the two MC4100-based induction strategies work, but since the
mRFP1 does not provide a clear signal, the induction may go unnoticed. Testing pJB25 (Pjs-
sfGFP) with either MC4100 supernatant or by transforming MC4100 with pJB25 could

disclose whether or not these induction strategies can induce P

Lentini et al. also found the ratio of fluorescence intensity between sfGFP and mCherry to

be 49.9 + 2.4, and as mCherry is more photostable than mRFP1 [106], changing mRFP1 with
mCherry in this study’s biosensor construct could improve its red fluorescent output. Other
red fluorescent proteins are even brighter than mCherry: tdTomato [107], mRuby3 [108]

and tdKatushka2 [109], [110] although these have longer maturation times than mCherry.
Today, a wide range of red fluorescent proteins has been published [111] to choose from, and,

in future, finding a well-functioning reporter gene is crucial for this biosensor.
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4.4 One module of the genetic switch functions under a quorum
quenching simulation

One state of the genetic switch, namely the state where QS is quenched with a green
fluorescent output, seems to function. More precisely, stGFP is expressed when TetR is
blocked by aTC, and sfGFP is repressed when TetR is not blocked by aTC. Here, aTC
resembles a QQ compound, although it interferes with TetR instead of Al-2-related processes.
Further investigations into why the specific fluorescence of pJB30 with aTC added remains
static and not increasing is needed. A possible explanation could be that aTC, although less
toxic than the antibiotic tetracycline, possess some toxic properties [112], and pJB30 could be
inhibited by the 450 ng/ulLL aTC used in the QQ-simulation assay. In a study by Dong et al.,
they observed significant growth inhibition in Clostridium acetobutylicum when aTC
concentrations exceeded 200 ng/mL (grown anaerobically in RCM medium, a rich medium
optimal for cultivating Clostridium) [113]. Hence, in future work, the optimal aTC
concentrations for this Pr.-TetR system and assay conditions which does not inhibit growth

should be identified.

The green fluorescent signal is strong despite employing the weakest RBS linker, and this

signal could easily be intensified by switching to a stronger RBS linker. The other state of the
genetic switch, the ‘QS-active’ state with a red fluorescent output, only functioned in terms of
leaky expression of TetR. Hence, further optimization is needed, and being able to induce Pjs,

let alone reduce leaky expression, is essential for this genetic switch to serve its purpose.

Tight regulation is crucial in order to get a clear signal output from the genetic switch, and
this is also why the Pi.~tetR system was chosen. TetR binds efficiently with high specificity
to the fetO sites of P, [74]. This is because, in the natural context of tetracycline resistance,
overproduction of TetA, the tetracycline resistance protein, which is regulated by TetR, has
been shown to cause large bacterial fitness reductions [74], [114]. To get an even clearer
signal and to be able to detect a shift from one state to another, the turnover rate of TetR (and
possibly the fluorescent proteins) should be increased: If shifting from QS-active to QS-
quenched, TetR will remain active in the cytoplasm and continue to repress P after
induction of Pj, has ceased. Hence, a possible QQ detection event would go unnoticed. A
solution is to attach degradation tags to the proteins, which need a higher turnover rate. The
most established method employs ssrA tags. These are ~11 amino acid peptide tags fused to
the protein of interest, and they are recognized by ClpXP and CIpAP host proteases which
target the attached protein for destruction [115], [116]. Furthermore, the degradation rate can
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be tuned by the identity of the c-terminal residues of the degradation tag [117]. Using either
the LAA or LVA ssrA-tags (named after the last three amino acids of the tag), Purcell ef al
managed to engineer Lacl repressors with half-lives in E. coli of just 8 and 13 minutes at

37 °C, respectively [116].

Such degradation tags were used in one of the earliest synthetic biology devices, made by
Elowitz and Leibler in 2000, when constructing a synthetic oscillatory network consisting of
three pairs of promoters and repressors. Here, the first promoter in the ‘cascade’ drives
expression of the second promoters repressor and so forth [115]. These were assembled in the
following order to construct the ‘repressilator’ (m denotes a terminator sequence): Pucos-tetR
m APr-lacl m P-4 cl. Along with the repressilator, E. coli was transformed with a reporter
plasmid with Prei-gfp. On a single-cell level, oscillations in GFP fluorescence were observed
after induction with IPTG (which interferes with the Lacl repression). To achieve these
oscillations, different ssrA-tags were inserted at the 3’ end of all repressors and gfp sequences,
meaning that repressors and GFP had a half-life of less than 10 and 45 minutes, respectively.
Temporal oscillations of GFP fluorescence of about 150 minutes were observed. Although
oscillations are not expected in the genetic circuit of the present study, the same ability to
shift in fluorescence as with the repressilator is a desired trait. This is, however, most relevant
when employing the genetic circuit in a self-inducing strain with intact QS machinery (/s
operon and /uxS gene in this case), as one would expect changes in the concentration of QS

molecules in different growth phases.

4.4.1 Considerations on the proof of concept circuit

The proposed POC circuit in Figure 13 would serve as a good model circuit for testing, tuning
and improving the genetic switch. However, the exact proposed POC circuit possibly needs
modification itself as it relies on the chromosomal expression of AraC, the transcriptional
regulator of Pz4p. As stated by R. Schleif, wild-type in vivo levels of AraC only needs a small
excess over the number of regulatory binding sites on the chromosome [118]. Although the
POC circuit is stored in a medium copy number plasmid which naturally lowers the need for
AraC as compared to a high copy number plasmid, a plasmid-encoded AraC for the regulation
of Pgap could be necessary. Hence, inserting araC and an adjacent promoter on the plasmid
with the POC circuit could be a future improvement. This promoter could ideally be the
native araC promoter, P.[119], or, for more controllability, an inducible promoter like T7. In

the presence of arabinose, AraC functions as a transcription activator and promotes
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transcription from Pg4p [119], and therefore higher levels of AraC would likely ensure tight

arabinose-dependent regulation [120].

4.5 Modularity via BASIC and alternative cloning strategy

As shown with the cloning performed in this study, the BASIC system is highly modular and
allows for tuneability. An example of this is the considerable increase of green fluorescence
shown in Figure 11 as a result of changing a single linker sequence, or the substitution of
vector backbone (from SEVA13 to SEVAIS) in the biosensor construct. A big part of the
work conducted in this study was to establish the BASIC system and a library of genetic
parts, and, from a methodical point of view, the inherent modularity of this system could have

been utilized better with an alternative cloning strategy.

Assemble test-constructs P X L
with strongest RBS Assemble POC circuit Assemble biosensor circuit
QS promoter - reporter gene 1 promoter 1 - reporter gene X - terminator promoter 1 - reporter gene X - terminator
QS promoter - reporter gene 2 ' ; ' I
A~ — Fo========== Fo==========
promoter 1 - reporter gene 1 - — - —
promoter 1 - reporter gene 2 X /y promoter 2 - repressor 1 - terminator X /v QS promoter - repressor - terminator \
Test the test-constructs Test the POC circuit Test the biosensor circuit
Confirm functionality of Confirm functionality of promoter 1 Adjust RBS linker sequences
promoters and reporter genes - repressor 1 interaction
Adapt to for detection of other
Choose reporter gene based on Confirm that the circuit is able to types of QS

best match with QS promoter switch between signal outputs

Figure 15 | Proposed alternative cloning strategy. Abbreviations: RBS, ribosomal binding site. QS, quorum sensing. POC,
proof of concept.

In the present study, the biosensor plasmid (pJB30) was assembled in parallel with the first
three test-constructs which consists of Pj,-mRFPI and a variety of RBS linkers (pJB12,
pJB17, pJB18). However, both P, and mRFPI appeared not be functioning as intended.
Using these exact parts in the full biosensor plasmid could have been avoided with a cloning
approach which divides the cloning into smaller steps. An alternative cloning strategy has
been outlined in Figure 15. Here, the first step is to assemble short test-constructs of promoter
and reporter genes to verify that the parts work as intended under the given assay
circumstances. Furthermore, this would allow to assess which reporter gene is the best match
with the QS promoter. In this study, P was used in combination with mRFPI, and because
Pi-1s a weak initiator of gene expression [91], and mRFPI exhibit low brightness (Section
4.3), this was likely a poor match even if Py had worked as intended. The next step is to

assemble a proof of concept circuit where a known, inducible promoter is employed on the
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position of Py, This would be done to assess if the genetic switch works, or, more
specifically, how well the repressor represses its cognate promoter and whether or not the
repressor is leaky expressed. Thirdly, the final biosensor construct should be assembled.
Subsequently, the RBS linker sequences can be adjusted to finetune expression of e.g.

repressor or reporter genes.

4.6 Optimization and future prospects

Several suggestions for improvements of the genetic circuit that constitutes the pJB30
biosensor has been covered. These can be divided into elements that are essential for the
biosensor to function and possible optimizations, which can improve biosensor. The essential

elements should be prioritized in the forthcoming future work.

A fundamental element of the biosensor which needs to function is the sensing entity. In order
to detect QQ compounds, the P promoter should be able to detect AI-2 molecules in the first
places. Several solutions have been suggested: Other induction strategies like in vitro
synthesis of Al-2, supplier cells engineered to overproduce and export AI-2, an amplification
of P induction using the T7 expression system, or testing other Py lengths. Furthermore, a

control strain or construct for AI-2 induction is needed for future QQ assays.

Another essential element for a biosensor with two signal outputs is to have two functioning
reporter genes. Hence, either the correct conditions for mRFP1 to function adequately should
be identified. However, it may be more straightforward to change mRFP1 with a stronger,
more bright equivalent like mCherry or another reporter gene with similar excitation and

emission properties (at least opposite of those of sfGFP).

A possible optimization is to engineer the repressor (and perhaps the reporter proteins) to
have shorter half-lives in order to provide contemporary signals and to reveal shifts between
the states of the genetic switch. This could be done by fusing degradation tags to the proteins
expressed in the circuit. In addition, to increase sensitivity towards Al-2, the chromosomal
genes encoding Al-2 degrading enzymes, /s7FG, could be deleted (e.g. by recombination-
mediated knock out [73]).

As a more general optimization, construction of a proof of concept circuit with a tightly
regulated and inducible promoter instead of the Pj;- promoter would serve not only as a model
circuit for testing new changes of the circuit but also as a both positive and negative control

for fluorescence in future assays.
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5 Concluding remarks

In overall terms, a genetic circuit with a high degree of modularity and tuneability were
designed and constructed, and this was employed in E. coli DH5a. to generate a cell-based
biosensor for detection of compounds with AI-2-quenching properties. However, only one of
the two modules of the biosensor proved to be functioning as intended. The AI-2-sensing
module consisting of Py, tetR and mRFP1, which is expressed when QS is active, were likely
non-functional due to leaky expression through Py and lack of fluorescence from mRFPI.
The other module consisting of Py, sSfGFP and A#/3 proved to function as intended, and the
tuneability of expression of sfGFP was exemplified by the straightforward substitution of a
small linker sequence. Furthermore, a simulation of QQ by addition of aTC which relieves
TetR repression showed that the circuit is able to shift from one state to another.

Further research is needed into the Al-2-sensing module with special emphasis on regulation

of Py, and the fluorescent signal expressed from this promoter.
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7 Appendix

7.1

Table 3 | Primers used in this study.

Primers used in this study

Primer Sequence (5°-3”)

oJB5 tetggtgggtetctgtccegegacctgttcttett
0JB6 cgataggtctcccgagceccatatttcceccgttcagtt
o0JB7 tetggtgggtetctgteccatactccegecattcagag
0JB8 cgataggtctcccgagccaacctecttagagetegaatte
0JB9 tetggtgggtetctgtecctggetgaaattggttttcg
0JB10 cgataggtctcccgagecccatacccatggattettcg
oJB15 cgtggaaacactattatctggtggg

0JB16 ccgaagttacaccagattggactg

0JB17 cccaccagataatagtgtttccacg

0JB18 ccgaagttacaccagattggactg

0JB19 ctattggctgagataagggtage

0JB20 gctacccttatctcagecaatag

0JB21 ctegtggtctgacggtaaaatce

0JB22 gattttaccgtcagaccacgag

0JB23 caccgtctcaggtaagtatcag

0JB24 ctgatacttacctgagacggtg

0JB25 gacactccgagacagtcagagggta

0JB26 taccctetgactgtctcggagtgtc

0JB29 gtgtgaaaagtcagtatccagtcgtgtagttc

0JB30 gaactacacgactggatactgacttttcacac

0JB31 tetggtgggtetctgtccactagtettggacteetgttg
0JB32 cgataggtctcccgagcecttaattaaaggeatcaaataaaacgaaagge

Relevant description

Primer for amplification and incorporation of BASIC prefix to Part 6:
P Primer adapted and modified from [60]

Primer for amplification and incorporation of BASIC suffix to Part 6:
P Primer adapted and modified from [60]

Primer for amplification and incorporation of BASIC prefix to Part 9:
Psap

Primer for amplification and incorporation of BASIC suffix to Part 9:
Psap

Primer for amplification and incorporation of BASIC prefix to Part 5:
Atl3

Primer for amplification and incorporation of BASIC suffix to Part 5:
At13

Forward primer for verification of BASIC assembly. Binds to LM1

Reverse primer for verification of BASIC assembly. Binds to LM1

Forward primer for verification of BASIC assembly. Binds to LM2

Reverse primer for verification of BASIC assembly. Binds to LM2

Forward primer for verification of BASIC assembly. Binds to U2-
RBSx

Reverse primer for verification of BASIC assembly. Binds to U2-
RBSx

Forward primer for verification of BASIC assembly. Binds to U3-
RBSx

Reverse primer for verification of BASIC assembly. Binds to U3-
RBSx

Forward primer for verification of BASIC assembly. Binds to U1-
RBSx

Reverse primer for verification of BASIC assembly. Binds to U1-
RBSx

Forward primer for verification of BASIC assembly. Binds to L1
Reverse primer for verification of BASIC assembly. Binds to L1
Forward primer for verification of BASIC assembly. Binds to L2
Reverse primer for verification of BASIC assembly. Binds to L2
For incorporation of BASIC prefix to part 1: SEVA13-VB and part 2:

SEVA18-VB

For incorporation of BASIC suffix to part 1: SEVA13-VB and part 2:
SEVA18-VB
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7.2 Example of verification of assembly by PCR

58888888 3 8B BB BREE

1% agarose stained in Ethidium Bromide

Figure 16 | PCR verification of biosensor and test constructs. Example of part-wise PCR verification using primers
binding to linkers for amplification of each part. All bands are from separate reactions with an inward-facing primer pair
binding to the two linkers flanking the part of interest. Part sizes can be found in Table 2. DNA ladder used is 1 Kb Plus
DNA Ladder from Invitrogen, Thermo Fisher Scientific (catalog number 10787018).
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7.3 Induction with MC4100 supernatant in LB medium

pJB12 Plsr1-mRFP pJB17 Plsr2-mRFP pJB18 Plsr3-mRFP

A [ A n A [ A

VrRes 8 mRFP 6p, U2 8 mRFP ep, U 8 mRFP

e b tor

B pJB12 — No plasmid C pJB17 — No plasmid

Specific fluorescence
Specific fluorescence

Time (hours) ’ ) Time (hours)

D pJB18 — No plasmid F pJB18induced — pJB18 uninduced

Specific fluorescence
Specific fluorescence

Time (hours) 7 ) Time (hours)

Figure 17 | Induction with MC4100 supernatant in LB medium. (A) Genetic overview of constructs tested in this
experiment. (B-F) Test constructs in DH5a (pJB12, pJB17, pJB18, negative control without plasmid) were grown in culture
tubes, and 80 pl culture were transferred upon reaching early exponential phase to a 96 well plate. Test constructs were
supplied with 20 pl supernatant from E. coli MC4100 in exponential growth phase, and controls (uninduced) were supplied
with 20 uL LB medium. Fluorescence (excitation: 580 and emission: 615) and ODgoo were monitored every 15 minutes for 8
hours. Graphs only depicts 2-8 hours. Results are displayed as specific fluorescence (normalized with ODggo value and
background fluorescence from medium subtracted). The displayed specific fluorescence values are the mean of three
technical replicates, and shaded area depict standard error of the mean.
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7.4 Induction with 100 mM sAI-2 in LB medium

pJB12 Plsr1-mRFP pJB17 Plsr2-mRFP pJB18 Plsr3-mRFP

A A - 7|-0 . [ 2

8 mRFP

6P, U1-RBST 8 MRFP 6P, U1-RBS2 8 MRFP 6p, U1-RBS3

B pJB12 — No plasmid C pJB17 — No plasmid

Specific fluorescence
Specific fluorescence

Time (hours) Time (hours)

D pJB18 — No plasmid F pJB18induced — pJB18 uninduced

Specific fluorescence
Specific fluorescence

6
Time (hours) Time (hours)

Figure 18. | Induction with 100 mM 5-methyl-4-hydroxy-3-furanone in LB medium. (A) Genetic overview of
constructs tested in this experiment. (B-F) Test constructs in DH5a (pJB12, pJB17, pJB18, negative control without
plasmid) were grown in culture tubes, and 90 pl culture were transferred upon reaching exponential phase to a 96 well plate.
Test constructs were supplied with 10 uL 5-methyl-4-hydroxy-3-furanone (sAI2) solution reaching a final concentration of
100 mM sAI2. Controls (uninduced) were supplied with H>O. Fluorescence (excitation: 580 and emission: 615) and ODsoo
were monitored every 15 minutes for 8 hours. Graphs only depicts 2-8 hours. Results are displayed as specific fluorescence
(normalized with ODgg value and background fluorescence from medium subtracted). The displayed specific fluorescence
values are the mean of three technical replicates, and shaded area depict standard error of the mean.
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7.5 Induction with 50 mM sAI-2 in M9 medium

pJB12 Plsr1-mRFP PpJB17 Plsr2-mRFP pJB18 Plsr3-mRFP

- -
A -7~ N AN N s A _
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Figure 19. | Induction with 50 mM 5-methyl-4-hydroxy-3-furanone in M9 medium. (A) Genetic overview of constructs
tested in this experiment. (B-F) Test constructs in DH5a (pJB12, pJB17, pJB18, negative control without plasmid) were
grown in culture tubes, and 90 pL culture were transferred upon reaching early exponential phase to a 96 well plate. Test
constructs were supplied with 10 pL 5-methyl-4-hydroxy-3-furanone (sAl2) solution reaching a final concentration of 50
mM sAI2. Controls (uninduced) were supplied with 10 pL H»O. Fluorescence (excitation: 580 and emission: 615) and ODggo
were monitored every 15 minutes for 8 hours. Graphs only depicts 2-8 hours. Results are displayed as specific fluorescence
(normalized with ODgo value and background fluorescence from medium subtracted). The displayed specific fluorescence
values are the mean of three technical replicates, and shaded area depict standard error of the mean.
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7.6

Figure 20 | Fluorescent image of LB agar plates with negative control and pJB32. (A) Overview of pJB32 genetic

Green fluorescence from pJB32 on LB agar plate

pJB32 half construct RBS3

. T

—

3p  UIRESS 4 SfGFP

tet

A, 485 A, 535

No plasmid pJB32

composition. (B) Pictures of LB agar plates. Exponentially growing cultures of each strain were spread evenly on the plates
in the evening and pictures were taken the following morning. The LB agar plate which pJB32 were spread on also contained
ampicillin (100 pg/mL) to maintain plasmid stability. This is an cropped image taken with a cell phone of the screen image
generated by the Kodak Image Station 4000 MM Pro.
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7.7 QQ simulation: Testing biosensor construct in high copy

number vector backbone

pJB33 full construct pUC19-VB

[ 2 T [ S .
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Figure 21 | Simulation of QQ: Testing the signal switch in high copy number backbone. (A) Genetic overview of the
construct tested in this experiment. (B-C) The test constructs and controls were grown in culture tubes in LB, and 90 pl
culture were transferred upon reaching early exponential phase to a 96 well plate (if stated anhydrotetracycline (aTC) was
also added). Thereafter, they were supplemented with 5-methyl-4-hydroxy-3-furanone (sAI2) reaching a final concentration
of 100 mM. Fluorescence (excitation: 480 and emission: 515) and ODgoo were monitored every 15 minutes for 8 hours.
Graphs only depicts 2-8 hours. Results are displayed as specific fluorescence (normalized with ODgg value and background
fluorescence from medium subtracted). The displayed specific fluorescence values are the mean of three technical replicates,
and shaded area depict standard error of the mean.
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7.8 Colony PCR of proof of concept circuit assembly attempt
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Figure 22 | Colony PCR of POC assembly attempt. The eight bands above pJB30 are the products 8 colony PCR (cPCR)
reactions of pJB33 transformants (excluding the vector backbone) using insert-specific primers. Predicted size is 3110 bp.
The 10 bands in the middle are the products of 10 cPCR reactions of the proof-of-concept construct transformatns using
insert-specific primers. Predicted size was 3325 bp. The rightmost band is an control PCR reaction of the pJB30 biosensor
construct using the same insert-specific primers and settings as the other bands (predicted size 3110 bp). DNA ladder used is
1 Kb Plus DNA Ladder from Invitrogen, Thermo Fisher Scientific (catalog number 10787018).
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