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Abstract  
 

In bacterial communities, quorum sensing (QS) is a generalised cell-to-cell communication 

strategy individuals use to coordinate their collective behaviour via chemical signalling. 

Typically, QS involves the production and accumulation of QS signalling molecules to 

sufficient concentrations to regulate gene expression. A number of bacterial behaviours, such 

as biofilm formation and virulence factor production, were found to be regulated by QS. In 

natural environments, bacteria live in niches and form intricate consortia where QS plays an 

important role in controlling their collective behaviour. Studies using model bacterial 

communities could be a promising approach to provide insight into how bacteria interact with 

each other and with the environment, which may aid in the development of new antivirulence 

strategies based on QS. From design and construction to performance assessment, an E. coli 

consortium consisting of three fluorescent strains was established. The consortium was 

designed based on the LuxI/LuxR system of Vibrio fischeri. Three strains possess OHHL (a 

QS autoinducer) sensing, production, and degradation abilities, respectively, and were 

constructed as reporters to study the activation and attenuation of QS responses. Meanwhile, 

these abilities could be regulated by supplementing three inducers and assessed by detecting 

three fluorescent signals, respectively. The performance of the strains was assessed in the 

planktonic and encapsulated states. The plasmids of the engineered strains can be modified to 

study other genes via subcloning. This work can serve as a basis for future studies of QS using 

an engineered bacterial consortium. 
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Chapter 1 Introduction 

 

1.1 Discovery of quorum sensing 
 

Quorum sensing (QS) is a generalised cell-to-cell communication strategy that enables 

microbial individuals, such as bacteria and fungi, to coordinate their collective behaviour via 

the production and detection of chemical signalling molecules known as autoinducers 

(Whitehead et al., 2001; Rutherford and Bassler, 2012; Mehmood et al., 2019). In bacterial 

communities, QS regulations are dependent on autoinducer concentrations that are related to 

bacterial density in environments. At low cell density, autoinducer concentrations are 

insufficient to alter the bacterial phenotypes. As the bacterial communities grow, autoinducers 

accumulate to sufficient concentrations and are detected by regulators, thereby collectively 

altering the expression of QS regulons (Whitehead et al., 2001; Rutherford and Bassler, 2012; 

Schuster et al., 2013). Typically, QS regulons contain genes encoding enzymes that produce 

the corresponding autoinducers (Rutherford and Bassler, 2012). Additionally, QS regulons also 

include genes that regulate bacterial behaviour, e.g., bioluminescence (Miyashiro and Ruby, 

2012), antibiotic resistance (Zhao et al., 2020), biofilm formation (Papenfort et al., 2017), and 

the production of virulence factors (Dong et al., 2000).  

 

The QS communication mechanism was first identified in the bioluminescent marine bacterium 

Vibrio fischeri, where it enables the establishment of a symbiotic relationship between V. 

fischeri and Euprymna scolopes (Hawaiian bobtail squid). As shown in Figure 1.1, this 

bacterium employs a LuxI/LuxR QS system for bioluminescence. At low cell density, the 

autoinducer N-(3-oxohexanoyl)-L-homoserine lactone (OHHL) is synthesised and freely 

diffuses. At high cell density, OHHL accumulates and binds to the transcriptional regulator 

LuxR, resulting in the activation of LuxR. The activated LuxR subsequently binds to lux box, 

leading to the expression of luxICDABEG and bacterial luminescence. The LuxI catalyses the 

synthesis of OHHL, forming a positive feedback loop (Kaplan and Greenberg, 1985; Shadel 

and Baldwin, 1991; Whitehead et al., 2001; Urbanowski et al., 2004; Miyashiro and Ruby, 

2012). Besides, it should be noted that in addition to the core LuxI/LuxR system, 

bioluminescence in V. fischeri is also under the control of other systems, such as the 

ArcA/ArcB two-component regulatory system which was shown to repress luminescence 

(Bose et al., 2007; Miyashiro and Ruby, 2012).  

E. scolopes takes advantage of the bioluminescence of V. fischeri as a part of its survival 

strategy. The squid evolved a special bilobed organ for V. fischeri proliferation and control of 

its own luminescence intensity. Briefly, E. scolopes acquires V. fischeri from seawater. V. 

fischeri then aggregates and migrates into the bilobed organ and colonises it. When the cell 
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density reaches a sufficient level, the bioluminescence of V. fischeri is activated. During the 

nocturnal feeding period, the squid adjusts the bilobed organ to emit light that is similar in 

brightness to moonlight to avoid casting a shadow. Each day at dawn, the squid expels most of 

V. fischeri from its organ. The bioluminescence decreases dramatically. The remaining V. 

fischeri repopulates the organ during the day to glow again (Wilson and Hastings, 1998; Visick 

and McFall-Ngai, 2000; Visick and Ruby, 2006).  

This type of cell density-dependent and autoinducer-mediated QS systems was subsequently 

discovered in many species other than V. fischeri, shedding light on a range of regulatory 

pathways in microorganisms.  

 

 

 

Figure 1. 1 Regulation of bioluminescence in V. fischeri. At low cell density, the synthesised autoinducer OHHL 

diffuses away. At high cell density, OHHL binds to and activates the transcriptional regulator LuxR. The activated 

LuxR activates the transcription of luxICDABEG. The luxI encodes the synthase LuxI that catalyses the synthesis 

of OHHL.  The luxCDABEG are responsible for bioluminescence. 

 

1.2 Quorum sensing in bacterial communities 
 

In bacterial communities, three main types of QS systems have been discovered (Boo et al., 

2021). They are (i) autoinducer-1 (AI-1)-mediated systems commonly employed by Gram-

negative bacteria (e.g., the above-mentioned LuxI/LuxR system of V. fischeri); (ii) 

autoinducing peptides (AIPs)-mediated systems commonly employed by Gram-positive 

bacteria (e.g., Agr system of Staphylococcus aureus (Sturme et al., 2002)); (iii) autoinducer-2 

(AI-2)-mediated systems that have been discovered in Gram-negative bacteria (e.g., Vibrio 

harveyi (Defoirdt et al., 2008)) and Gram-positive bacteria (e.g., S. aureus (Yu et al., 2012)). 

In addition to these three typical QS systems, other QS signalling molecules have also been 

identified, such as the QS diffusible signal factor family and dialkylresorcinols (Deng et al., 

2014; Brameyer et al., 2015; Defoirdt, 2018).  

luxRVibrio fischeri luxCDABEGluxI

LuxR LuxI

OHHL

LuxR - OHHL

lux box

Light

High cell density

Low cell density
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1.2.1 Quorum sensing mediated by autoinducer-1 

 

Gram-negative bacteria commonly communicate using small molecules, among which acyl-

homoserine lactones (AHLs), also known as AI-1, are widely used (Rutherford and Bassler, 

2012). As introduced in Section 1.1, this type of QS mechanism typically involves three stages: 

(i) the synthase catalyses the synthesis of an autoinducer; (ii) when the autoinducer accumulates 

to a sufficient concentration, it can be detected by its cognate transcriptional regulator, thereby 

activating the regulator; (iii) the activated regulator can then activate the expression of a QS 

regulon, which includes the gene encoding the AHL. Of note, some regulators were found to 

be active in the absence of their cognate AHLs, which blocks their activity (Tsai and Winans, 

2010). Besides, some AHLs were found to be detected by other regulators in addition to their 

cognate regulators (Patankar and González, 2009). 

 

Figure 1.2a below shows the structures of some AHLs, of which OHHL is used by V. fischeri 

while BHL and OdDHL are used by Pseudomonas aeruginosa for communication. AHLs may 

have different acyl chain lengths and different side-chain decorations. The binding of AHLs to 

their cognate receptors is usually highly specific and is affected by the structure of AHLs 

(Rutherford and Bassler, 2012). Figure 1.2b shows the general features of the OHHL synthesis 

reaction. OHHL is produced by the acylation and lactonization of an acyl-acyl carrier protein 

and an S-adenosyl-L-methionine (Watson et al., 2002). The OHHL synthesis requires 

synthases such as LuxI, EsaI, or ExpI (Tsai and Winans, 2010).  

 

 

Figure 1. 2 Features of AHL synthesis. a. Examples of AHL structures and synthases. b. General features of the 

OHHL synthesis reaction. This figure was modified from the figure published by Watson et al. (2002). 

Synthase:         LuxI, EsaI, ExpI                                       RhlI                                                                      LasI  

AHL:               OHHL (3OC6HSL)               BHL (C4HSL) OdDHL (3OC12HSL) 

a.

b.

acyl-acyl carrier protein

S-adenosyl-L-methionine
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The LuxI/LuxR quorum sensing system 

 

A paradigm AI-1-mediated QS system is the above-mentioned LuxI/LuxR system of V. fischeri. 

The regulation of this LuxI/LuxR system is shown in Figure 1.1 above. This system consists 

of a bidirectional promoter lux box, luxR, and luxICDABEG. The luxR encodes the 

transcriptional regulator LuxR. The luxI encodes the synthase LuxI that catalyses the synthesis 

of OHHL. The luxCDABEG are responsible for the bioluminescence. When the OHHL 

accumulates to a sufficient concentration, the LuxR-OHHL complex is formed, which can bind 

to the lux box and activate the transcription of the luxICDABEG (Kaplan and Greenberg, 1985; 

Shadel and Baldwin, 1991; Whitehead et al., 2001; Urbanowski et al., 2004; Miyashiro and 

Ruby, 2012). 

The lux box is a sequence of 20 base pairs. LuxI is a synthase of 193 amino acid residues that 

catalyses the synthesis of OHHL (Miyashiro and Ruby, 2012). The transcriptional regulator 

LuxR consists of 250 amino acid residues. The region between residues 79 to 127 of LuxR is 

hypothesised for autoinducer binding. The region between residues 184 to 230 is hypothesised 

for DNA binding (Slock et al., 1990). Of note, the residues 196 to 210 contain a predicted 

helix-turn-helix motif, which is thought to be required for DNA binding (Brennan and 

Matthews, 1989; Choi and Greenberg, 1992). In addition, LuxR in the absence of residues 2 to 

162 was found to be active and autoinducer-independent (Choi and Greenberg, 1991). 

Moreover, the binding of LuxR to OHHL has been found to be reversible (Urbanowski et al., 

2004). 

Figure 1.3 shows the role of the proteins encoded by the lux genes in bioluminescence. The 

luxA and luxB encode subunits of a luciferase, respectively. This luciferase catalyses Reaction 

1.1 to release light. The reduced form of flavin mononucleotide is indicated as FMNH2; long-

chain aldehyde is indicated as RCHO; flavin mononucleotide is indicated as FMN; and long-

chain fatty acid is indicated as RCOOH. The FMN reductase responsible for FMNH2 

production is encoded by luxG. The luxCDE encodes acyl-coenzyme A reductase, acyl 

transferase, and long-chain-fatty-acid ligase, respectively, and are responsible RCHO 

production (Ruby et al., 2005; Miyashiro and Ruby, 2012).  
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RCHO + FMNH2 + O2  
luciferase 
→        RCOOH + FMN + H2O + light    ---    Reaction 1.1 

 

Figure 1. 3 Role of the proteins encoded by the lux genes in bioluminescence. This figure was modified from the 

figure published by Miyashiro and Ruby (2012). 

 

LuxI/LuxR-type quorum sensing systems 

 

Apart from LuxI/LuxR, QS systems EsaI/EsaR and ExpI/ExpR also rely on OHHL for 

communication. In the EsaI/EsaR system of Erwinia stewartii, EsaI catalyses the synthesis of 

OHHL, and the esaR encodes the transcriptional regulator. Unlike the LuxR, EsaR seems not 

to regulate the EsaI expression. Besides, EsaR was found to repress its own expression. The 

OHHL was found to be a critical component that regulates the pathogenicity of E. stewartii, 

where the mutants unable to produce OHHL were found to be non-pathogenic (Bodman and 

Farrand, 1995; Tsai and Winans, 2010). In Erwinia carotovora, the ExpI/ExpR system is 

involved in the expression of enzymes capable of macerating plant tissues. The expI mutant 

was not found to cause obvious maceration, and autoinducer addition was found to restore the 

virulence of the expI mutant (Pirhonen et al., 1993; Tsai and Winans, 2010).  

 

The TraI/TraR system of Agrobacterium tumefaciens is another representative LuxI/LuxR-type 

QS system. This system controls the expression of genes involved in the conjugation and 

replication of the tumour-inducing (Ti) plasmid (Hwang et al., 1994; Pappas and Winans, 2003; 

Lang and Faure, 2014). A. tumefaciens contains octopine- and nopaline-type Ti plasmids that 

express the transcriptional regulator TraR and the synthase TraI that catalyses the syntheses of 

autoinducer N-3-oxooctanoyl-L-homoserine lactone (OOHL) (Lang and Faure, 2014). It was 

found that the N-terminal domain of TraR contains an alpha-beta-alpha sandwich that can bind 

OOHL. The C-terminal domain of TraR contains a helix-turn-helix DNA-binding motif and 

can bind the tra box (Zhang et al., 2002). Besides, the TraR-OOHL complex was found to 

activate the expression of TraI, forming a positive feedback loop in OOHL synthesis (Lang and 

Faure, 2014). Furthermore, it was found that the TraR could rapidly degrade in the absence of 
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the autoinducer, which may prevent the premature activation of the QS (Zhu and Winans, 2001; 

Papenfort and Bassler, 2016). 

 

Pseudomonas aeruginosa is a ubiquitous bacterium that colonises diverse niches by exploiting 

different compounds as energy sources. This bacterium can cause infections in 

immunocompromised humans, such as those with severe burns and cystic fibrosis (Lyczak et 

al., 2000). The QS gene expression in P. aeruginosa was found to be in a highly interconnected 

regulatory network including three QS systems. These three QS systems are LasI/LasR, 

RhlI/RhlR, and Pseudomonas quinolone signal (PQS) systems, of which the first two systems 

are LuxI/LuxR-type systems (Schuster and Peter Greenberg, 2006; Rutherford and Bassler, 

2012). In the LasI/LasR system, the synthase LasI catalyses the synthesis of the autoinducer 

N-3-oxododecanoyl-homoserine lactone (OdDHL), which can be detected by the regulator 

LasR. At high cell density, the OdDHL-LasR complex activates the transcription of the genes 

including those encoding virulence factors and the synthase. In the RhlI/RhlR system, similarly, 

RhlI catalyses the synthesis of autoinducer N-butanoyl-homoserine lactone (BHL), which can 

be detected by the receptor RhlR. At high cell density, the BHL-RhlR complex activates the 

transcription of genes including those encoding virulence factors and the synthase (Tsai and 

Winans, 2010; Rutherford and Bassler, 2012).  

 

Orphan LuxR homologues 

 

In the LuxI/LuxR-type QS systems, genes encoding the autoinducer and transcriptional 

regulators are considered pairs. With the increasing understanding of bacterial QS, orphan 

LuxR homologues have been uncovered. A homologue that is not directly associated with a 

synthase on the genome, contains an autoinducer-binding domain in the N-terminal region, 

contains a helix-turn-helix DNA-binding domain in the C-terminal region, and predictably does 

not contain any other functional domains is defined as an orphan LuxR homologue (Patankar 

and González, 2009). For example, orphan QscR was found in P. aeruginosa. QscR was found 

to form inactive heterodimers with LasR and RhlR at low AHL concentrations, thereby 

inhibiting the expression of some genes. The inhibition would be relieved when OdDHL and 

BHL concentrations increase (Ledgham et al., 2003). QscR was also found to repress the 

expression of some genes that are not regulated by the LasI/LasR or RhlI/RhlR systems. 

Moreover, QscR, in the presence of OdDHL, was found to activate the transcription of the 

PA1897 promoter (Lequette et al., 2006). In addition, Patankar and González reviewed a 

number of orphan LuxR homologues that were found to expand the regulatory networks 

(Patankar and González, 2009).    
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1.2.2 Quorum sensing mediated by autoinducing peptides  

 

Gram-positive bacteria usually use autoinducing peptides (AIPs) as signalling molecules. 

Similar to AI-1-mediated QS systems, typical AIP-mediated systems could be considered to 

have three stages: (i) autoinducer synthesis, (ii) autoinducer detection, and (iii) regulation of 

gene expression.  

In AIP-mediated QS systems, AIPs are usually encoded as precursors and require transporters 

for secretion. The precursors need to be processed to become AIPs. In some cases, transporters 

are able to process precursors into AIPs. When the extracellular AIP concentrations are 

sufficient, the extracellular AIPs can be detected by two-component signal transduction 

systems of nearby cells (Rutherford and Bassler, 2012). Such signalling systems typically 

consist of (i) sensor histidine kinases and response regulators. The signal transduction cascade 

of these systems could be divided into four steps: (i) signal detection, (ii) kinase activation, (i) 

phosphotransfer, and (iv) response generation (Zschiedrich et al., 2016). In a typical AIP-

mediated system, after detecting the AIP, the sensor kinase autophosphorylates at a conserved 

histidine, and the phosphate is passed on to a conserved aspartate of a cognate cytoplasmic 

response regulator. The phosphorylated regulator then activates the expression of the QS 

regulon. It was found that, in Gram-positive bacteria, genes encoding the AIP precursor, 

transporter, sensor kinase, and response regulator are typically in an operon. The expression of 

the operon is activated by the phosphorylated regulator, forming a positive feedback loop. 

Additionally, in some AIP-mediated QS systems, AIPs are transported back into cells and 

interact with receptors to regulate gene expression (Rutherford and Bassler, 2012).  

 

A representative example of this type of system is the Agr system in S. aureus. As shown in 

Figure 1.4, AgrD is the precursor of AIP. The transmembrane transporter AgrB participates in 

the maturation and export of AIP. The sensor histidine kinase AgrC and response regulator 

AgrA form a two-component signal transduction system. When the concentration of AIP 

reaches a sufficient level, AgrC-AIP binding results in the autophosphorylation of AgrC. The 

phosphate is then transferred to AgrA. The phosphorylated AgrA is able to activate the 

transcription of agrBDCA and RNAIII, which regulates the production of virulence factors 

(Sturme et al., 2002; Rutherford and Bassler, 2012; Tan et al., 2018). It was also found that the 

Agr system regulates biofilm formation and dispersal in S. aureus (Boles and Horswill, 2008; 

Tan et al., 2018).  
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Figure 1. 4 Agr system in S. aureus. The precursor AgrD is transported out of the cell by the transmembrane 

transporter AgrB, which may also process the AgrD into AIP. When the concentration of the AIP reaches a 

sufficient level, AIP binds to sensor histidine kinase AgrC, resulting in the autophosphorylation of the AgrC. The 

phosphate is transferred to the response regulator AgrA.  Phosphorylated AgrA can then activate promoters P2 

and P3. 

 

1.2.3 Quorum sensing mediated by autoinducer-2  

 

In addition to the Agr system, S. aureus employs another typical QS system mediated by a 

furanosyl borate diester, also known as autoinducer-2 (AI-2). The role of the AI-2-mediated 

system in S. aureus is less understood (Le and Otto, 2015). In an AI-2-mediated QS system, 

luxS encodes S-ribosylhomocysteine lyase that converts S-ribosylhomocysteine to 

homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD). DPD is an AI-2 precursor that can 

spontaneously convert to AI-2 (Vendeville et al., 2005; Rutherford and Bassler, 2012). 

Furthermore, as the luxS has been found in a number of Gram-negative and Gram-positive 

species, AI-2 is considered a language that enables interspecies communication (Federle and 

Bassler, 2003; Rutherford and Bassler, 2012).  

 

A representative bacterium that employs the AI-2-mediated QS system V. harveyi, whose QS 

has been shown to be regulated by three autoinducers: (i) harveyi autoinducer 1 (HAI-1) of the 

AI-1 type, (ii) AI-2, and (iii) cholerae autoinducer 1 (CAI-1) (Defoirdt et al., 2008). As shown 

in Figure 1.5, these autoinducers are synthesised by three enzymes and detected by three signal 

transduction systems, respectively. In contrast to the Agr system of S. aureus, autoinducer 

sensor proteins in V. harveyi autophosphorylate in the absence of sufficient autoinducers. The 

phosphate is transferred to receptor LuxO via phosphorelay protein LuxU. The phosphorylated 

LuxO, together with the sigma factor sigma-54 (𝜎54), activates the transcription of genes 

encoding small RNAs (sRNAs). The sRNAs, together with RNA chaperone Hfq, inhibit the 

LuxRvh expression and then inhibit QS regulon expression. When autoinducers accumulate to 
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sufficient concentrations, autoinducer sensor proteins switch from kinases to phosphatases that 

dephosphorylate the receptor LuxO. Lack of the sRNAs lifts the repression of LuxRvh 

expression, thereby activating the expression of QS regulon (Lilley and Bassler, 2000; Tu and 

Bassler, 2007; Defoirdt et al., 2008).  

 

 

Figure 1. 5 QS systems in V. harveyi. Three signal transduction systems respond to autoinducers HAI-1, AI-2, 

and CAI-1, respectively. In the absence of sufficient autoinducers (scenarios coloured in dark blue), autoinducer 

sensor proteins function as kinases that pass phosphate to response regulator LuxO via phosphorelay protein LuxU. 

The phosphorylated LuxO, together with 𝜎54, activates the transcription of genes encoding sRNAs. The sRNAs, 

together with Hfq, inhibit LuxRvh expression and then inhibit QS regulon expression. After detecting autoinducers 

(scenarios coloured in red), autoinducer sensor proteins switch to phosphatases, resulting in the dephosphorylation 

of the LuxO. The expressed LuxRvh activates the expression of QS regulon.   

 

1.2.4 Other quorum sensing systems 

 

In addition to the three main types of QS systems introduced above, a number of other QS 

systems have been discovered (Papenfort and Bassler, 2016). For example, apart from the QS 

systems mediated by HAI-1 and AI-2, V. harveyi also employs a QS system mediated by CAI-

1, an autoinducer synthesised by CqsA and detected by the CqsS (Figure 1.5). The human 

pathogen Vibrio cholerae also employs the QS systems mediated by AI-2 and CAI-1. In V. 

cholerae, when autoinducer concentrations are below the sufficient level, phosphorylated 

LuxO, together with 𝜎54, activates the transcription of genes encoding sRNAs (Lenz et al., 

2004). These sRNAs, together with Hfq, activate the production of low-cell-density master 

regulator AphA and repress the production of high-cell-density master regulator HapR. Under 

this condition, biofilm formation and virulence factor production are activated. After detecting 

autoinducers, the production of AphA and HapR is reversed, and biofilm formation and 
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virulence factor production are inhibited (Papenfort et al., 2017). Additionally, HapR was 

found to activate the production of proteases, which may enable V. cholerae to detach from the 

epithelium and leave the host (Zhu and Mekalanos, 2003; Papenfort et al., 2017). Moreover, 

Papenfort et al. (2017) discovered a QS system using 3,5-dimethylpyrazin-2-ol (DPO) as an 

autoinducer and an orphan LuxR homologue, VqmA, as a regulator. The VqmA-DPO complex 

activates the expression of a sRNA VqmR, which, together with Hfq, inhibits biofilm formation 

(Papenfort et al., 2017). Of note, before the discovery of the DPO-mediated QS system, V. 

cholerae was considered to employ only the QS systems mediated by CAI-1 and AI-2, 

suggesting that even in intensively studied microorganisms, there may be QS systems that have 

not yet been discovered.  

 

1.2.5 Quorum sensing in complex environments 

 

The above are some representative QS systems that control the collective behaviour of bacteria, 

some of which can threaten the survival of other organisms. Moreover, the QS system mediated 

by the same autoinducer may have different QS mechanisms in different species, such as the 

QS systems mediated by AI-2 and the CAI-1 in V. harveyi and V. cholerae. However, being 

able to respond to the same autoinducers enables communication within and between species. 

A representative bacterium is V. harveyi. The three languages it uses may facilitate its 

communication with other species. To be specific, the HAI-1 (LuxM/LuxN QS system) is 

present in a few closely related Vibrio species and CAI-1 (CqsA/CqsS QS system) has been 

found to be conserved in many Vibrio species. Therefore, HAI-1 and CAI-1 may be languages 

that facilitate communication between Vibrio species. The LuxS responsible for AI-2 

production has been found in many bacterial species, suggesting that AI-2 may be a widespread 

interspecies language (Ng et al., 2011).  

 

In natural environments, bacteria commonly inhabit heterogeneous niches that are subject to 

dynamic changes such as shear flow, nutrients, and surface topography (Mukherjee and Bassler, 

2019). In addition to signalling molecules, environmental conditions may also affect QS. For 

example, as reviewed by Mukherjee and Bassler (2019), the bacterial biomass required to 

initiate QS may increase with increasing fluid flow rate as fluid flow removes autoinducers. 

Moreover, bacteria commonly form biofilms, which are extracellular matrices mainly 

composed of water and extracellular polymeric substances such as polysaccharides, proteins, 

DNA, and lipids (Di Martino, 2018). Biofilm formation is considered part of the bacterial 

survival strategy that could enhance cell-to-cell communication, facilitate horizontal gene 

transfer, and increase resistance to external perturbations such as antibiotic treatment (Miller 

and Gilmore, 2020). QS responses could be stochastic, i.e., a subpopulation of cells shows QS 

responses while the remaining population does not. In addition, intervening in the 
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communication of gut microbiota by manipulating AI-2 concentration was found to shape the 

composition of the gut microbiota and aid in the resistance of antibiotic-induced dysbiosis in 

mice (Thompson et al., 2015; Mukherjee and Bassler, 2019).  

In addition, a number of interkingdom interactions between bacteria and hosts were found 

(Verbeke et al., 2017). An AI-2 mimic was found to be produced by some mammalian epithelial 

cells in response to V.harveyi and activate the bioluminescence response of V.harveyi (Ismail 

et al., 2016). The host-derived factors could also modify, degrade, and sequester the 

autoinducer, thereby participating in bacterial communication (Mukherjee and Bassler, 2019). 

Another example is that mentioned above in Section 1.2.1, in A. tumefaciens, genes encoding 

TraI and TraR were found on octopine- and nopaline-type Ti plasmids (Lang and Faure, 2014). 

Indole, which can be produced by some plants and bacteria, was also found to inhibit QS in 

many bacterial species, as reviewed by Lee et al. (2015). 

 

QS was also found to be involved in the emergence of bacterial cooperation and cheating. For 

example, in P. aeruginosa, QS controls the expression of elastase required for casein digestion. 

Secreted elastase is considered a “public good” as it is produced by individuals but could 

benefit the entire community. It was reported that when wild-type P. aeruginosa was grown in 

M9 minimal medium with caseinate as the sole carbon source, lasR mutants that were unable 

to grow independently in the medium emerged (Sandoz et al., 2007). Additionally, QS is 

considered involved in the competition in polymicrobial communities as it controls the 

expression of toxins that may promote competition with other bacterial species (Abisado et al., 

2018).  

 

1.3 Application of quorum sensing manipulation 

 

With the increasing understanding of QS mechanisms, QS intervention targeting the QS system 

is a promising antivirulence strategy that can be applied in different fields such as aquaculture, 

agriculture, and human health. The application of QS-related genetic parts in biotechnology is 

also being explored, e.g., using these genetic parts to engineer strains for bioproduction and 

chemical detection (Choudhary and Schmidt-Dannert, 2010; Miller and Gilmore, 2020; Boo et 

al., 2021). The focus of this thesis is to engineer a bacterial consortium, including a biosensor, 

to study the activation and attenuation of QS responses. The application of QS in antivirulence 

therapy and autoinducer biosensors is introduced next. 
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1.3.1 Application of quorum sensing in antivirulence therapy 

 

Antibiotics are antimicrobial substances used to treat bacterial diseases. However, antibiotic 

treatment commonly places strong selective pressures on the target bacterial communities and 

may lead to the emergence and spread of antibiotic-resistant strains. Diseases caused by these 

antibiotic-resistant strains are a major cause of death. Consequently, antivirulence therapy is 

considered an alternative approach to disease control that focuses on disarming rather than 

killing pathogenic bacteria (Cegelski et al., 2008; Defoirdt, 2018). As introduced in Section 

1.2, a number of bacteria employ QS systems to regulate the production of virulence factors. 

Antivirulence via QS intervention is considered an alternative to control diseases caused by 

these bacteria. Screening and assessing natural and synthetic QS intervening agents, i.e., QS 

inhibitors and agonists, is a common approach to developing QS intervention therapy 

(Rutherford and Bassler, 2012; Defoirdt, 2018). Moreover, bacteria could persist under 

antibiotic pressure in biofilm and were reported to be more resistant to antibacterial agents 

when grown in biofilm than in culture (Anwar et al., 1990; Cegelski et al., 2008). Regulating 

biofilm formation and dispersal via QS intervention may serve as an adjunct to and may 

improve the efficacy of antibiotic treatments. 

 

Quorum sensing agonists 

 

An example of an agonist-based application is the delivery of CAI-1 for cholera treatment. 

Cholera is an acute diarrhoea caused by V. cholerea that can lead to death if untreated (Faruque 

et al., 1998). As introduced in section 1.2.4, in V. cholerea, accumulation of CAI-1 can activate 

the production of HapR. HapR was found to inhibit virulence factor production and biofilm 

formation. HapR was also found to activate the production of proteases, which may enable V. 

cholerea to detach from the epithelium and leave the host (Zhu and Mekalanos, 2003; Papenfort 

et al., 2017). Therefore, CAI-1 supplementation is considered a treatment that may alleviate 

cholera symptoms. A previous study found that (pre)treatment with engineered E. coli Nissle 

1917 expressing CAI-1 increased the survival of mice fed with V. cholerae and reduced the 

coverage of cholera toxin in the mouse intestines (Duan and March, 2010). Additionally, 

encapsulating CAI-1 in nanoparticles that promote the diffusion of CAI-1 was found to increase 

the V. cholera QS responses (Lu et al., 2015). These findings suggest the potential for 

developing QS-based engineering probiotics and oral drugs to against cholera. 
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Quorum sensing inhibitors and quorum quenching enzymes  

 

A variety of molecules, such as enzymes, non-cognate AHLs, phytochemicals, and synthetic 

molecules, have been shown to possess QS inhibition ability (Kalia et al., 2019). QS inhibition 

can be achieved by inhibiting the synthesis of autoinducers, or by degrading, modifying, or 

sequestering autoinducers. Additionally, it was reported QS inhibition can be achieved by 

interfering with the binding between autoinducers, regulators, and promoters (Fetzner, 2015; 

Defoirdt, 2018; Kalia et al., 2019). Of note, bacteria were found to evolve mutants to resist QS 

inhibitors (García-Contreras et al., 2013; Sikdar and Elias, 2020). Quorum quenching enzymes 

(QQEs) were found to inhibit the production of virulence factors, motility, and biofilm 

formation. For the AI-1, a number of QQEs, including lactonases, acylases, and 

oxidoreductases, that can degrade or modify AHL have been found (Fetzner, 2015; Sikdar and 

Elias, 2020). Compared to QQEs for AI-1, relatively few QQEs were found for AI-2 (Sikdar 

and Elias, 2020). The kinase LsrK was found to phosphorylate AI-2, thereby interfering with 

AI-2-mediated QS (Roy et al., 2010). Besides, Sikdar and Elias (2020) also reviewed some 

other enzymes that can degrade other QS signalling molecules.  

 

The QQE employed in this work is an AHL lactonase AiiA. AHL lactonases can degrade AHLs 

by hydrolysing their lactone rings. Many AHL lactonases were found to degrade more than one 

AHL (Fetzner, 2015; Sikdar and Elias, 2020). The first AHL lactonase identified is the AiiA 

discovered in Bacillus subtilis 240B1 (Dong et al., 2000; Fetzner, 2015). Purified AiiA was 

found to inactivate OHHL, N-3-oxodecanoyl-L-homoserine lactone, and OOHL. No 

production of autoinducer was detected in the culture supernatant of Erwinia carotovora SCG1 

expressing AiiA. The enzyme activities of three extracellular pectolytic enzymes of E. 

carotovora expressing AiiA were lower than those of the E. carotovora SCG1 strains that did 

not express AiiA. Plant tissues inoculated with E. carotovora expressing AiiA also showed 

attenuated soft rot disease symptoms compared with those inoculated with the E. carotovora 

SCG1 strains that did not express AiiA (Dong et al., 2000). Subsequently, AiiA homologues 

with varying degrees of AHL-degrading activity were identified in Bacillus thuringiensis 

subspecies (Lee et al., 2002). As AiiA has been shown to degrade AHLs and attenuate QS 

responses and has a library of homologues that can be used to arm an engineered strain, aiiA 

was used as a component to construct the QS regulator strain in this work.     
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1.3.2 Quorum sensing biosensors  

 

As introduced in Section 1.2, QS regulations are dependent on autoinducer concentrations, and 

a number of QS responses have been found to be associated with the production of virulence 

factors. Autoinducer detection is considered an approach that could support clinic diagnostics 

(Miller and Gilmore, 2020). A variety of techniques are available for autoinducer detection and 

quantification, such as chromatography, mass spectrometry, and bacterial biosensors (Verbeke 

et al., 2017; Miller and Gilmore, 2020). A commonly used method is high-performance liquid 

chromatography-tandem mass spectrometry, which is accurate in the detection of autoinducers 

and can be used to evaluate the accuracy of the biosensor. However, this method requires 

expensive equipment and could be time-consuming. QS biosensors that are able to express 

quantifiable phenotypes upon induction by autoinducers are considered promising alternatives 

(Miller and Gilmore, 2020).  

 

As introduced in Section 1.2.1, an AI-1-mediated QS system typically involves a promoter that 

controls gene transcription dependent on the concentration of an autoinducer. Therefore, a QS 

reporter strain could be engineered by introducing a plasmid containing such a promoter that 

controls the transcription of a reporter gene into a suitable host strain. The concentration of the 

autoinducer in the environment could then be estimated based on the intensity of the reporter 

signal expressed by the engineered strain.  

E. coli, which inherently lacks AI-1 synthase, is widely used as a host strain. Meanwhile, 

luxCDABE, fluorescent protein genes, and lacZ are commonly used as reporter genes (Steindler 

and Venturi, 2007; Miller and Gilmore, 2020). The lacZ encodes beta-galactosidase, which can 

catalyse the hydrolysis of colourless 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside 

(X-gal) into galactose and 5-bromo-4-chloro-3-hydroxyindole. 5-bromo-4-chloro-3-

hydroxyindole can then oxidise into the visible blue compound 5,5’-dibromo-4,4’-dichloro-

indigo (Burn, 2012). Additionally, Chromobacterium violaceum CV026, which can produce 

the purple pigment violacein upon induction by AI-1 (acyl chain lengths range from C4 to C8), 

is also a commonly used AI-1 biosensor (McClean et al., 1997; Miller and Gilmore, 2020).  

 

For AI-2 detection, a commonly used biosensor is V. harveyi BB170. This mutant has been 

genetically modified to be unable to produce AI-1 and AI-2 and is insensitive to AI-1. 

Therefore, its bioluminescence intensity depends on the concentration of AI-2 (Verbeke et al., 

2017; Miller and Gilmore, 2020). As for AIP detection, Enterococcus faecalis is widely used, 

and quantifiable readings are usually measured via turbidimetry (Verbeke et al., 2017). 

Additionally, several cell-free biosensors have been designed to quantify autoinducer 

concentrations (Miller and Gilmore, 2020). For example, a cell-free biosensor engineered 

based on QS genetic parts of P. aeruginosa was found to be able to quantitatively measure the 

concentration of OdDHL in cystic fibrosis lung sputum samples (Wen et al., 2017). 
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1.4 Engineered bacterial consortia 

 

QS biosensors are valuable in screening for novel QS inhibitors and have the potential to 

support clinic diagnostics (Wen et al., 2017; Qin et al., 2020; Miller and Gilmore, 2020). 

However, single sensors may fall short of representing the real-life context of microbial 

communities consisting of numerous species in heterogenous niches and under continuous 

dynamic changes. In particular, QS regulations have been shown to be affected by the 

interspecies and interkingdom signals and are involved in polymicrobial cooperation, cheating, 

and competition (Abisado et al., 2018; Mukherjee and Bassler, 2019). Studies of QS biosensors 

usually focus on recreating the signal listening element of QS mechanisms but lack the signal 

transmission and regulation participants as a bacterial community. Consequently, it is 

challenging to study QS activation and attenuation activities as a complex community. Studies 

using engineered bacterial consortia could be a promising approach to provide insight into how 

bacteria interact with each other and with the environment, which may aid in the development 

of new antivirulence strategies based on QS. Moreover, real-life microbial communities are 

usually extremely complex, and engineered model communities could provide a research 

platform to deconstruct part of this complexity.  

 

In addition, QS-related genetic parts can support the construction of exquisite synthetic genetic 

circuits. However, expressing a complex synthetic genetic circuit could impose a substantial 

metabolic burden on the host cell (Tsoi et al., 2018). Additionally, it was found that two 

modules of a circuit in a single strain showed resource competition. Decoupling the two 

modules into two strains reduced the adverse effects of resource competition (Zhang et al., 

2021). Dividing the labour of complex circuits into engineered consortia may be a promising 

approach as it may reduce metabolic burden, reduce resource competition, and optimise 

productivity compared to accomplishing the task in a single strain (Tsoi et al., 2018; Duncker 

et al., 2021; Zhang et al., 2021). Freely diffusible QS autoinducers could serve as practical 

tools for connecting the engineered bacterial strains. Besides, managing strain ratios during co-

culture is a challenge when using engineered bacterial consortia for expression. Constructing 

using QS-related genetic parts may be a viable approach to regulate the strain ratios (Boo et al., 

2021). In addition, as an AI-1 synthase may produce more than one AHL and an AI-1 regulator 

may respond to more than one AHL, the orthogonality of the QS systems should be assessed 

when designing circuits using genetic parts from different QS systems (Davis et al., 2015; 

Tekel et al., 2019).               
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1.5 Bacteria in microfluidic platforms 

 

Microfluidics is known as a technology that manipulates fluids at the microscale. Fluid flows 

at the microscale are usually laminar, which makes the fluid dynamics predictable (Weibel et 

al., 2007; Sackmann et al., 2014). Additionally, microfluidics enables miniaturisation, 

integration, precision, and automation control of experimental processes. Supported by 

designed devices, microfluidics provides novel platforms for biological studies (Sackmann et 

al., 2014; Pérez-Rodríguez et al., 2022).  Soft lithography is a collection of techniques for 

fabricating versatile microscale and nanoscale devices based on printing, moulding, and 

embossing. Elastomeric polymers such as polydimethylsiloxane (PDMS) are widely used 

materials for soft lithography (Weibel et al., 2007). PDMS possesses a number of properties, 

such as chemical inertness, biocompatibility, flexibility, and optical transparency, making it a 

good candidate material for microfluidic studies (Weibel et al., 2007; Pérez-Rodríguez et al., 

2022). A number of microfluidic devices have been developed to study bacterial behaviours, 

such as biofilm formation and antibiotic resistance. Microfluidics allows for sophisticated 

incubators, precise control of the cultivation environment, microscopic visualisation, and high-

throughput studies, providing a relatively more realistic and efficient platform for studying 

bacterial communities compared to traditional microbiological techniques (Pérez-Rodríguez et 

al., 2022). 

 

As introduced in Section 1.2.5, bacteria continuously interact with the environment they inhabit. 

In addition to designing synthetic genetic circuits, a number of environmental parameters, such 

as subpopulation distribution, community size, and nutrition supplementation, could be 

manipulated to investigate the phenotype and performance of engineered bacterial 

communities. Danino et al. (2010) designed an E. coli genetic clock whose fluorescent protein 

expression oscillated over time. The strain contains two plasmids constructed using the luxI 

promoter, luxI, luxR, aiiA, and yemGFP. Briefly, the luxI, aiiA and yemGFP are under the 

control of three luxI promoters, respectively. Therefore, the luxI promoter in the strain is 

positively and negatively regulated. The fluorescence intensity of the population was found to 

oscillate over time in a tailored microfluidic device. The device provided an ideal environment 

for achieving the oscillations. Specifically, the chamber size allowed for appropriate nutrition 

distribution, autoinducer density, and bacterial density. In addition, the flow rate, which was 

related to the effective degradation rate of AHL, was found to affect the oscillation period and 

amplitude (Danino et al., 2010).  
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Droplet microfluidics is a technique that enables the encapsulation of experimental targets, 

such as single molecules or single cells, into isolated compartments (monodisperse droplets) 

where experiments could then be conducted for further analysis (Theberge et al., 2010). The 

droplets are formed by mixing two immiscible phases, usually an oil phase and an aqueous 

phase (van Tatenhove-Pel et al., 2020; Pérez-Rodríguez et al., 2022). Monodisperse droplets 

are formed using different generators, such as T-junction (Nisisako et al., 2002) and flow-

focusing (Kleine-Brüggeney et al., 2021) generator. Additionally, Poisson statistics can be used 

for single-cell encapsulation, which may aid in the study of bacteria (Kleine-Brüggeney et al., 

2021; Pérez-Rodríguez et al., 2022). In this work, a macro-to-micro platform developed by 

Evorion Biotechnologies (Münster, Germany) for microfluidic cell culture was employed to 

visualise and assess the performance of engineered strains in microdroplets (Kleine-Brüggeney 

et al., 2019; Kleine-Brüggeney et al., 2021). 

 

1.6 Objective and chapter summary 

 

This work aimed to engineer a model consortium consisting of three fluorescent E. coli strains 

as the sensor, producer, and regulator of an AI-1-type autoinducer to study cell-to-cell QS 

communication. The QS-related abilities of these strains were expected to be tuneable by 

different external inducers. The genetic components associated with the designed functions 

were expected to be dissembled and assembled by routine cloning techniques to facilitate future 

studies of other QS-related proteins. Moreover, the QS-related activities were expected to be 

trackable and quantifiable by three distinguishable fluorescent proteins. In general, the 

workflow can be divided into four steps: (i) construction of the bacterial consortium (Chapter 

2), (ii) characterisation of the engineered strains in the planktonic state (Chapter 3), (iii) 

phenotypic analysis of the strains encapsulated in agarose hydrogel microbeads (Chapter 4), 

and (iv) assessment of performance of the strains encapsulated in agarose hydrogel (Chapter 

5). 

 

Chapter 2 discusses the construction of the engineered bacterial consortium. To engineer the 

bacterial consortium, three plasmids were designed based on the LuxI/LuxR QS system of V. 

fischeri. Meanwhile, the genes of three inducer concentration-dependent promoters, three 

fluorescence proteins, and two restriction sites were selected as components to construct the 

plasmids. The strains obtained were preliminarily screened by fluorescence detection. The 

plasmids of the strains were sequenced and analysed.  

 

Chapter 3 discussed the performance of the strains in the planktonic state. The bacterial growth, 

fluorescence intensity, and cell response levels (fluorescence intensity normalised by growth) 

of the strains induced at a range of inducer concentrations were characterised. The ability of 
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the producer to activate the sensor’s response by producing OHHL, and the ability of the 

regulator to attenuate the sensor’s response by degrading OHHL were assessed.  

  

The sensor and producer strains were encapsulated in agarose hydrogel microbeads and 

cultivated overnight on microfluidic chips while being imaged under transmitted light and 

fluorescence channels. The phenotypes of the bacterial communities in the microbeads are 

discussed in Chapter 4. The colony response levels (fluorescence intensity normalised by area 

size) of the target colonies were digitised using Fiji-ImageJ. The QS responses of the strains 

encapsulated in agarose hydrogel microbeads were discussed in Chapter 5.  

 

Chapter 6 discusses the main results and limitations of this work. This chapter also discusses 

some work that could be conducted in future studies.   
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Chapter 2 Construction of a model 

bacterial consortium 

 

In this chapter, the construction of a model bacterial consortium engineered for studying 

quorum sensing based on the LuxI/LuxR system of V. fischeri is introduced. The aim was to 

construct an E. coli consortium of three fluorescent strains, where each strain performs a QS-

related function, namely sensing, production, and degradation of a QS autoinducer. Three 

plasmids were constructed, each containing a fluorescent protein gene and at least one QS-

related gene. To make the expression of the strains tuneable, three inducible promoters were 

used to control the transcription of the designed inserts, allowing artificial perturbation to the 

expression of the bacterial community during cultivation. To increase the flexibility of plasmid 

construction of the bacterial consortium, the designed inserts were flanked by restriction sites, 

allowing the plasmids of the three engineered strains to be modified to study other genes via 

subcloning.  

 

2.1 Materials, equipment, and software 

 

2.1.1 Strains and plasmids 

 

E. coli Tuner (DE3) and DH5alpha were used as host cells for expression and storage strains, 

respectively. Plasmid pBAD24 in E. coli (ATCC 87399) was purchased from ATCC. Plasmid 

pZH509 was a gift from Zach Hensel (Hensel, 2017). Plasmid pET-21 (+) with the designed 

insert already inserted was from Twist Bioscience. The other two designed inserts were 

synthesised and assembled in vector pTwist Amp High Copy by Twist Bioscience. The 

designed inserts of producer and regulator strains were optimised using the Twist Bioscience 

codon optimisation tool. All plasmids used (pBAD24, pET-21(+), and pZH509) have an ampR 

that confers ampicillin resistance.  

 

2.1.2 Genetic parts of inserts 

 

The genetic parts luxR (BBa_C0062), luxPR_4G12T (BBa_K3205005), aiiA (BBa_C0160), 

terminator rrnB T1 (BBa_B0010), and a ribosome binding site (RBS) (BBa_K3288007) were 

all obtained from iGEM (https://parts.igem.org/Main_Page, accessed 30 January 2024). Two 

ribosome binding sites used in this work were both modified from BBa_K3288007. In addition, 

natural terminators ECK120033736, ECK120029600, and ECK120033737 and synthetic 

terminators L3S2P21 and L3S3P21, which showed good abilities in reduction in the 

https://parts.igem.org/Main_Page
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downstream expression (Chen et al., 2013), were used in pairs in this work to ensure 

termination.  

The tetR constitutively expressed from promoter PN25 (Muthukrishnan et al., 2012) was derived 

from plasmid pZH509. The genes encoding the enhanced green fluorescent protein (EGFP) 

(GenBank: U55761.1) (Cormack et al., 1996), LuxI (GenBank: M19039.1) (Devine et al., 

1988), mCherry (GenBank: AY678264.1) (Shaner et al., 2004), and blue fluorescent protein 

variant (EBFP2) (GenBank: EF517318.1) (Ai et al., 2007) were all obtained from GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/, accessed 30 January 2024) (Clark et al., 2015). 

 

Information on the genetic materials (Table A.1), main experimental materials and equipment 

(Table A.2) used in this chapter is provided in Appendix A. The sequences of the constructed 

plasmids are provided in Appendix B. Information on software used in this chapter is provided 

in Table A.3 in Appendix A. 

 

2.2 Design and construction of the bacterial consortium 

 

2.2.1 Design of the model bacterial consortium  

 

The flowchart for designing the model E. coli consortium is shown in Figure 2.1. The aim of 

this work was to construct an E. coli consortium consisting of three fluorescent strains based 

on the LuxI/LuxR system of V. fischeri to investigate the activation and attenuation of QS 

responses. The strains possess OHHL sensing, production, and degradation abilities, and are 

therefore referred to as sensor, producer, and regulator, respectively. These QS-related abilities 

were expected to be concentration-dependently controlled by different external inducers other 

than OHHL. Therefore, the option of supplementing different concentrations of external 

inducers would enable manipulating the QS-related abilities of the strains and also allow for 

artificial perturbations to the bacterial community during cultivation. Moreover, the sensor’s 

response upon OHHL induction, the production ability of the producer, and the degradation 

ability of the regulator were expected to be quantifiable by the fluorescence intensity of three 

distinguishable fluorescent proteins, which also allows for simultaneous tracking of the cells. 

Furthermore, as the sensor was expected to be co-culture with the other two strains, the same 

selectable marker was required. Meanwhile, two restriction sites were also required for insert 

assembly and disassembly, which also allows the plasmids to be reconfigurable to facilitate the 

future study of other genes. Taking all the above requirements into account, three inserts were 

designed based on the available genetic parts and backbone donor plasmids. Three plasmids 

containing promoters controlled by three different inducers and containing the same two 

restriction sites following the promoters were employed (Figure 2.2 and Table 2.1). Given that 

a promoter requires the E. coli Tuner (DE3) strain as the host strain to achieve inducer 

https://www.ncbi.nlm.nih.gov/genbank/
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concentration-dependent expression (Merck KGaA, 2011), this strain was chosen as the host 

strain for all designed plasmids to prevent metabolic inconsistencies caused by choosing 

different host strains. 

 

 

Figure 2. 1 Design scheme of the model bacterial consortium. Names are coloured according to the fluorescent 

signal of the strains. The QS functions and fluorescent proteins to be used were first determined and assigned 

to three strains. Taking into account the requirements of two restriction sites and three inducible promoters, 

three backbone donor plasmids were selected. The host strain that is required for an inducible promoter to 

achieve concentration-dependent expression was then determined. 

 

The schematic structures of the designed plasmids and the major components of the three 

strains are shown below in Figure 2.2 and Table 2.1, respectively. The designed inserts are 

located above the plasmid backbones (Figure 2.2). When designing the strains, firstly, an 

appropriate QS system needs to be determined as the basis for plasmid construction. The 

LuxI/LuxR system of V. fischeri, as an extensively studied QS system with many identified 

inhibitors and homologues that could be further studied, was preferred. Then, in order to 

possess the autoinducer sensing, production and degradation abilities, genetic parts from and 

related to the LuxI/LuxR system were employed, which are luxI, luxR, and aiiA. Additionally, 

for the sensor strain, apart from the arabinose-inducible promoter on the plasmid backbone 

controlling the transcription of luxR, promoter luxPR_4G12T was also employed for the 

transcription of egfp. This promoter was modified from the lux pR promoter of V. fischeri 

(BBa_R0062) and displayed lower basal expression (Han, 2019), i.e., lower expression when 

uninduced. Therefore, the sensor employing promoter luxPR_4G12T may be more tightly 

controlled than the sensor employing lux pR promoter.  
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Figure 2. 2 Schematic structures of the plasmids of (a) sensor, (b) producer, and (c) regulator strains. Genes 

encoding QS-related proteins are represented as blue arrows, encoding fluorescent proteins are represented as 

orange arrows, encoding promoter regulatory proteins are represented as green arrows, and conferring 

ampicillin resistance are represented as grey arrows. The replication origins are represented as yellow ribbons. 

Black arrows indicate the promotors. T-shaped symbols indicate the terminators. 

 

Table 2. 1 Major components of the three engineered strains used in this work 

 
 

Strain Host Backbone Insert 

Sensor   

Tuner 

(DE3) 

pBAD24 NheI+luxR+luxPR_4G12T+egfp+EcoRI 

Producer pET-21(+) EcoRI+luxI+mCherry+NheI 

Regulator  pZH509 EcoRI+aiiA+ebfp2+PN25+tetR+NheI 

 

To be able to simultaneously monitor the fluorescent signals of three strains, three 

distinguishable fluorescent proteins, EGFP, mCherry, and EBFP2 were used. Three proteins 

have at least a 59 nm distance between emission maximum wavelengths and at least a 99 nm 

distance between excitation maximum wavelengths. These proteins also have close brightness 

(approximately 34, 16, and 18 units) and mature time (25, 15, and 25 minutes), according to 

FPbase (https://www.fpbase.org/table/, accessed 30 January 2024) (Lambert, 2019).  

 

The genes responsible for the above-mentioned properties constitute the main bodies of the 

inserts. In addition to the main bodies, combined terminators were used for transcription 

termination. Ribosome binding sites were added preceding the coding sequences for translation 

initiation. Of note, in order to estimate the production of LuxI and AiiA based on the intensity 

of downstream fluorescent proteins, the plasmids of the producer and regulator strains were 
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designed for bicistronic expression with the same RBSs. Besides, restriction sites (NheI and 

EcoRI) were used to flank the inserts for insert assembly and disassembly. 

 

When choosing plasmid backbones for the inserts, those containing promoters which are 

concentration-dependently controlled by common inducers and containing required restriction 

sites downstream to the promoters were preferred. Furthermore, to be able to co-culture the 

engineered strains, the same selectable marker was required. Meanwhile, in order to prevent 

the metabolic burden that may be caused by a high plasmid copy number, replication origins 

with similarly low plasmid copy numbers were preferred. Taking these requirements into 

account, ParaBAD/arabinose/pBAD24, PT7/isopropyl-beta-D-thiogalactopyranoside 

(IPTG)/pET-21(+), and PLtetO-1/anhydrotetracycline (aTc)/pZH509 (listed as 

promoter/inducer/plasmid) were chosen. The origin of replication of pBAD24 and pET-21(+) 

is pBR322 origin, whose copy number was reported to be approximately 15-20 copies/cell 

(Morgan and Patrick, 2014). The origin of replication of pZH509 is p15a, which was reported 

to be approximately 13 copies/cell in E. coli MG1655 (Shao et al., 2021). Of note, the PT7 is 

not directly induced by IPTG. PT7 requires the E. coli Tuner (DE3) strain for IPTG 

concentration-dependent expression. This strain is a lacZ (encoding beta-galactosidase) and 

lacY (encoding lactose permease) deletion mutant of E. coli BL21 (DE3), allowing 

concentration-dependent control by IPTG. Moreover, ‘DE3’ indicates this strain is a λDE3 

lysogen that carries the T7 RNA polymerase gene under the control of the lacUV5 promoter. 

When induced by IPTG, the expression of T7 RNA polymerase, which is required for PT7 

transcription, is activated. IPTG concentration-dependent expression of the PT7 is then attained 

(Merck KGaA, 2011). Meanwhile, to minimise the difference in the host cell metabolism, this 

strain was used as the host strain for all designed plasmids.  

 

For the sensor strain (Figure 2.2a), promoters luxPR_4G12T and ParaBAD were used. The 

transcription from ParaBAD was reported to be approximately 300-fold promoted within 3 s after 

adding arabinose (Schleif, 2010). This promoter controls the expression of LuxR, which can 

be activated upon binding to OHHL. The activated LuxR can bind to the luxPR_4G12T 

promoter, resulting in the expression of EGFP. Therefore, the concentration of OHHL in the 

environment was expected to be estimated based on EGFP intensity. 

 

The main function of the producer strain (Figure 2.2b) is to express the synthase LuxI to 

produce OHHL. Promoter PT7 was used to control the bicistronic expression of LuxI and 

mCherry with identical RBSs. Therefore, the production of LuxI and mCherry was expected to 

be regulated by IPTG concentration. The relative production of LuxI was expected to be 

estimated based on mCherry intensity. 
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The main function of the regulator strain (Figure 2.2c) is to express AHL lactonase AiiA to 

degrade OHHL. Promoter PLtetO-1 was used to control the bicistronic expression of AiiA and 

EBFP2 with identical RBSs. The transcription of PLtetO-1 is repressed by TetR, and the 

repression was found to be relieved by adding aTc (Hensel, 2017). Although the backbone 

donor plasmid pZH509 contains tetR, this gene is located between restriction sites NheI and 

EcoRI and would be removed during subcloning. Therefore, a constitutive promoter PN25 and 

tetR were added to the insert designed for the regulator strain. Additionally, previous studies 

found that the expression controlled by promoter PLtetO-1 could be expressed in an aTc 

concentration-dependent manner (Hensel, 2017; Silva et al., 2019). Therefore, the production 

of AiiA and EBFP2 was expected to be regulated by aTc concentration. The relative production 

of AiiA was expected to be estimated based on EBFP2 intensity. 

 

The backbone donor plasmids and inserts were assembled by subcloning. The new plasmids 

were introduced into the host strain Tuner (DE3) via chemical transformation using the 

protocols described below. 

 

2.2.2 Preparation of autoinducer, inducer, and antibiotic stock solutions 

 

OHHL was dissolved in acetonitrile to a stock concentration of 10-1 M and serially diluted to 

working concentrations of 10-8 to 10-2 M with Milli-Q water; L-(+)-arabinose 10 % (w/v) and 

IPTG 100 mM stocks were prepared in Milli-Q water; ampicillin (Amp) 100 mg/mL and 

anhydrotetracycline 100 μg/mL stocks were prepared in 50 % (v/v) ethanol. All stocks were 

sterilised using 0.22 µm syringe filters.  

The culture medium for the engineered strains and lysogeny broth (LB) medium control were 

supplemented with 100 µg/mL Amp. The culture medium for the Tuner (DE3) strain was not 

supplemented with Amp. 

 

2.2.3 Preparation of the strains  

 

The workflow for the preparation of the engineered strains from donor strains to glycerol stocks 

is shown in Figure 2.3. The plasmids containing the backbones and inserts were first extracted 

from donor strains, followed by enzymatic digestion. The backbones and inserts were then 

ligated correspondingly. The ligation products were introduced into the host cells to prepare 

the original glycerol stocks of the three strains (Figure 2.3, grey area). The fluorescent signals 

of the strains were assessed before preparing them into experimental glycerol stocks for future 

experiments. The plasmids were extracted again for whole plasmid sequencing and preparation 

of storage glycerol stock (Figure 2.3, blue area). 
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Figure 2. 3 Workflow for the preparation of the E. coli engineered strains  

 

Three plasmids were extracted from their donor host cells using a QIAprep Spin Miniprep Kit. 

As the producer’s insert had been assembled by Twist Bioscience, it was ready to be introduced 

to Tuner (DE3) cells. For the sensor and regulator strains, plasmids pBAD24 and pZH509 were 

incubated with NheI and EcoRI, separately. Digests were then purified using a DNA clean-up 

kit to wash out short DNA fragments. To separate long DNA sequences, digests were separated 

on agarose gels and purified using a QIAquick Gel Extraction Kit. Here, the backbones from 

plasmids pBAD24 and pZH509 were separated by electrophoresis on 1 % agarose gel at 55 

volts for 90 min and 110 min, respectively. The inserts from plasmids pTwist Amp High Copy 

were separated by electrophoresis on 1.5 % agarose gel at 55 volts for 180 min. Backbones and 

the corresponding inserts (Table 2.1) were then mixed in a 1:2 molar ratio and ligated with the 

LigaFast Rapid DNA Ligation System at room temperature for 15 min. The experiments of 

plasmid extraction and digestion and digest ligation were conducted following the 

manufacturer's instructions.  

 

The ligation products, that is, the plasmids of the sensor and regulator, together with the 

producer’s plasmid, were then respectively mixed with competent cells E. coli Tuner (DE3) 

(10 ng DNA in 50 μL cell suspension). The mixtures were left on ice for 15 min, heat-shocked 

at 42 °C for 45 s, put back on the ice for 2 min, and then mixed with 950 μL of the LB (Amp). 

The cultures were then recovered at 37 °C for 1 h. Then, 100 μL of the cultures were spread on 

LB (Amp) agar plates and incubated at 37 °C overnight, respectively. Single colonies of three 

strains were inoculated into 10 mL LB (Amp) and incubated overnight with shaking, 
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respectively. Overnight broth cultures were then used to prepare the original glycerol stocks 

and stored at -80 °C.  

 

For every strain, an overnight broth culture was prepared from a vial of original glycerol stock 

(protocol described in Section 2.2.4 below) and then underwent excitation and emission 

spectral scans (protocol described in Section 2.2.5 below). After successfully detecting the 

fluorescent signal, a batch of experimental glycerol stock was prepared from the overnight 

broth culture for future experiments (as described in Section 2.2.4 below).  

 

Overnight broth cultures of three strains were prepared from the experimental glycerol stocks, 

and their plasmids were extracted. The plasmids were sequenced by the DNA Sequencing 

Facility, Department of Biochemistry, University of Cambridge. Using the protocol described 

above, the plasmids were introduced to E. coli DH5alpha. The overnight broth cultures were 

prepared into glycerol stocks for long-term storage at -80 °C using the protocol described next. 

 

2.2.4 Preparation of overnight broth cultures and glycerol stocks 

 

To prepare a tube of overnight broth culture, a loop of glycerol stock was streaked onto an LB 

(Amp) agar plate and incubated overnight. One colony was inoculated into a tube of LB (Amp) 

and incubated overnight with shaking. The overnight broth culture can then be harvested for 

experiments. To prepare a glycerol stock, overnight broth culture was mixed with sterile 

glycerol to 20 % - 25 % (v/v) and stored at -80 °C for further use. Of note, the culture medium 

for the Tuner (DE3) strain was not supplemented with Amp. 

 

For overnight cultivation, cultures were incubated at 37 °C for 17±1 h, where broth cultures 

were shaken at 200 rpm. During incubation with the addition of OHHL or aTc, all tubes were 

covered with aluminium foil. The OD600 of overnight cultures were measured using a Jenway 

6715 UV/Visible spectrophotometer.  

 

2.2.5 Excitation and emission spectra of the strains  

 

To quickly assess the function of the three strains, the fluorescence excitation and emission 

spectra of their overnight cultures were scanned. For the sensor, the culture was induced by 

0.1 % arabinose and 10-6 M OHHL concentration and cultured overnight. Overnight induced 

culture (200 μL) was added onto a black microplate, covered with an optically clear, moisture-

resistant, and gas-permeable seal. The plate was then measured by a CLARIOstar Plate Reader 

using a fluorescence intensity/spectral scan programme. The excitation and emission spectra 

were respectively measured at em = 512 nm/ex = 0 - 490 nm and at ex = 450 nm/em = 490 - 

540 nm, where the focal height was 8.5 mm. Similarly, 200 μL of 0.1mM IPTG concentration-
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induced producer overnight cultures were respectively measured at em = 613 nm/ex = 0 - 590 

nm (excitation spectrum) and ex = 575 nm/em = 595 - 631 nm (emission spectrum), with 8.2 

mm focal height. For the regulator strain, 100 ng/mL aTc-induced overnight cultures were used. 

The excitation spectrum was measured at em = 428 nm/ex = 320 - 390 nm, and the emission 

spectrum was measured at ex = 354 nm/em = 390 - 500 nm, with an 8.1 mm focal height. For 

all scans, experimental parameters also included 8 nm bandwidth, 20 flashes per well, with a 

gain value of 30 % determined using the first of the triplicates of the induced culture. The 

culture medium of all engineered strains was supplemented with 100 µg/mL ampicillin (Amp). 

In parallel, the overnight Tuner (DE3) culture and the LB (Amp) solution were measured as 

controls. Three biological replicates were performed. Of note, only on the first day were the 

induced cultures diluted with LB (Amp) in a 4:1 ratio. The remaining two replicates were 

conducted with undiluted cultures, while the other procedures of the protocol were the same. 

 

It was found that the blue fluorescent signal could not be distinguished from the LB (Amp) 

medium using the above microplate reader method. Considering that the seal film might affect 

the reading of the fluorescence intensity, the samples were measured using a quartz cuvette and 

a Horiba FluoroMax-4 spectrofluorometer. The overnight (16 h) regulator culture was diluted 

to 3 mL with LB (Amp) (OD600 ~ 0.05), supplemented with and without 100 ng/mL aTc, and 

further overnight incubated for 16 h. Similarly, 3 mL of the Tuner (DE3) culture (OD600 ~ 

0.05) was prepared. Tuner (DE3) culture and 3 mL LB (Amp) were incubated in parallel with 

regulator cultures as controls. After incubation, the emission spectra of 2 mL cultures were 

measured at ex = 367 nm and em = 375 - 500 nm (with 2 nm excitation and emission slits). 

Data were collected from at least three biological independent experiments. GraphPad Prism 

was used for data analysis and data presentation. 

 

2.3 Results and discussion 
 

2.3.1 Engineered E. coli consortium for studying quorum sensing  

 

The plasmids were constructed as designed and introduced into the host Tuner (DE3) cells by 

chemical transformation. A model consortium of three fluorescent E. coli strains (OHHL 

sensor, producer, and regulator) was obtained to study the activation and attenuation of QS 

responses based on the LuxI/LuxR system of V. fischeri. The key features of the three strains 

are depicted in Figure 2.4. Each construct is under the control of its respective inducer: (i) The 

sensor strain contains luxR, whose transcription is controlled by arabinose (ParaBAD). Upon 

binding to OHHL, activated LuxR activates transcription at promoter luxPR_4G12T, resulting 

in the expression of EGFP. (ii) The producer strain contains the genes encoding LuxI and 

mCherry, both of which are under the control of IPTG (PlacUV5 and PT7). (iii) The regulator 
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strain contains the genes encoding AiiA and EBFP2, both of which are under the control of 

aTc (PLtetO-1).  

Biosensors are fundamental tools used to study AHL QS systems and QS inhibitors (Steindler 

and Venturi, 2007; Defoirdt et al., 2013). The sensor is also the key strain of this work. It 

employs the luxPR_4G12T promoter, which was modified from the lux pR promoter of V. 

fischeri (BBa_R0062) and displayed lower basal expression (Han, 2019). The producer and 

regulator strains were designed as the OHHL provider and degrader. Two inducible promoters, 

PT7 and PLtetO-1, were employed to control the expression of the enzymes responsible for OHHL 

production and degradation, respectively. Meanwhile, to be able to monitor the location of 

bacterial cells and the relative production of the enzymes, bicistronic expression was adopted, 

i.e., one promoter controls the expression of two separate proteins from a mRNA. The gene 

encoding the enzyme is followed by the gene encoding the fluorescent protein. Therefore, the 

fluorescent signal helps to locate the bacterial cells. The fluorescence intensity helps to estimate 

the production of the enzyme.   

 

Additionally, two restriction sites were used to flank the inserts containing QS-related and 

fluorescent protein genes (Table 2.1). The restriction sites allow assembly and disassembly of 

the inserts by subcloning, enabling the plasmid to be modified to study other genes. New inserts 

could consider adding appropriate restriction sites to flank the coding sequences (with RBSs) 

to allow for more flexible assembly and disassembly. 
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Figure 2. 4 Schematic representation of the design of the sensor, producer, and regulator strains. Functional genes 

are represented as arrowed ribbons. Promoters are indicated as black arrows, and terminators are indicated as T-

shaped symbols. 
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2.3.2 Excitation and emission spectra of the strains 

 

After obtaining the strains, the first set of experiments was to test the fluorescent signals of the 

strains before preparing glycerol stocks for future experiments. Samples were preliminarily 

scanned on microplates using a CLARIOstar Plate Reader. The excitation (right) and emission 

(left) spectra of induced overnight cultures of three strains compared with controls, i.e., 

overnight cultures of host strain Tuner (DE3) and LB (Amp) medium, are shown in Figure 2.5.  

 

For the sensor strain (Figure 2.5a), the excitation and emission spectra of sensor culture induced 

at 10-6 M OHHL concentration, Tuner (DE3) culture, and LB (Amp) medium were measured 

at em = 512 nm and ex = 450 nm, respectively. The sensor cultures containing EGFP showed 

greater fluorescence intensity (FI) than the controls. It should be noted that the medium control 

showed greater FI than the Tuner (DE3) culture, suggesting that the turbidity resulting from 

the bacterial growth reduced the fluorescence reading. This result also suggests that the 

background fluorescence of the LB (Amp) medium would affect the readings at the tested 

wavelengths. 

 

For the producer strain (Figure 2.5b), the excitation and emission spectra of producer culture 

induced at 0.1 mM IPTG concentration, Tuner (DE3) culture, and LB (Amp) medium were 

measured at em = 613 nm and ex = 575 nm, respectively. The FI of the producer culture was 

obviously higher than those of the Tuner (DE3) culture and LB (Amp) medium, of which two 

controls showed almost no signal compared to the producer.  

 

For the regulator strain (Figure 2.5c), the excitation and emission spectra of regulator culture 

induced at 100 ng/mL aTc concentration, Tuner (DE3) culture, and LB (Amp) medium were 

measured at em = 428 nm and ex = 354 nm, respectively. The induced regulator culture 

showed greater FI compared to that of the Tuner (DE3). However, the readings of these cultures 

were found to be lower than those of the LB (Amp) medium. These results suggest there may 

be a fluorescent signal generated by EBFP2, but it was not distinguishable from that of the LB 

(Amp) medium background. It was also found that the background fluorescence caused by cells 

and LB (Amp) medium was higher when measuring at lower wavelengths. The measurement 

of the blue signal was more severely affected by this noise than the green signal, while the 

measurement of the red signal was least affected. This result is similar to a previous study that 

found that fluorescent reporters were affected by background noise caused by autofluorescence 

from cells and the LB medium. In particular, the green fluorescent signal was more severely 

affected than the red fluorescent signal (Lopreside et al., 2019). Meanwhile, it was found that 

the excitation and emission wavelengths of the nicotinamide moiety of NAD(P)H are around 

340 nm and 460 nm, respectively (Blacker et al., 2014; Bulycheva et al., 2014), which are 
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similar to those of EBFP2 (Ai et al., 2007). This similarity may be a reason for the high 

background noise when measuring the blue signal.  

 

The experimental design has two shortcomings. Firstly, the samples in the first biological 

independent experiment were diluted. Hence, the experimental protocol was inconsistent with 

the protocol used in the other two biological replicates, which could contribute to high standard 

deviation values. Secondly, the Tuner (DE3) cells (i.e., host cells without constructed plasmids) 

were not induced by inducers like the engineered strains. Overall, these shortcomings are 

unlikely to cause major issues, as the fluorescence readings of sensor and producer strains were 

obviously greater than those of the host strain. As for the regulator strain, it was further assessed 

using a spectrofluorometer. 

 

 

Figure 2. 5 Excitation and emission spectra of the strains. The excitation spectrum (left) and emission spectrum 

(right) were separated by red dashed lines. Overnight cultures of induced engineered strains, Tuner (DE3) strain, 

and LB (Amp) were assessed at the wavelengths of the (a) green signal, (b) red signal, and (c) blue signal. Data 

are shown as the mean values with their standard deviations (shown as error bars) of at least three independent 

experiments.  
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When testing the fluorescent signal of the regulator strain using the CLARIOstar Plate Reader, 

in addition to the background noise caused by cells and LB (Amp) medium, the sealing film 

used to cover the plate may also affect the reading of the fluorescence intensity. Therefore, the 

FI of overnight regulator cultures and controls were determined at ex = 367 nm using a 

FluoroMax-4 spectrofluorometer and a quartz cuvette. Meanwhile, the optical density of the 

samples was measured at 600 nm (OD600) using a Jenway 6715 UV/Visible spectrophotometer. 

Optical density is commonly used to estimate the cell density, i.e., growth, in liquid culture 

(Myers et al., 2013). The regulator was induced with aTc 100 ng/mL. The emission spectra 

(em = 400 - 500 nm) of overnight cultures (initial OD600 ~ 0.05 and 16 h incubation) and LB 

(Amp + aTc) medium control are shown in Figure 2.6. In the area with the highest fluorescence 

readings, namely em = 440 - 460 nm, even in the absence of aTc, the FI and the cell response 

level (FI/OD600) of the regulator strain were significantly higher than those of the host Tuner 

(DE3) strain (****p < 0.0001, Mann-Whitney test), and those of aTc-induced regulator culture 

were significantly higher compared to non-induced regulator culture (****p < 0.0001, Mann-

Whitney test). These results suggest that the regulator’s plasmid showed basal expression of 

EBFP2 in the absence of aTc and showed enhanced expression in the presence of aTc. 

 

 

  

   

 

Figure 2. 6 Influence of the aTc induction on the expression of the regulator. (a) The emission spectra of 

EBFP2 at ex = 367 nm and (b) the corresponding cell response levels (FI/OD600) of cultures were assessed. 

Data are shown as the mean values with their standard deviations (shown as error bars) of at least three 

independent experiments. 
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2.3.3 Whole plasmid sequencing results 

 

Whole plasmid sequencing was performed by the DNA Sequencing Facility, Department of 

Biochemistry, University of Cambridge. The sequencing results of the three constructed 

plasmids are shown in Appendix B. MegaBLAST (Zhang et al., 2000) was used to align the 

sequencing results with the designed sequences. According to the sequencing results, the 

strains used for experiments may have one to four mutations. The sensor may have three single-

base deletion mutations at terminator L3S2P21 (site: 6255, G), at pBR322 origin (site: 2532, 

G), and at pBAD24 (site: 2944, C), respectively. The sensor may also have one base changed 

from T to G at M13 origin (site: 1715). The producer strain may have a single-base deletion 

mutation at terminator ECK120033737 (site: 211, A). The regulator strain may have two 

single-base deletion mutations at terminator L3S2P21 (site: 3539, G) and terminator 

ECK120033737 (site: 3601, T). The features of the mutation sites were determined according 

to GenBank: X81837.1 (Guzman et al., 1995) (https://www.ncbi.nlm.nih.gov/genbank/, 

accessed 30 January 2024) (Clark et al., 2015) and Chen et al. (2013). The sites were numbered 

based on the sequencing results provided in Appendix B. 

 

Among these mutations, deletion mutations occurring at the L3S2P21 terminator, 

ECK120033737 terminator, and pBR322 origin are related to the designed functions of strains. 

In this work, all terminators used are intrinsic terminators, also known as Rho-independent 

terminators. Intrinsic terminators do not require Rho protein or its homologues for transcription 

termination. An intrinsic terminator transcribes a sequence containing a hairpin followed by a 

U-rich sequence for termination (Kingsford et al., 2007; Chen et al., 2013). It was found that 

the L3S2P21 terminator may lose one base in the hairpin area, and the ECK120033737 

terminator may lose one base in the U-rich area. These two terminators showed good abilities 

in reducing the downstream expression (Chen et al., 2013) and were used in combination in 

this work to ensure termination. For the sensor and producer strains, only one terminator may 

be mutated. Therefore, read-through was unlikely to occur. For the regulator strain, both 

terminators following ebfp2 may be mutated. Given that the EBFP2 were successfully 

expressed, these mutations were unlikely to have had a large effect on expression. This result 

is similar to a previous study that found that single-base deletion of the terminator (λtI) did not 

always abolish but only reduced the termination efficiency to varying degrees (Martínez-

Trujillo et al., 2010). Furthermore, for the sequenced plasmids, both terminators were found 

mutated in two different strains, and the deletion sites of each terminator were located in the 

same short, direct repeat areas. This result suggests these areas are more prone to mutations, 

which is consistent with the finding that spontaneous deletions often occur in short, direct 

repeats (Weston-Hafer and Berg, 1991; Rogozin and Pavlov, 2003). Similarly, deletion at 

pBR322 origin was also in the short, direct repeat area. However, this strain showed reasonable 

functionality, suggesting that the mutation was unlikely to have a noticeable effect on function.   

https://www.ncbi.nlm.nih.gov/genbank/
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2.4 Conclusions 
 

In this chapter, a model bacterial consortium consisting of three engineered strains was 

introduced. The strains were designed based on the LuxI/LuxR QS system of V. fischeri and 

were designed to possess OHHL sensing, production, and degradation abilities, respectively. 

The expression of three fluorescent proteins was designed to be activated upon induction, 

which aids in cell tracking. Additionally, in the sensor strain, EGFP expression can be activated 

by the LuxR-OHHL complex. Therefore, the concentration of OHHL in the environment was 

expected to be estimated based on the EGFP intensity. Fluorescent proteins mCherry and 

EBFP2 are downstream proteins of bicistronic expression. Their FI was expected to reflect the 

relative production of the upstream enzymes LuxI and AiiA, respectively. The inserts 

containing QS-related and fluorescent protein genes were flanked by two restriction sites (NheI 

and EcoRI), allowing the plasmid to be modified to study other genes via subcloning.  

 

The abilities of the strains to express proteins upon inducer induction were quickly tested by 

detecting fluorescent signals. All strains showed abilities to express fluorescent proteins. The 

fluorescence readings were found to be affected by background noise caused by cells and LB 

(Amp) medium, especially at lower measurement wavelengths. The plasmids were extracted 

for sequencing. Sequencing data showed that one to four sing-base mutations occurred in the 

plasmids. The cells in the experimental glycerol stocks may also have the same mutations. The 

single-base deletion mutations occurring at two terminators and pBR322 origin are related to 

the designed functions of the strains. However, no noticeable effect on the functions of the 

strains has been found. The strains were further assessed on their inducer concentration-

dependent expression and QS-related abilities. 
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Chapter 3 Characterisation of the bacterial 

consortium 

In this chapter, the performance of the strains upon induction in the planktonic state is discussed. 

To better understand the performance of the sensor and producer strains, the fluorescence 

intensity (FI) and the optical density at 600 nm (OD600) of each strain were measured during 

incubation under the induction of different concentrations of inducers. The cell response level 

(FI/OD600) was also assessed. The ability of the producer supernatant to activate the response 

of the sensor was assessed. The ability of the regulator supernatant to attenuate the response of 

the sensor was also assessed. To be able to co-culture and image the strains in agarose hydrogel 

microbeads at the single-colony level, a conversion equation from OD600 to colony-forming 

units was obtained using the sensor strain to facilitate dilution and encapsulation of bacterial 

cultures.  

 

3.1 Materials, equipment, and software  

 

Information on the main experimental materials and equipment used in this chapter is provided 

in Table A.2 in Appendix A. Information on the software used in this chapter is provided in 

Table A.3 in Appendix A. 

 

3.2 Characterisation of the strains 

 

The workflow for strain characterisation is shown in Figure 3.1. Once the strains were 

constructed, preliminary scans were performed to confirm their excitation and emission spectra 

using a CLARIOstar Plate Reader, as discussed in Chapter 2. As the blue fluorescent signal 

was not distinguishable from background noise using the plate reader, inducer concentration-

dependent expression microplate analysis was only performed for the sensor and producer 

strains. When assessing the QS activation and attenuation abilities, the sensor’s responses 

induced by supernatants of the producer or regulator cultures treated under different conditions 

were analysed, respectively.  

 

To be able to observe bacterial communities at the single-colony level using microfluidics, 

single cells are required to be immobilised in agarose hydrogel microbeads. OD600 to colony-

forming units conversion equation was obtained using the sensor strain for the dilution step of 

the microfluidic experiments. 
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Figure 3. 1 Workflow of strain characterisation. The fluorescent protein expression abilities of three strains 

were first tested. The inducer concentration-dependent expression of the sensor and producer strains was then 

assessed. The QS activation ability of the producer strain and the QS attenuation ability of the regulator strain 

were assessed. OD600 to colony-forming units conversion equation was obtained using the sensor strain. 

 

3.2.1 Characterisation of the sensor and producer strains 

 

Overnight sensor and producer cultures were diluted to OD600 ~ 0.05. The sensor was incubated 

in the LB medium supplemented with 100 µg/mL ampicillin (LB (Amp)) and varying 

concentrations of OHHL. The sensor induced by OHHL in the concentration range from 10-10 

to 10-4 M was tested in the absence or presence of 0.1% (w/v) arabinose. The producer was 

induced by LB (Amp) supplemented with 0.025, 0.05, 0.1, 0.3, and 0.5 mM IPTG. Cultures in 

a total volume of 200 μL were measured in a 96-well black plate covered with an optically 

clear, moisture-resistant, and gas-permeable seal. The cultures were measured every 10 min 

for 5 h (incubated at 37 °C, double orbital 400 rpm, top optic, 7.6 mm focal height, 2 mm scan 

width 2 x 2 matrix scan, and 25 flashes per well) using a CLARIOstar Plate Reader. The 

fluorescence intensity (FI) of EGFP of the sensor was measured with ex = 470 (15) nm, em = 

515 (20) nm, and gain 1398. The FI of mCherry of the producer was measured with ex = 570 

(15) nm, em = 620 (20) nm, and gain 1594. Tuner (DE3) induced by the highest tested inducer 

concentration and LB (Amp) were measured in parallel as controls. 

 

3.2.2 Quorum sensing activation and attenuation abilities 

 

The sensor in the absence of arabinose was used to test the QS activation ability of the producer 

and the QS attenuation ability of the regulator. To test the activation ability, producer pellets 

were resuspended in LB (Amp) supplemented with varying IPTG concentration and incubated 

for 1 - 3 h. The response of the sensor to the producer supernatant was assessed. Overnight 

producer culture was diluted to OD600 ~ 0.5 with LB (Amp) and supplemented with 0.025, 0.05, 

0.1, 0.3, and 0.5 mM IPTG concentration in a final volume of 10 mL. The diluted cultures were 

covered with aluminium foil, incubated at 37 °C and shaken at 200 rpm for 3 h. Tuner (DE3) 
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in LB supplemented with 0.5 mM IPTG concentration (10 mL, OD600 ~ 0.5) and 10 mL LB 

(Amp) were incubated in parallel as controls. Every hour, all cultures were centrifuged at 4696 

x g for 10 min, and 1 mL supernatants were taken and stored at 4 °C for subsequent mixing 

with sensor cultures.  

 

To test the attenuation ability, regulator pellets (OD600 ~ 0.25 to 1) were resuspended in LB 

(Amp) supplemented with 10-5 M concentration of OHHL. The response of the sensor response 

to the regulator supernatant collected after 1 h of incubation was assessed. Overnight regulator 

culture was diluted to OD600 ~ 0.05 in a final volume of 10 mL with LB (Amp) supplemented 

with and without 100 ng/mL aTc. The diluted cultures were covered with aluminium foil, 

incubated at 37 °C and shaken at 200 rpm for 16 h. Tuner (DE3) (OD600 ~ 0.05) in LB was 

incubated in parallel. These new overnight cultures were diluted to 5 mL (OD600 ~ 0.25 to 1) 

followed by centrifuging at 4696 x g for 10 min. The pellets were resuspended with 5 mL LB 

(Amp) supplemented with 10-5 M OHHL concentration. The resuspended cultures were 

covered with aluminium foil, incubated at 37 °C and shaken at 200 rpm for 1 h. LB (Amp) with 

and without 10-5 M OHHL concentration in a final volume of 5 mL were incubated in parallel 

as controls. After 1 h incubation, the supernatants were used to mix with sensor cultures.  

 

After harvesting the supernatants, 10 μL of sensor overnight cultures (OD600 ~ 1) were mixed 

with 190 μL of the supernatants and measured by a CLARIOstar Plate Reader using the 

protocol described in Section 3.2.1. For the sensor mixed with producer supernatants, the red 

fluorescent signal was measured at the same time as using the protocol described in Section 

3.2.1.  

After taking the supernatants, the pellets were resuspended, and their FI and OD600 were 

measured using a FluoroMax-4 spectrofluorometer and a Jenway 6715 UV/Visible 

spectrophotometer. For the red fluorescent signal, samples were measured at ex = 583 nm/em 

= 590 - 650 nm (1 nm excitation slit and 2 nm emission slit). For the blue fluorescent signal, 

samples were measured at ex = 367 nm/em = 375 - 500 nm (2 nm excitation and emission 

slits). 

 

3.2.3 Conversion of OD600 to colony-forming units  

 

Overnight sensor culture was diluted to OD600 ~ 0.05, 0.1, 0.2, 0.35, and 0.5 in a final volume 

of 1 mL. The diluted cultures were further serially diluted. Then, 100 μL of two countable 

successive dilutions of each OD600 were spread onto LB (Amp) agar plates. For OD600 ~ 0.05 

and 0.1, 10-6 and 10-5 dilutions were used. For OD600 ~ 0.2, 0.35, and 0.5, 10-7 and 10-6 dilutions 

were used. Colonies were counted after overnight incubation. The colony-forming units of each 

OD600 value were calculated using the equation in ISO 15214:1998 (International Organization 
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for Standardization, 1998). The conversion equation from OD600 to colony-forming units was 

the simple linear regression line (through the origin) of the calculated colony numbers. 

 

3.2.4 Data analysis 

 

GraphPad Prism was used for data analysis and presentation. When comparing different 

treatments, the Mann-Whitney and the Kruskal-Wallis tests were used for unpaired 

comparisons of two or more groups, respectively. Data in Excel are stored in scientific notation 

(two decimal places). When transferring data to GraphPad Prism, data greater than 106 were 

automatically rounded.  

 

3.3 Results and discussion 
 

3.3.1 Characterisation of the sensor strain 

 

The sensor employs an arabinose-inducible promoter, ParaBAD, to control the expression of 

LuxR. Upon binding to OHHL, activated LuxR can activate the luxPR_4G12T promoter that 

controls the expression of EGFP. Therefore, arabinose may be able to control the sensitivity of 

the sensor to OHHL concentration, and the concentration of OHHL in the environment could 

be estimated based on the FI of EGFP. In this section, the ability of the sensor to sense OHHL 

concentration was assessed. To this end, the FI and OD600 of the sensor induced by OHHL 

concentrations in the range 0 to 10-4 M in the absence (ara-) or the presence (ara+) of arabinose 

during 5 h of incubation were measured.  

 

In the absence of arabinose (ara-) (Figure 3.2a), the sensor showed an OHHL concentration-

dependent response (EGFP intensity normalised by OD600) when treated at concentrations 

greater than 10-7 M. In addition to OHHL, LuxR is also required for the activation of 

luxPR_4G12T promoter to express EGFP. Therefore, the concentration-dependent response 

here indicates an intrinsic leakage of the ParaBAD promoter, leading to basal expression of LuxR. 

At lower doses, the FI of the sensor was indistinguishable from that of the OHHL untreated 

sensor. Moreover, the uninduced sensor and sensor induced at OHHL concentrations lower 

than 10-8 M showed lower FI than LB (Amp) medium control. This phenomenon may be caused 

by turbidity and background fluorescence (discussed in Section 2.3.2). When calculating cell 

response levels (FI/OD600) of these cultures, the FI was ‘zeroed’, resulting in the sensor in some 

treatments showing no response (Figure 3.2a, third column). This method was also used to 

calculate the cell response level of the sensor in the presence of arabinose (Figure 3.2b, third 

column).  
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In the presence of arabinose (ara+), higher LuxR expression resulted in enhanced responses of 

the sensor in some treatments (Figure 3.2). As shown in Figure 3.2b, the sensor induced by 

OHHL concentrations greater than 10-8 M showed distinctly greater FI than the LB (Amp) 

medium control. The FI of the sensor induced at lower concentrations was lower than that of 

the LB (Amp) medium but higher than that of the Tuner (DE3) induced at the highest tested 

OHHL concentration. Additionally, the FI of the sensor induced at OHHL concentrations 10-

10 and 10-9 M were similar but higher than that of the sensor without OHHL induction. These 

results indicate that EGFP was expressed at lower OHHL concentrations. However, the FI 

readings were lower than that of LB (Amp) medium control, which may be due to the turbidity 

and background fluorescence (discussed in Section 2.3.2). The turbidity may also be the reason 

the FI of the sensor induced at 10-8 M gradually decreased after 3 h of incubation. During this 

period, the change in FI may be dominantly affected by the increase in cell density rather than 

the accumulation of EGFP. Of note, the growth in ara+ was noticeably affected by OHHL 

induction, especially at higher concentrations, while the sensor (ara-) was less affected (Figure 

3.2). 

 

  

 

Figure 3. 2 Response of the sensor to OHHL induction. The growth (optical density at λ = 600 nm, OD600), 

fluorescence intensity (FI) of EGFP (λex = 470 (15) nm and λem = 515 (20) nm), and cell response levels 

(FI/OD600) (as indicated by the column labels) of the sensor (S) induced at varying OHHL concentrations in 

the absence (a) and presence (b) of arabinose were measured during 5 h of incubation. Tuner (DE3) (T) and 

LB (Amp) were incubated in parallel as controls. Data are shown as the mean values with their standard 

deviations (shown as error bars) of at least three independent experiments. 

 

Additionally, as shown in Figure 3.2 above, the expression controlled by the promoter 

luxPR_4G12T appeared inactive at early stages and became active after a period, which is 

similar to what was found in Vibrio fischeri (Nealson et al., 1970; Boo et al., 2021). Similarly, 
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a previous study showed that the expression controlled by the lux2 promoter may be inactive 

at early stages when used to detect OHHL (Lopreside et al., 2019). For the whole-cell sensor, 

this early inactivity could be attributed to several factors, such as low cell density and the time 

required for fluorescent protein expression and maturation.  

Figure 3.3 shows the endpoints of the third column of Figure 3.2. When the sensor was induced 

at OHHL concentrations ranging from 10-8 to 10-4 M, the cell response levels of the sensor in 

ara+ were significantly higher than those of the sensor in ara-. One reason for the higher 

responses in ara+ may be due to faster LuxR expression, which maximised the binding of 

OHHL to LuxR before OHHL degradation. A previous study showed that OHHL is unstable 

and could be degraded non-enzymatically at a high temperature and under aerobic conditions 

in a complex medium (Byers et al., 2002). However, in ara+ with high expression of LuxR, 

although the sensor could detect OHHL concentration down to 10-8 M, there was no 

concentration-dependent EGFP expression when the OHHL concentrations were greater than 

10−7 M. The cell response levels were similar when the OHHL concentrations were ≥ 10−6 M, 

indicating the possibility of reaching saturation (Figures 3.2b and 3.3). These results are similar 

to a previous study that found, in V. fischeri, a clear luminous response occurred at OHHL 

concentration 10−8, and the response increased with the increase of OHHL concentration until 

2 × 10−7  M (Kaplan and Greenberg, 1985). Moreover, a previous study found that the 

formation of the LuxR-OHHL complex is reversible, and the effective equilibrium constant for 

the formation is approximately 10−7 M (Urbanowski et al., 2004). Of note, the response of the 

sensor in ara- did not seem to reach saturation even at 10-4 M OHHL concentration, suggesting 

sensor (ara-) may be able to detect OHHL concentrations greater than 10-4. Additionally, the 

sensor in ara- showed a clearer concentration-dependent response compared to that of the 

sensor in ara+ (Figure 3.3). These results suggest that the sensor has a wider detection range in 

ara-, and the sensor in ara+ could be more sensitive to lower OHHL concentrations. Moreover, 

these results showed that the sensitivity of the sensor could be tuned by adding or not adding 

arabinose, which enhances the functionality of the sensor.  

  



 

 

41 

 

 

 

 

 

Figure 3. 3 Variation of the cell response levels (FI/OD600) of the sensor as a function of OHHL concentrations 

in the absence (ara-) and presence (ara+) of arabinose. Data were obtained after 5 h of incubation (Figure 3.2, 

endpoint data of the 3rd column). The lines are non-linear regression best fit of the Hill equation (Equation 3.1, 

Table 3.1). Data are shown as the mean values with their standard deviations (shown as error bars) of at least 

three independent experiments. Statistical analysis was performed using Mann-Whitney test (****p < 0.0001). 

 

As shown in Figure 3.3, the FI/OD600 values of the sensor induced for 5 h in ara− and ara+ were 

fitted to a specific binding equation with a Hill slope as shown below in Equation (3.1) (Neubig 

et al., 2003), 

 

𝑦 = 𝑉𝑚𝑎𝑥
𝑥ℎ

𝑘𝐻𝑖𝑙𝑙
ℎ +𝑥ℎ

       (3.1) 

where Vmax is the maximum specific binding in the same units as 𝑦, ℎ is the Hill slope, and 

𝑘𝐻𝑖𝑙𝑙
  is the OHHL concentration required for half-maximum binding at equilibrium in the same 

units as 𝑥. The best-fit values of the parameters determined using GraphPad Prism are shown 

in Table 3.1. The best-fit 𝑉𝑚𝑎𝑥 values could not be determined and were returned as ‘unstable’. 

However, it is noticeable that the sensor in ara+ showed a greater response to OHHL induction 

compared with that in ara- (the concentration required for half-maximal binding was two orders 

of magnitude lower and the slope was approximately three-fold greater in ara+, compared to 

those in ara-). 
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Table 3. 1 Non-linear best-fit values of the Hill equation (Equation 3.1) for the response of the sensor to OHHL 

induction 

 
 

Response Treatment Vmax 𝒌𝑯𝒊𝒍𝒍  (M) h R2 

 

FI/OD600 

 

ara- Unstable 1.124 x 10-6 

 

0.4640 0.8545 

ara+ Unstable 3.701 x 10-8 

 

1.3140 0.8310 

 

In conclusion, the sensor strain showed OHHL concentration-dependent EGFP expression 

behaviour. The sensor (ara+) showed obviously higher response levels to OHHL induction 

compared to the sensor (ara-) at most of the tested concentrations. Furthermore, the option to 

tune LuxR expression by adding or not adding arabinose was found to increase the flexibility 

of the sensor’s detection range. The sensor (ara-) showed a wider detection range from 10−7 to 

10−4 M and may be able to detect OHHL concentrations greater than 10−4 M. The sensor (ara+) 

was more sensitive to lower OHHL concentrations from 10−8 to 10−7 M. In addition, the growth 

of the sensor (ara-) was less affected by the OHHL induction. These results suggest that the 

sensor (ara-) may be more suitable for detecting OHHL concentrations and was used in 

subsequent experiments. 

 

3.3.2 Characterisation of the producer strain 

 

The main function of the producer (Figure 2.2b) is to express the LuxI that can catalyse the 

synthesis of OHHL. Additionally, LuxI and mCherry were designed to be bicistronically 

expressed with the same RBSs. Therefore, the relative production of LuxI was expected to be 

estimated based on the FI of mCherry. This bicistronic expression is under the control of PT7. 

As discussed in Section 2.2.1, the expression of PT7 in Tuner (DE3) is under IPTG 

concentration-dependent control (Merck KGaA, 2011). Consequently, the IPTG concentration-

dependent expression of the producer was assessed. 

 

Responses of the producer strain to IPTG induction 

 

This section discusses the performance of the producer strain regarding its ability to express 

mCherry upon IPTG induction at concentrations ranging from 0 to 0.5 mM. As shown in Figure 

3.4, the FI and cell response level (FI/OD600) of the non-induced producer were distinctly 

higher than those of the Tuner (DE3) induced at the highest tested IPTG concentration of 0.5 

mM. This result suggests intrinsic leakage of the producer’s plasmid. Moreover, the producer 

showed IPTG concentration-dependent expression. Compared with the non-induced producer, 

the FI and cell response levels slightly increased when the producer was induced by IPTG 
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concentrations of 0.025, 0.05 and 0.1 mM and sharply increased when the producer was 

induced by IPTG concentrations of 0.3 and 0.5 mM. However, the growth was sharply reduced 

when the producer was induced at 0.3 and 0.5 mM, which may be caused by increased 

expression of LuxI and mCherry. It also should be noted that the producer response to IPTG 

induction may approach saturation at 0.3 mM. In addition, similar to the sensor strain, the 

differences in FI of the producer cultures became more noticeable over time. 

 

 

Figure 3. 4 Response of the producer to IPTG induction. (a) The growth (optical density at λ = 600 nm, OD600), 

(b) fluorescence intensity (FI) of mCherry (λex = 570 (15) nm, λem = 620 (20) nm), and (c) cell response levels 

(FI/OD600) of the producer (P) induced at varying IPTG concentrations were measured during 5 h of incubation. 

Tuner (DE3) (T) and LB (Amp) were incubated in parallel as controls. Data are shown as the mean values with 

their standard deviations (shown as error bars) of at least three independent experiments. 

 

Activation ability of the producer strain 

 

When testing the activation ability of the producer, it was induced at IPTG concentrations of 

0.025 to 0.5 mM for 3 h. LB (Amp) medium and the host Tuner (DE3) cultures induced at the 

highest tested IPTG concentration were incubated in parallel as controls. Every hour, the 

supernatants of all cultures were taken. After 3 h, all supernatants were mixed with the sensor 

(ara-) to assess the activation ability based on the response levels of the sensor.  

 

At all induction times, the growth of the sensor incubated with the culture supernatants was 

similar but was slower than that of the sensor incubated with the medium control (Figure 3.5, 

first column). The FI and FI/OD600 of the sensor incubated with the supernatants of Tuner (DE3) 

culture and medium control were similar and noticeably lower than those of the sensor 

incubated with the producer supernatants. Furthermore, even induced by IPTG for only 1 h, 

the activation ability of the producer supernatants was approximately two-fold greater than that 

of OHHL concentration 10-4 M (comparing Figures 3.3 and 3.6), suggesting the producer strain 

has good activation efficiency. However, higher IPTG concentration did not bring higher 

activation ability. This may be due to the strong activation ability of the producer causing the 

sensor to saturate even in ara-. Future studies could include testing the activation ability of the 

producer at smaller initial OD600 values as well as different incubation times and IPTG 

concentrations. 
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On the other hand, a previous study found that increasing the incubation temperature (15, 25, 

and 37 °C) decreased the amount of the protein expressed from the IPTG-induced T7 promoter 

in BL21 Star™ (DE3) E. coli cells (Namdev et al., 2019). This finding suggests that the 

expression of the producer may not be at its most productive state at 37 °C used in this work. 

Nevertheless, this is unlikely to cause a major problem as all producer supernatants showed 

strong QS activation ability. 

  

  

 

Figure 3. 5 Response of the sensor induced by the producer supernatants. The producer (P) was induced at 

varying IPTG concentrations. The growth (optical density at λ = 600 nm, OD600), fluorescence intensity (FI) of 

EGFP (λex = 470 (15) nm and λem = 515 (20) nm), and cell response levels (FI/OD600) of the sensor (ara-) (S) 

induced by supernatants were measured during 5 h of incubation. The supernatants were obtained after (a) 1 h, 

(b) 2 h, and (c) 3 h of incubation. Tuner (DE3) (T) and LB (Amp) were incubated in parallel as controls. Data 

are shown as the mean values with their standard deviations (shown as error bars) of at least three independent 

experiments. 
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Figure 3. 6 Cell response levels of the sensor induced by the producer supernatants. The sensor (ara-) was 

incubated for 5 h with supernatants of 1 h (black), 2 h (blue), and 3 h (red) IPTG-induced Tuner (DE3) (T) and 

producer (P). Data are shown as the mean values with their standard deviations (shown as error bars) of at least 

three independent experiments. Statistical analysis was performed using Kruskal-Wallis test (*p < 0.05, NS = 

not significant), where arrowheads indicate the groups being compared. 

 

The red fluorescent signals of the sensor (ara-) induced by the producer supernatants were 

simultaneously measured. As shown in Figure 3.7, the FI did not show a distinct increase over 

time, indicating that the invasion of the producer into the sensor culture through the supernatant 

was unlikely. However, the FI of the sensor incubated with the producer supernatants was 

higher than those incubated with the controls, which may be due to the fluorescence bleed-

through of EGFP. 

  

Figure 3. 7 Red fluorescence intensity of the sensor incubated with the producer supernatants. The fluorescence 

intensity (FI) of mCherry (ex = 570 (15) nm and em = 620 (20) nm) of sensor (ara-) incubated with (a) 1 h, (b) 

2 h, and (c) 3 h-induced producer (P) and Tuner (DE3) (T) supernatants were mseasued during 5 h of incubation 

(corresponding to the a, b, and c in Figure 3.5, respectively). Data are shown as the mean values with their 

standard deviations (shown as error bars) of at least three independent experiments. 
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After taking the supernatants, the FI of the resuspended producer pellets was measured using a 

FluoroMax-4 spectrofluorometer, and the OD600 was measured using a Jenway 6715 

UV/Visible spectrophotometer. Generally, the FI/OD600 of the pellets were IPTG 

concentration-dependent, except for the 0.1 mM IPTG concentration-induced pellet whose 

FI/OD600 was close to that of the pellet induced at 0.5 mM IPTG concentration (Figure 3.8). 

This is inconsistent with the results shown in Figure 3.4, where the producer induced at 0.1 

mM IPTG concentration showed an obviously lower response than the produce induced at 

IPTG concentrations of 0.3 and 0.5 mM. The inconsistency may be related to different initial 

OD600 and IPTG depletion. Besides, a previous study found that the expression in the Tuner 

(DE3) strain was not always positively correlated with IPTG concentration (Mühlmann et al., 

2017). 

  

 

Figure 3. 8 Fluorescence intensity and cell response levels of the producer and Tuner (DE3) in remaining 

cultures after taking supernatants. (a) The red fluorescence intensity (FI) at ex = 583 nm and (b) the cell 

response levels (FI normalised by the corresponding growth (optical density at λ = 600 nm, OD600)) of the 

resuspended producer (P) and Tuner (DE3) (T) pellets were measured. Data are shown as the mean values with 

their standard deviations (shown as error bars) of at least three independent experiments. 

 

3.3.3 Characterisation of the regulator strain 

 

Similar to the producer, the PLtetO-1 of the regulator controls a bicistronic expression of AiiA 

that can degrade OHHL and fluorescent protein EBFP2 with the same RBSs. Therefore, the 

relative production of AiiA was expected to be estimated based on the FI of EBFP2. Although 

it is not yet possible to measure its FI over time, the regulator showed the ability to attenuate 

the response of the sensor (ara-) by degrading OHHL (Figure 3.9). When testing the attenuation 

ability of the regulator, overnight cultures of the Tuner (DE3) and aTc-induced and non-

induced regulator were centrifuged. The pellets were resuspended in LB (Amp) supplemented 

with 10-5 M OHHL concentration. The suspensions were incubated for 1 h and then centrifuged. 

The supernatants were incubated with the sensor (ara-) for 5 h.  

 

The sensor incubated with cell-treated supernatants showed lower growth than the sensor 

incubated with non-cell-treated supernatants (Figure 3.9a). The sensor incubated with Tuner 
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(DE3) (initial OD600 ~ 1) treated OHHL 10−5 M supernatant showed a significantly higher 

response than the sensor incubated with non-treated OHHL 10−5 M (Figure 3.9 cf. cyan and 

purple) (**p < 0.01, Mann-Whitney test). This result suggests that the Tuner (DE3) strain may 

produce molecule(s) that could activate the sensor’s response, which may affect the accuracy 

of the sensor. E. coli was reported to inherently lack AI-1 synthase (Michael et al., 2001; 

Steindler and Venturi, 2007; Miller and Gilmore, 2020). However, a previous study found that 

diketopiperazines produced by P. aeruginosa were able to activate a LuxR-based E. coli AHL 

biosensor (Holden et al., 1999). Currently, it can only be speculated that there was at least one 

metabolite, yet to be identified, in the supernatant of the Tuner (DE3) treated with OHHL 10−5 

M that could cause the enhanced response of the sensor. This speculation may also explain why 

the sensor incubated with IR0.25 (i.e., aTc-induced regulator with initial OD600 ~ 0.25)-treated 

OHHL 10−5 M supernatant showed a greater response level than the sensor incubated with 

untreated OHHL 10−5 M supernatant (Figure 3.9 cf. black and purple). This result suggests that, 

under the experimental protocol used, initial OD600 greater than 0.25 is required to observe the 

QS attenuation ability of the regulator. On the other hand, the regulator was able to degrade 

OHHL even in the absence of aTc due to the intrinsic leakage of the PLtetO-1 promoter, but the 

attenuation ability was increased in the presence of aTc (Figure 3.9 cf. red, grey, and cyan) 

(****p < 0.0001, Kruskal-Wallis test).  

 

In this work, the attenuation ability of the regulator at varying initial OD600 was tested, where 

the regulator with higher initial OD600 showed higher degrading ability (Figure 3.9 cf. black, 

blue, and red) (****p < 0.0001, Kruskal-Wallis test). As it was found that expression controlled 

by promoter PLtetO-1 could be expressed in aTc concentration-dependent manner (Hensel, 2017; 

Silva et al., 2019), future studies could include the optimisation of the use of regulator strain 

by exploring this concentration-dependent expression behaviour. 
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Figure 3. 9 Ability of the regulator to attenuate the response of the sensor. LB (Amp) supplemented with 

OHHL 10−5 M was used to assess the degrading ability of the regulator over 1 h incubation. The supernatants 

were then incubated with the sensor (ara-). (a) The growth (optical density at λ = 600 nm, OD600), (b) 

fluorescence intensity (FI) of EGFP (λex = 470 (15) nm and λem = 515 (20) nm), and (c) cell response levels 

(FI/OD600) of the sensor induced by the supernatants were measured during 5 h of incubation. (d) The cell 

response levels at the endpoints (5 h). Tests included the aTc-induced regulator (initial OD600 ~ 0.25, 0.5, and 

1, indicated as IR0.25, IR0.5, and IR1, respectively), non-induced regulator (initial OD600 ~ 1, indicated as 

Non-IR1) and Tuner (DE3) (initial OD600 ~ 1, indicated as T1 (Amp)). Data are shown as the mean values with 

their standard deviations (shown as error bars) of at least three independent experiments. Statistical analysis 

was performed using Mann-Whitney test for two groups and using Kruskal-Wallis test for three groups (**p < 

0.01, ****p < 0.0001, and NS = not significant), where arrowheads indicate the groups being compared. 

 

Similar to the producer activation ability analysis, after taking the supernatants, the FI and 

OD600 of the resuspended regulator pellets were measured. As shown in Figure 3.10, the FI of 

cultures was higher than that of media. However, the FI of different bacterial cultures were 

similar. This could be caused by different initial OD600 in different cultures. Of note, as 

discussed in 2.3.2, the fluorescence readings could be affected by the turbidity and background 

fluorescence. When comparing the FI/OD600, the cell response level of the aTc-induced 

regulator with initial OD600 ~ 1 (IR1) was significantly greater than that of the non-induced 

regulator with the same initial OD600 (Non-IR1) (*p < 0.05, Mann-Whitney test), where that of 

the non-induced regulator was significantly greater than that of the Tuner (DE3) (T1) (**p < 
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0.01, Mann-Whitney test). Additionally, in the presence of aTc, the regulator with lower initial 

OD600 showed higher cell response levels, contrary to their QS attenuation ability (comparing 

Figures 3.9 and 3.10b). One reason for this discrepancy could be the higher turbidity at higher 

OD600 reduced the fluorescence reading.  

 

  

 

Figure 3. 10 Fluorescence intensity and cell response levels of the regulator and Tuner (DE3) in remaining 

cultures after taking the supernatants. (a) The blue fluorescence intensity (FI) at ex = 367 nm and (b) cell 

response levels (FI normalised by the corresponding growth (optical density at λ = 600 nm, OD600)) of the 

resuspended pellet cultures were measured. Pellets include the aTc-induced regulator (initial OD600 ~ 0.25, 

0.5, and 1, i.e., IR0.25, IR0.5, and IR1, respectively), non-induced regulator (initial OD600 ~ 1, i.e., Non-IR1) 

and Tuner (DE3) (initial OD600 ~ 1, i.e., T1). Data are shown as the mean values with their standard deviations 

(shown as error bars) of at least three independent experiments. Statistical analysis was performed using Mann-

Whitney test (*p < 0.05 and **p < 0.01), where arrowheads indicate the groups being compared. 
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3.3.4 Conversion of OD600 to colony-forming units 

 

In order to enable single-cell encapsulation based on Poisson statistics, the overnight culture 

needs to be diluted to a specific volume containing a certain number of bacterial cells. The 

conversion equation from OD600 to colony-forming units (CFU) was obtained using the sensor 

strain for dilution. The colony-forming units calculated using the equation in ISO 15214:1998 

of OD600 ~ 0.05, 0.1, 0.2, 0.35, and 0.5 are shown in Figure 3.11. The conversion equation from 

OD600 to CFU (Equation 3.2) was the simple linear regression line (through the origin) of the 

calculated colony numbers: 

   

CFU =  2277600356 × OD600      (3.2) 

 

 

Figure 3. 11 Conversion equation from OD600 to colony-forming units obtained using the sensor strain. Data 

are shown as calculated colony numbers (black dots) and the corresponding simple linear regression line with 

equation. Data are collected from at least three independent experiments. 

 

As OD600 increased, the difference in the calculated number of colonies obtained at the same 

OD600 also increased (Figure 3.11). This increase in difference may be caused by greater human 

error in the serial dilutions at greater OD600. In addition, the retention of a pair of successive 

dilutions whose counts were less than 15 and the merging of colonies could also affect the 

accuracy of the conversion equation. All the engineered strains used Tuner (DE3) as the host 

strain. Although the growth rate of different strains may be different, Equation 3.2 was used to 

dilute all strains in microfluidic experiments.   
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3.4 Conclusions 

 

In this chapter, the performance of the three engineered strains in the planktonic state was 

assessed. Both the sensor and producer strains showed inducer concentration-dependent 

expression behaviour and may reach saturation at high inducer concentrations. This expression 

behaviour of the regulator strain has not been assessed since it was not possible to distinguish 

the blue signal from the background noise caused by cells and LB (Amp) medium in the 

microplate experiments. However, the expression from the promoter, PLtetO-1, employed by the 

regulator was reported to be in an aTc concentration-dependent expression manner, suggesting 

the attenuation ability of regulator strain may be able to be regulated by aTc concentration. 

Future studies could include testing the aTc concentration-dependent expression behaviour of 

the regulator strain using a more sensitive reader.  

 

The sensitivity of the sensor could be tuned by adding (ara+) or not adding (ara-) arabinose. The 

sensor (ara-) showed a wider detection range, from 10−7 to 10−4 M and may be able to detect 

greater OHHL concentrations. Meanwhile, the growth of the sensor (ara-) was less affected by 

the OHHL induction. Therefore, the sensor (ara-) may be more suitable for detecting the 

concentration of OHHL in the environment. The sensor (ara+) may be more suitable for 

detecting lower OHHL concentrations ranging from 10−8 to 10−7 M. Additionally, the sensor 

strain was used to obtain the conversion equation from OD600 to colony-forming units required 

for single-cell encapsulation in microfluidic experiments.  

 

The producer strain showed IPTG concentration-dependent expression but may be approaching 

saturation at 0.3 mM. Moreover, the producer supernatant showed good efficiency in activating 

the sensor’s response. The activation ability of the 1 h IPTG-induced supernatants was 

approximately two-fold greater than that of 10-4 M OHHL concentration. However, the 

activation ability of the producer was found to be inconsistent with its IPTG concentration-

dependent expression behaviour. It is speculated that this inconsistency might be due to the 

saturation of the sensor (ara-). Future studies could include determining the cause of this 

inconsistency by adjusting experimental protocols, such as lowering the initial OD600 or 

reducing the incubation time. 

 

The regulator strain showed the ability to attenuate the sensor’s response to environmental 

OHHL, although its host strain, Tuner (DE3), showed the opposite ability to activate the 

sensor’s response. In addition, the turbidity resulting from cell growth was found to interfere 

with the accuracy of fluorescence readings, and the detection of blue signal was more severely 

affected than the other two signals. 
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Chapter 4 Phenotypic analysis of the 

bacterial consortium by microfluidics 

This chapter focuses on the phenotypic analysis of the engineered bacterial consortium using a 

microfluidic platform developed for microfluidic cell culture by Evorion Biotechnologies 

(Münster, Germany) (Kleine-Brüggeney et al., 2019; Kleine-Brüggeney et al., 2021). To this 

end, the sensor and producer strains were immobilised in agarose hydrogel microbeads. The 

microbeads were captured on similar microfluidic chips with either single-bead or paired-bead 

traps. Bacterial communities on the chip were cultured under programmed perfusion control 

by a control unit and imaged over time using EVOS FL Auto 2 Imaging System. 

 

4.1 Materials, equipment, and software 

 

Information on the main experimental materials and equipment used in this chapter is provided 

in Table A.2 in Appendix A. Information on software used in this chapter is provided in Table 

A.3 in Appendix A.  

 

4.2 Overnight cultivation and time-lapse imaging of bacterial communities on a 

microfluidic platform 

 

Figure 4.1 shows the general workflow for immobilising and imaging bacterial communities 

in agarose hydrogel microbeads. The workflow mainly consists of three steps: (i) preparation 

of microfluidic chips containing agarose hydrogel microbeads encapsulating bacterial cells 

(grey area), (ii) time-lapse imaging of the bacterial communities cultured in microbeads on the 

chip (blue area), (iii) microscopic image compilation and analysis (red area). The CellCity 

microfluidic platform was used to immobilise and cultivate bacterial communities (Kleine-

Brüggeney et al., 2021). The EVOS FL Auto 2 Imaging System (Evos) was used for bacterial 

community visualisation. The general workflow of this microfluidic technology was published 

by Evorion Biotechnologies (Münster, Germany) at 

https://www.youtube.com/watch?v=3vD9EjAn-Os (accessed 30 January 2024).  

 

https://www.youtube.com/watch?v=3vD9EjAn-Os
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Figure 4. 1 Main steps of the workflow of this microfluidic work. The microfluidic chips containing 

microbeads encapsulating bacterial communities were prepared (grey area). The bacterial communities in the 

microbeads were then imaged over time using selected settings (blue area). The collected microscopic images 

were then compiled and analysed (red area). 

 

4.2.1 Overview of the microfluidic platform 

 

The layout of the microfluidic platform used in this work is shown in Figure 4.2. This is a 

macro-to-micro platform designed for microfluidic cell culture by Kleine-Brüggeney et al. 

(2021). This platform mainly consists of (i) a microfluidic chip for cell immobilisation and 

cultivation, (ii) a control unit that can be connected to the (iii) chip holder (incubation chamber) 

to control the pressure and temperature on the chip, and (iv) a conventional automated 

epifluorescence microscope for bacterial community visualisation (Kleine-Brüggeney et al., 

2021).   

  

Chip perfusion

(ii) Bacterial community visualisation(i) Chip preparation

Bead formation

Bead trapping

Position selection

Light channels and focal planes

Overnight cultivation and 
time-lapse imaging 

(iii) Image analysis 

Image compilation

Colour balance adjustment

Image analysis



 

 

54 

 

 

Figure 4. 2 Overview of the microfluidic platform. (a) The macro-to-micro cell culture platform mainly 

consists of a microscope, a control unit, a chip, and a chip holder (incubation chamber). (b) Top view of the 

chip holder. (c) Chip holder containing a chip. (d) Closed chip holder. This figure was modified from the figure 

published by Kleine-Brüggeney et al. (2021). 

 

The design of the single-bead chip is shown in Figure 4.3. The chip contains three columns of 

four reservoirs each. The reservoirs are divided into five groups, each controlled by a pressure 

port (P1 - P5). The reservoirs of column A are used for bead formation and those of columns 

B and C are mainly used as reagent inlets and outlets, respectively (Figure 4.3a and c). In the 

middle area of the chip are four channels that contain a total of 2660 trapping positions. The 

inner diameter of the bead holder is approximately 80 µm (Figure 4.3b). Figure 4.3d shows the 

flow-focussing and fluid channel design of the chip. The design of the flow-focussing generator 

for bead formation are shown in Figure 4.3e. Reservoirs A1 and A2 are the inlets for oil and 

aqueous phases, respectively. Reservoir A4 is the outlet for the formed microbeads. Figure 4.3f 

illustrates the formation of a microbead in milliseconds (Kleine-Brüggeney et al., 2021).  

The design of the paired-bead chip is similar to that of the single-bead chip, except for a smaller 

number of trapping positions. There are 1700 trapping positions on the paired-bead chip. Each 

trapping position has an additional bead holder for capturing two adjacent microbeads. The 

appearance of single-bead and pair-bead trapping positions is shown in Figure 4.4.  
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Figure 4. 3 Design of the microfluidic chip. (a) Top view of the chip. The chip contains three columns of four 

reservoirs each. The reservoirs are divided into five groups, each controlled by a pressure port (P1 - P5). (b) 

Magnified view of the middle of a single-bead chip. Each trapping position has a bead holder (inner diameter: 

~ 80 µm). (c) Simplified top view of the chip. (d) Flow-focussing generator and fluid channels of the chip. (e) 

Design of the flow-focussing generator. (f) High-speed recording of the formation of a microbead in 

millisecond.  (a)(b)(d)(e)(f) were modified from the figures published by Kleine-Brüggeney et al. (2021). 

 

4.2.2 Preparation of bacterial communities on microfluidic chips   

 

In this section, the experimental protocols for preparing the single-bead and paired-bead chips 

are described. The protocols were provided by Evorion Biotechnologies (Münster, Germany). 

Briefly, overnight bacterial cultures were diluted, and the bacterial cells were encapsulated in 

agarose hydrogel microbeads. The beads were then trapped in bead holders on CellCity 

microfluidic chips for overnight cultivation and time-lapse imaging. The methods used to 

control the pressure and temperature on the chip were from CellCity Software provided by 

Evorion Biotechnologies (Münster, Germany). The temperature was controlled at 37 °C, while 

the pressure applied was different in different methods. Of note, the company improved the 

protocol and/or software after the first and second single-bead experiments, respectively. Some 

parameters may be different for the single-beads experiment.     

The reservoirs were emptied before adding new solutions. The culture medium for the 

engineered strains was supplemented with 100 μg/mL ampicillin (Amp), whereas that for the 

Tuner (DE3) strain was not.   

 

Pre-experimental preparation  

 

The reagents ‘Priming Solution’, ‘Buffer B’, ‘Bead Formation Solution’, ‘Demulsification 

Solution’, and ‘Trapping Solution’ were stored at 37 °C. ‘Hydrogel A’ was quickly spun down 

and preheated to 65 °C for 30 min. Then, ‘Hydrogel A’ was thoroughly vortexed for at least 20 

to 30 s and stored at 37 °C for at least 15 min before use.  

 

Priming  

 

Pre-warmed Priming Solution (150 μL) was added to each reservoir of column C. The 

‘PrimingPreheat’ method was used to fill the channels with ‘Priming Solution’.  
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Bead formation  

 

Overnight bacterial cultures were diluted to 6 − 10 × 103 cells/μL for the single-bead chip 

and  12 × 103 cells/μL for the paired-bead chip with LB. Dilution was carried out according 

to Equation 3.2 discussed in Section 3.3.4.   

 

The diluted bacterial culture was warmed to 37 °C, and 20 μL was mixed with pre-prepared 

‘Hydrogel A’ in 1 : 1 ratio in single-bead experiments. In paired-bead experiments, the diluted 

bacterial cultures of two strains were mixed in 1 : 1 ratio to a final volume of 40 μL.  Then 20 

μL of the mixture was mixed with 20 μL of ‘Hydrogel A’.  

Pre-warmed ‘Buffer B’ (150 μL) was added to each reservoir of column B. Pre-warmed ‘Bead 

Formation Solution’ (150 μL) was added in reservoir A1 and ‘Hydrogel A’-cell mixture (8 - 

12 μL) was added in reservoir A2. Monodispersed agarose microbeads encapsulating cells were 

formed using the ‘BeadFormation’ method. The beads were harvested from reservoir A4 and 

required to be incubated at 4 °C for 15 min before demulsification. In single-bead experiments, 

only the sensor cells were encapsulated. In paired-bead experiments, the mixture of the sensor 

and producer strains was encapsulated. The mixture of the producer and the host Tuner (DE3) 

strains was also encapsulated as a control. 

 

Bead demulsification 

 

In the collected bead solution, there was a cloudy bead-containing phase floating on the surface. 

Pre-warmed ‘Trapping Solution’ (200 μL) and ‘Demulsification Solution’ (100 μL) were added 

above and below the bead-containing phase, respectively. The mixture was inverted twice and 

allowed to stand for 60 s before taking 100 μL of the bead solution from the phase. Then 

‘Trapping Solution’ (200 μL) was added into the bead-containing phase before taking 200 μL 

of the bead solution from the phase. The obtained bead solution was filtered through the bead 

filter provided in the CellCity array kit. Bead formation and demulsification steps were 

repeated to collect a sufficient amount of filtered bead solution for the bead trapping step 

described in the next section. 

 

Bead Trapping  

 

Before trapping the beads, the chip was washed twice. Each time, 150 μL of Buffer B or LB 

was added to each reservoir of Colum B, and the ‘Wash_high_flow’ method was used for 

washing. The filtered bead solution (125 - 150 μL) was then added into each reservoir of 

column B before performing the ‘Trapping’ method. Then the channels were washed twice. 

Each time, 150 μL of LB medium was added into each reservoir of Colum B, and then different 

methods were used for washing. In single-bead experiments, the ‘Trapping’ method was used 
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for the post-trapping washing. In paired-bead experiments, ‘Wash_high_flow’ and then 

‘Wash_alternating_flow’ methods were used for the post-trapping washing.  

 

Cultivation  

 

In single-bead experiments, the culture medium was supplemented with OHHL in the 

concentration range from 0 to 10-5 M. In paired-bead experiments, the culture medium was 

supplemented with IPTG concentrations of 0, 0.025, and 0.3 mM. The culture medium for the 

engineered strains was supplemented with 100 µg/mL Amp and that for the Tuner (DE3) strain 

was not supplemented with Amp. These pre-prepared LB media were added to reservoirs of 

column B and column C, of which 200 μL was added to each reservoir of column B and 50 μL 

was added to each reservoir of column C. The pre-prepared culture medium added to two 

reservoirs of a row was the same. The chip was then ready for overnight cultivation using the 

‘CultivationSequence_NoCO2’ method.  

 

4.2.3 Microscopic visualisation of bacterial communities  

 

In this section, the workflow for visualising bacterial communities encapsulated in microbeads 

on the chip is described. Briefly, trapping positions to be imaged were selected using the tool 

developed by Evorion Biotechnologies (Münster, Germany), and the imaging parameters were 

set. Then bacterial communities were cultivated overnight while being imaged using EVOS FL 

Auto 2 Imaging System (Evos).  

 

Position selection for time-lapse imaging 

 

Trapping positions to be imaged were selected using the Position Selection Tool developed by 

Evorion Biotechnologies (Münster, Germany). Firstly, 10 × objective and transmitted light 

were used to locate the four rectangular corners of the trapping position area. A file defining 

the whole imaging area was exported from Evos and imported to the Position Selection Tool 

to generate a calibration file containing 516 imaging areas between the four rectangular corners 

for pre-scanning. Then the generated images were imported to the Position Selection Tool, 

which then displayed individual trapping positions of the whole area. The well-formed beads 

that appeared to contain only one or a few cells were preferred for further imaging. Trapping 

positions that were appropriate for time-lapse imaging were then selected. The selected 

positions were exported as a scan protocol file and then imported into Evos for the time-lapse 

overnight imaging.  
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Light channels 

 

Time-lapse imaging was performed using 40 × objective. Meanwhile, transmitted light and the 

green fluorescence filter (ex = 470 (22) / em = 510 (42)) were used in single-bead experiments. 

In paired-bead experiments, in addition to the transmitted light and green fluorescence filter, 

the red fluorescence Texas Red filter (ex = 585 (29) / em = 624 (40)) was used. For each light 

channel, according to actual situations, the light intensity, exposure time and gain were set to 

appropriate values. Low light intensity and high gain and exposure values were preferred to 

reduce photobleaching and phototoxicity (Thermo Fisher Scientific, 2018).  

 

Focal planes 

 

Images were iteratively taken on five focal planes over time. To set five focal planes, the ‘Z-

Stack Settings’ of Evos was used. The relatively most focused plane of a reference position 

was set as the default focus position. The planes ± ~ 20 μm away from the default focus position 

were set as the top and bottom planes. The number of planes was set to five. Then five planes 

with ~ 10 μm in plane step size were set.  

 

Overnight cultivation and time-lapse imaging 

 

To get time-lapse images, the imaging duration was set to 24 h, where the imaging interval for 

single-bead experiments was 20 min and for paired-bead experiments was 30 min.  

Once Evos imaging was started, the ‘CultivationSequence_NoCO2’ method developed by 

Evorion Biotechnologies (Münster, Germany) was performed simultaneously for overnight 

cultivation. Although the duration was set to 24 h, the cultivation was always terminated 

manually the next morning. The company updated the cultivation method after the first single-

bead experiment. Some parameters may be different between the first single-bead experiment 

and the other experiments. 

 

4.2.4 Time-lapse image analysis 

 

The collected microscopic images were compiled into time-lapse images of each trapping 

position using DataViewer (version 1.0) developed by Evorion Biotechnologies (Münster, 

Germany). The compiled file of a trapping position contains chronologically sequenced images 

in each light channel and each focus plane. Then Fiji-ImageJ (Schindelin et al., 2012) was used 

for image analysis and digitisation.  

 

When using Fiji-ImageJ to assess a trapping position, ‘Color Balance’ could be used to adjust 

the brightness of each light channel. When observing the overview of a bacterial community, 
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images taken at five focal planes of a time point could be merged into one image while 

maximising intensity using ‘Z Projection’. Meanwhile, ‘All time frames’ of ‘Z Projection’ 

could be selected to merge the focal planes by time point.  

 

4.3 Results and discussion 

 

To assess the performance of the engineered strains encapsulated in agarose hydrogel 

microbeads, first, the sensor was encapsulated in the microbeads. The beads were then trapped 

in single-bead chips, and the chip channels were perfused with LB (Amp) supplemented with 

0 - 10-5 M OHHL concentrations. In the first single-bead experiment (Day 1), OHHL 

concentrations 10-10, 10-8, and 10-6 M and LB (Amp) medium control were tested.  In the second 

single-bead experiment (Day 2), OHHL concentrations 10-9, 10-7, and 10-5 M and LB (Amp) 

medium control were tested.  

To assess the activation ability of the producer encapsulated in agarose hydrogel microbeads, 

the sensor and producer were co-cultured in the microbeads, while the sensor and Tuner (DE3) 

strains were co-cultured in parallel as a control. The beads were trapped in paired-bead chips, 

and the chip channels were perfused with LB (Amp) supplemented with 0, 0.025 and 0.3 mM 

IPTG concentrations. Three biological replicates were performed, recorded as Day 1, Day 2, 

and Day 3. 

 

4.3.1 Bacterial communities at different focal planes 

 

Time-lapse images of the bacterial communities were iteratively taken on five focal planes. 

The relatively most focused plane of a reference position was set as the middle plane. The top 

and bottom planes were set to ± ~ 20 μm from the middle plane. The distance between adjacent 

planes was ~ 10 μm. Of note, the middle focal plane may not be the most focused plane to 

observe the bacterial community. Additionally, due to the ~10 μm distance between adjacent 

planes, the phenotype of a bacterial community on different planes may be conspicuously 

different. To observe the overview of a bacterial community, five focal planes could be merged 

into one image (projection image) using the ‘Z Projection' of Fiji-ImageJ. 

 

Figure 4.4 below shows screenshots of two trapping positions, namely position 59 from the 

first single-bead experiment (Day 1) (Figures 4.4a and c) and position 216 from the second 

paired-bead experiment (Day 2) (Figures 4.4b and d). Screenshots were taken at time point 23. 

Figures 4.4a and b show five focal planes of two positions, respectively. In Figures 4.4a and b, 

screenshots from 1 to 5 are corresponding to the focal planes from top to bottom. The bacterial 

community may look different on different planes. For instance, as shown in Figures 4.4a and 

b, when observing screenshots from 1 to 5, some bacterial colonies become visible and clearer. 
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This phenomenon may be mainly due to the colony being obscured by the agarose gel. This 

obscuration could also affect the measurement of fluorescence intensity, resulting in the 

fluorescence readings of the same colony area measured on different focal planes being 

different, which may affect the accuracy of the digitised QS response analysis.  

Figures 4.4b and d were screenshots of projection images of the two positions, respectively. 

The merged image may be more blurred than the most focused plane but may give an overview 

of the imaged communities. 

 

 

Figure 4. 4 Bacterial communities in agarose hydrogel beads imaged on different focal planes. (a)(b) Bacterial 

communities on different focal planes. Screenshots from 1 to 5 are corresponding to the focal planes from top to 

bottom. (c)(d) Projection images correspond to (a)(b), respectively. The single-bead example is position 59 (Day 

1), and the paired-bead example is position 216 (Day 2). Screenshots were taken at time point 23. Scale bars were 

roughly measured from the most left traps. 
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In some trapping positions, small colonies inhabiting the edges of the beads were found. For 

example, in Figure 4.5, a sensor colony was found at the lower left edge of the right bead 

(position 99, Day 1). Of note, the distance range between the top and bottom focal planes was 

set to approximately 40 µm, but the average diameter of the beads was around 80 µm. This 

result suggests that there might be small colonies below the bottom focal plane that would not 

be noticed. Moreover, this sensor colony remained small till at time point 30 (30 min per time 

point), which may be due to the escape of the cells from the beads.  

 

 

Figure 4. 5 Representative example of small bacterial colonies at the edge of the bead. Time-lapse images were 

taken every 30 min. Screenshots were taken at different time points, as indicated by white numbers in each 

screenshot. Before taking the screenshots, the focal planes and light channels of the images were merged (position 

99, Day 1). Scale bar was roughly measured from the most left trap. 

 

4.3.2 Cell escape behaviour and colony aggregation behaviour 

 

Figure 4.6 below shows two representative examples (positions 18 and 110, Day 2) 

demonstrating cell escape behaviour. In Figure 4.6a, an obvious escape was observed from 

time points 23 to 24, which also resulted in a decrease in fluorescence intensity around the 

centre area. Subsequently, the shape of the community appeared relatively fixed. Figure 4.6b 

shows the escape behaviour from time points 12 to 13. This figure also clearly shows bacterial 

flagella protruding from the gel bead. The colonies within the bead merged and expanded to a 

larger size than the bead. One reason for this oversized expansion may be the sufficient 

expression of extracellular polymeric substances in the biofilm. 

 

Moreover, it was found that bacterial colonies may also escape from the beads. For example, 

as shown in Figure 4.7 (position 28, Day 2), producer colonies were initially found in the left 

bead but completely disappeared at time point 22. This behaviour was also observed at some 

other positions, such as positions 172 (Day 1) and 187 (Day 1). In these two examples, the 

colonies seemed to disappear before their fluorescence could be detected (data not shown).  

 

The exact reason for the escape behaviour is unknown. It is known that E. coli can swim using 

flagella and has chemotaxis, which allows it to move toward favourable environments based 

on chemical concentration gradients (Berg, 2000). What remains unclear is whether the tested 

microfluidic perfusion environment and encapsulated state would lead to the profuse 
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expression of E. coli flagella and result in E. coli escape. While this may provide some 

explanation for cell escape behaviour, only future studies will provide further insight in this 

regard.  

 

 

 Figure 4. 6 Representative examples of cell escape behaviour and flagellar production phenotype. Screenshots 

were taken on a selected focal plane of (a) position 18 and (b) position 110 (Day 2), respectively. Time-lapse 

images were taken every 20 min. White numbers in each screenshot indicate time points. Scale bars were roughly 

measured from the most left traps. 

 

 

Figure 4. 7 Representative example of colony escape behaviour. Time-lapse images were taken every 30 min. 

Time points are indicated by white numbers in each screenshot. Before taking the screenshots, the focal planes 

and light channels of the images were merged (position 28, Day 2). Scale bar was roughly measured from the 

most left trap. 
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In addition to escaping from the beads, colonies were found to be able to migrate within the 

beads. Figure 4.8 shows a representative example where a sensor colony and a producer colony 

aggregated together in the left bead (position 171, Day 1). This behaviour was also found at 

some other positions, including positions 127 and 129 (Day 3). In these two positions, sensor 

colonies were found to be aggregated (data not shown). It is known that bacteria of the same 

strain may autoaggregate and of different strains may coaggregate (Trunk et al., 2018; Nwoko 

and Okeke, 2021). The aggregation behaviour may affect the accuracy of the QS response 

analysis using Fiji-ImageJ when the halo of one strain overlaps the colony of another strain. 

To minimise this effect, unmerged areas or detached colonies were preferred when selecting 

colonies for measurement (discussed in Chapter 5). 

 

Moreover, it was found that the left part of the sensor colony in the left bead did not show 

fluorescence (Figure 4.8). Colonies or subpopulations that do not show a fluorescent phenotype 

are referred to as ‘uninduced’. This uninduced phenotype was also found in some other 

positions, e.g., positions 28 and 117 (Day 1) (data not shown). The appearance of the uninduced 

phenotype may be due to several factors, such as mutation and plasmid loss (Bahl et al., 2004). 

As discussed in Section 2.3.3, mutations may have occurred in cells of experimental glycerol 

stocks of three strains. Loss of the ability to express the fluorescent protein due to mutation(s) 

could also be a cause of the uninduced phenotype. Additionally, the selectable marker used in 

this work is ampicillin, which may allow the sensitive cells to survive under the protection of 

resistant cells (Yurtsev et al., 2013). Therefore, if plasmid loss occurs, cells without plasmids 

may still survive.   

 

 

Figure 4. 8 Representative example of colony aggregation behaviour and uninduced phenotype. Screenshots were 

taken on one selected focal plane of position 171 (Day 1). Time-lapse images were taken every 30 min. Time 

points are indicated by white numbers in each screenshot. Scale bar was roughly measured from the most left trap. 
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4.3.3 Development of bacterial communities in microbeads 

 

Figure 4.9 shows the development of bacterial communities in position 114 (Day 1). In this 

position, the channel was perfused with LB (Amp) supplemented with 0.025 mM IPTG. Figure 

4.9a shows an overview of bacterial communities. Before taking screenshots, light channels 

and focal planes were merged. Several cells were initially encapsulated within each bead. The 

colonies of the sensor and producer strains clumped together while propagating, causing the 

fusion of the green and red fluorescence into bright yellow fluorescence.  

 

The appearance of red fluorescence seems to be later than the appearance of green fluorescence 

in the merged light channel (Figure 4.9a). However, when observed in separate light channels 

(brightness was adjusted compared to the merged light channel), the fluorescence changes of 

the colonies become clearer. In Figure 4.9b, red fluorescence dots were observed at the first 

time point 1, which may have formed before imaging due to the intrinsic leakage of the 

producer’s plasmid. The red fluorescence decreased over a period (usually less than 10 time 

points) before increasing. This initial decrease in fluorescence may be due to colony growth 

reducing the fluorescence intensity, as discussed in Section 2.3.2. In Figure 4.9c, no obvious 

green fluorescence was observed at early time points. The fluorescence appeared at around 

time point 5, and the brightness increased and became relatively stable at late time points. A 

possible reason why no obvious green fluorescence was observed at early time points may be 

the low expression of EGFP. As discussed in 2.3.2, higher background noise was observed at 

lower wavelengths in microplate experiments. This background noise may also affect the 

fluorescence observation in the microfluidic experiment.  

 

  



 

 

66 

 

Figure 4. 9 Representative example of development of bacterial communities in paired beads. Before taking 

screenshots, the focal planes were merged (position 114, Day 1). Screenshots were taken (a) in merged light 

channel (transmitted light, red fluorescence, and green fluorescence channels), (b) in the red fluorescence channel, 

and (c) in the green fluorescence channel. Images were taken every 30 min. Time points are indicated by white 

numbers in each screenshot. Scale bar was roughly measured from the top left trap.  
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4.3.4 Scenario distributions of paired-bead experiments 

 

The above sections discussed typical phenotypes found when observing bacterial communities 

in agarose hydrogel microbeads. In this section, in order to assess the ability of the producer to 

activate the sensor in microbeads, paired-bead trapping positions were classified according to 

the configuration (scenario) of strains within the beads.  

 

In paired-bead experiments, two cell mixtures were encapsulated in agarose hydrogel beads. 

They were the mixture of the sensor (S) and producer (P) cultures in a 1:1 ratio (S + P) and the 

mixture of S and host Tuner (DE3) (T) cultures in a 1:1 ratio (S + T). Possible scenarios in all 

chip channels are shown in Table 4.1. The strains were indicated by their initials, S, P, and T, 

while the letter X indicates empty beads. The symbol ‘+’ indicates the co-encapsulation of the 

strains. The symbol ‘/’ indicates either strain, as a chip channel contained either the producer 

or the Tuner (DE3) strain. In a paired-bead trapping position, if one bead contained the sensor 

while the other bead contained either the producer or the Tuner (DE3), this position was 

classified as scenario 5 (Table 4.1 and Figure 4.10a). If one bead was empty and the other bead 

co-encapsulated the sensor and either the producer or the Tuner (DE3), this position was 

classified as scenario 10 (Table 4.1 and Figure 4.10b). Colonies that had disappeared were not 

taken into account when determining the configuration, e.g., position 28 (Day 2) (Figure 4.7) 

was classified as scenario 6. If a position contained an ‘uninduced’ colony, it was classified as 

scenario 11. Some positions were classified as unclear (scenario 12) if the bead contained a 

tiny colony or if a colony might be the uninduced phenotype. Additionally, positions with 

technical issues, such as beads being partially out of the imaging area or only one bead being 

trapped, were also classified as scenario 12. Of note, positions where only the edge of the bead 

was outside the imaging area were not classified as scenario 12.  
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Table 4. 1 Possible scenarios of positions in paired-bead experiments. Letters S, P, and T indicate the sensor 

producer and Tuner (DE3) strains, respectively. Letter X indicates an empty bead. Symbol ‘+’ indicates co-

encapsulation of the strains, and ‘/’ indicates either strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 10 Representative examples of paired-bead positions in scenarios 5 and 10. Before taking screenshots, 

the focal planes were merged. Screenshots were taken at time point 20 in (a) position 67 (scenario 5) and in (b) 

position 16 (scenario 10) on Day 1. Scale bar was roughly measured from the trap of the most left trap. 

 

  

a. b.
40 µm 

Scenario Bead 1 Bead 2 

1 S S 

2 (P/T) (P/T) 

3 S + (P/T) S + (P/T) 

4 X X 

5 S T/P 

6 S X 

7 S S + (P/T) 

8 (P/T) S + (P/T) 

9 (P/T) X 

10 S + (P/T) X 

11 Uninduced - 

12 Unclear - 
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The scenario distribution of three paired-bead experiments was counted. In paired-bead 

experiments, channel 1 was the control channel, where the trapped beads encapsulated the 

mixture of the sensor and Tuner (DE3) cultures. Meanwhile, in channels 2, 3, and 4, trapped 

beads encapsulated the mixture of the sensor and producer cultures. The host strain Tuner (DE3) 

does not express a fluorescent protein, and its colonies appear similar to the uninduced 

phenotype. Besides, when the Tuner (DE3) colonies were completely covered by the sensor 

colonies, it was difficult to distinguish them from the sensor colonies. These factors may lead 

to inaccurate counting. Therefore, the distribution of channel 1 was not counted.  

 

The scenario distributions of the channels 2 - 4 are shown in Figure 4.11. Most of the unclear 

positions were caused by technical issues, especially due to the beads being out of the imaging 

area. In general, most beads successfully encapsulated cells, as the counts of scenario 4 (both 

beads were empty) on three days were relatively low. The trapping positions were more evenly 

distributed on Day 1 and Day 2 than on Day 3. On Day 3, the counts of scenarios 1 and 7 were 

obviously higher than other scenarios. This result suggests that the sensor and producer cells 

were not mixed evenly, and there were more sensor cells than the producer cells. Additionally, 

small colonies may inhibit below the bottom focal plane and be overlooked, and ‘uninduced’ 

colonies may be covered by bright colonies, thus affecting the accuracy of the distributions.  

 

In order to assess the ability of the producer to activate the sensor in agarose hydrogel 

microbeads, the colony area size and fluorescence intensity were required to be digitised. 

Scenarios 1, 2, 4, 6, and 9, in which the beads failed to encapsulate S and (P or T), were not 

preferred. In the remaining scenarios, 5 and 10 were preferred because their configurations are 

relatively simple, which may facilitate digitisation. Additionally, the distances between 

colonies measured in scenario 5 were expected to be greater than those in scenario 10 in most 

cases, which may help to evaluate the effect of OHHL diffusion on the sensor’s response under 

the tested microfluidic condition.  
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Figure 4. 11 Scenario distributions of three pair-bead experiments. Trapping positions in chip channels 2 - 4 (CH2 

- 4) were classified. Microbeads in these channels encapsulated the mixture of the sensor (S) and producer (P) 

cultures. The strain configuration of each scenario corresponds to Table 4.1.  
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4.4 Conclusions   

 

In this chapter, the sensor and producer were encapsulated in agarose hydrogel microbeads and 

cultivated on microfluidic chips while being imaged over time. The development of bacterial 

communities in microbeads was visualised.  

 

The appearance of bacterial communities may be conspicuously different on different focal 

planes. It was found that cells could escape from agarose hydrogel microbeads, which may lead 

to relatively fixed colony shapes. Some colonies were not obviously affected by this escape 

behaviour and continued to develop to sizes larger than the beads. Small colonies may inhabit 

the edge of the beads or disappear after a period. Bacterial colonies may migrate within beads, 

which may result in colony aggregation. When a colony completely covers another colony, 

aggregation may affect the scenario classification of the trapping positions. Red fluorescence 

was observed at the first time point, which dimed over a period and then increased. No obvious 

green fluorescence was observed at early time points. Additionally, no fluorescence was 

observed in some colonies and subpopulations. These factors may interfere with the accuracy 

of image digitisation to varying degrees.  

 

Most microbeads successfully encapsulated bacterial cells. In a paired-bead experiment, two 

strains can lead to 10 possible strain configurations, except for the uninduced phenotype. 

Uneven mixing of cells of two strains could lead to an uneven scenario distribution. Despite 

the complexity of the possible configurations, scenarios 5 and 10 were considered 

representative co-culture configurations and were preferred for QS response analysis.   
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Chapter 5 Assessment of the performance 

of the bacterial consortium in agarose 

hydrogel microbeads 

 

This chapter focuses on assessing the performance of the sensor and producer strains in agarose 

hydrogel microbeads. The sensor encapsulated in microbeads was induced by a range of 

concentrations of OHHL. The sensor was then co-cultured with the producer in microbeads 

and induced by a range of IPTG concentrations. The performance of the strains was assessed 

based on their colony response levels (fluorescence intensity normalised by area) under 

different conditions.  

 

5.1 Digitisation of the microscopic images  

 

To assess the performance of the strains in microbeads, compiled microscopic images collected 

in the microfluidic experiments discussed in Chapter 4 were digitised using Fiji-ImageJ 

(Schindelin et al., 2012). As discussed in Chapter 4, cell escape behaviour may affect the size 

and fluorescence intensity of colonies to varying degrees. Colony expansion in the Z-axis and 

colony aggregation could also prevent accurate tracking of colony development over time. 

Consequently, the digitised analysis in this chapter focused on the colony response level of the 

selected area.  

 

5.1.1 Determination of measurement area  

 

Microscopic images of single-bead and paired-bead experiments were measured. Single-bead 

experiments were designed to characterise the sensor’s response to OHHL induction in agarose 

hydrogel microbeads. OHHL concentrations of 0, 10-10, 10-8, and 10-6 M were tested on Day 1, 

and 0, 10-9, 10-7, and 10-5 M were tested on Day 2. Five positions of each treatment were 

selected for digitisation.  

Paired-bead experiments were designed to assess the ability of the producer to activate the 

sensor’s response. The mixture of these two strains was encapsulated in microbeads. The beads 

were then trapped on paired-bead chips and were induced at IPTG concentrations of 0, 0.025, 

and 0.3 mM. Three biological replicates were performed on Day 1, Day 2, and Day 3, 

respectively. The mixture of the host strain Tuner (DE3) and the sensor strain was also 

encapsulated in microbeads and cultivated in parallel as a control.  
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As discussed in Section 4.3.4, scenarios 5 and 10 were preferred and, therefore, selected for 

digitisation for QS response analysis. Trapping positions containing one or more beads (with 

bacterial cells) stuck outside the trap were excluded from the measurement list. Colonies that 

were easy to track at most time points and did not exhibit extensive escape were preferred. 

Small colonies (discussed in Section 4.3.1) were considered mal-developed and unmeasurable 

colonies. In the measurement method used, for each colony, the adopted criterion for selecting 

the focal plane for the measurement was to select the plane that appeared to have higher 

bacterial density. The measured area was fixed after a period, usually at around time point 15, 

unless the colony location changed greatly. When digitising co-cultured strains, detached 

colonies or unmerged areas were preferred.  

 

5.1.2 Image digitisation  

 

‘Color Balance’ of Fiji-ImageJ was used to select a specific light channel to be examined and 

measured. This function was also used to adjust the visual brightness of the images to facilitate 

the identification of the colonies without affecting the digitised values. ‘Polygon Selections’ 

was used to select the area to be measured. At each time point, the size and fluorescence 

intensity (area and integrated density in the Fiji-ImageJ, respectively) of the selected area on 

the selected focal plane in the selected light channel were measured. Additionally, Fiji-ImageJ 

allows turning off the fluorescence by adjusting the minimum value and brightness in ‘Color 

Balance’, which could facilitate the selection of the area for measurement. The colony response 

level was assessed as fluorescence intensity normalised by the area size. Of note, the limit of 

normalised fluorescence intensity measured using Fiji-ImageJ is 4095 (arbitrary units). Once 

the limit was reached, readings of subsequent time points were considered as 4095. 

 

5.1.3 Data analysis 

 

Fiji-ImageJ (Schindelin et al., 2012) was used for image digitisation. GraphPad Prism was used 

for data analysis and data presentation. When comparing different treatments and different days, 

the Mann-Whitney and the Kruskal-Wallis tests were used for unpaired comparisons of two or 

more groups, respectively. When comparing different scenarios, the Wilcoxon test was used 

for paired comparisons of two groups. 
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5.2 Results and discussion 

 

5.2.1 Selection of bacterial colonies for measurement  

 

As discussed in Section 4.3.1, the colony appearance and fluorescence intensity of bacterial 

communities may be different on different focal planes, which may affect the measurement of 

the colony response level. For each colony, the focal plane that appeared to have higher 

bacterial density (appeared as a black area) was selected for measurement. Besides, as the time 

points at which colonies could be measured may be different, colonies were not digitised from 

the same time points. Of note, in paired-bead experiments, the sensor and producer in a trapping 

position may primarily occupy different focal planes. For example, in position 71 (Day 1), the 

sensor and producer strains were encapsulated in two beads, respectively (Figure 5.1). The 

sensor located in the middle of the right bead was preferred over the sensor in the upper left 

corner, as the sensor in the middle showed a clearer shape and may be less likely to be affected 

by the cell escape behaviour. As shown in Figures 5.1b and c, the target sensor colony showed 

a clearer black area on focal plane 1 than on focal plane 2. Focal plane 1 was selected to 

measure its colony response level. The producer strain was measured on plane 2 (Figure 5.1c).  

 

 

Figure 5. 1 Representative example of the selection of focal planes for measurement. Screenshots were taken in 

position 71 (Day 1) at time point 13. Bacterial communities on focal plane 1 with (a) fluorescence on and (b) 

fluorescence off. (c) Bacterial communities on focal plane 2 with fluorescence off. Scale bar was roughly 

measured from the trap of the first screenshot. 

 

The measurement method used was not designed to track the induction response of the entire 

bacterial community but to assess the performance of the sensor and producer encapsulated in 

agarose hydrogel microbeads. Therefore, if colonies were clumped, the clear, distinct part was 

preferred for measurement. For example, as shown in Figure 5.2, the relatively clearer black 

area was selected for measurement (area marked in Figure 5.2b). In addition, colony expansion 

in the Z-axis and aggregation may prevent accurate tracking of colony development over time. 

The distinct area may become blurred or no longer distinguishable from the other areas. After 

a period, the measured area no longer changed unless the colony location changed greatly due 

to colony migration or bead movement. Besides, the size of the measured area may be reduced 

a. b. c.
40 µm 
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if the black area became distinctly smaller due to extensive escape. In this measurement round, 

the time point when the size of the measured area last changed, and the corresponding size 

were provided in Appendix C. The average values of these time points and sizes in single-bead 

and paired-bead experiments are shown in Table 5.1 and Table 5.2, respectively.  

 

 

Figure 5. 2 Representative example of the selection of a distinct area for measurement. Screenshots were taken 

on plane 2 and time point 13 of position 192 (Day 1). (a) Appearance of the trapping position. (b) Area selected 

for measurement. Scale bar was roughly measured from the trap of the first screenshot. 

 

In general, in single-bead experiments, the sizes of the measure areas were not changed at 

around time point 15 or 16. The average time point on Day 1 was later than that on Day 2 

(Table 5.1). Meanwhile, the average size on Day 1 was smaller than that on Day 2. These 

differences may be due to the later development of bacterial communities on Day 1 than on 

Day 2. Figure 5.3 shows overviews of some bacterial communities at time point 10 on Day 1 

and Day 2. The bacterial communities on Day 1 were distinctly smaller than those on Day 2, 

which may be primarily due to the difference in waiting time before taking the images. This 

difference would also interfere with the accuracy of the QS response analysis based on the 

digitised data.   

 

Table 5. 1 Average time points when the sizes of the measured areas were last adjusted and the corresponding 

average sizes in single-bead experiments (data were rounded to two decimal places) 

 

Experiment Average time point Average area size (a.u.) 

Day 1 17.05 5401.35 

Day 2 14.10 9296.45 

Average 15.58 7348.90 

 

a. b. 40 µm 
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Figure 5. 3 Representative examples of bacterial communities in single-bead experiments on Day 1 and Day 2. 

Screenshots were taken on the merged focal plane in the merged light channel at time point 10. (a) From left to 

right, beads are in positions 31, 55, and 103 (in channels 1 - 3, respectively) on Day 1. (b) From left to right, beads 

are in positions 7, 30, and 66 (in channels 1 - 3, respectively) on Day 2. Scale bar was roughly measured from the 

top left trap. 

 

  

a.

b.

40 µm 
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In paired-bead experiments, the sizes of the measured areas were fixed at around time point 18. 

The time points when the sizes were fixed in scenario 10 appeared to be later than those in 

scenario 5 (Table 5.2). This may be due to the different strain configurations in these two 

scenarios. In scenario 5, two strains were encapsulated in two beads, respectively. In scenario 

10, two strains were encapsulated in one bead, and the other bead was empty. Therefore, in 

scenario 10, two target colonies may aggregate and result in a bright yellow area, as shown in 

Figure 5.4 (position 170, Day 1). In order to avoid the fluorescence reading of one strain being 

affected by the fluorescence of the other strain, unmerged area (Figure 5.4b) and detached 

colony (Figure 5.4c) were preferred for digitisation. However, avoiding measuring merged 

areas may require adjusting selected areas at late time points, resulting in later average time 

points in scenario 10 than those in scenario 5. For example, in position 74 (Day 1), the measured 

size of the producer colony was fixed from time points 18 to 25 and adjusted at time point 26 

to avoid the green fluorescence of the sensor (data not shown). Additionally, avoiding 

measuring merged areas may lead to limited measurable areas, resulting in smaller average 

sizes in scenario 10 than in scenario 5 (Table 5.2). Besides, the high fluorescence intensity of 

a position may interfere with area selection (Figure 5.4). For better measurement, ‘Color 

Balance’ was used in some cases to turn off fluorescence in the merged light channel (Figure 

5.1). 

 

Table 5. 2 Average time points when the sizes of the measured areas were last adjusted and the corresponding 

sizes in paired-bead experiments (data were rounded to two decimal places) 

 

Experiment Scenario Average time point Average area size (a.u.) 

Day 1 
5 17.26 12105.61 

10 18.73 5823.58 

Day 2 
5 18.92 8492.23 

10 21.14 4462.18 

Day 3 
5 15.88 7195.88 

10 16.00 3539.50 

Average - 17.99 6936.50 
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Figure 5. 4 Representative example of the selection of merged colonies for measurement. Screenshots were taken 

on focal plane 5 in Position 170 (Day 1) at time point 29. (a) Appearance of the trapping position. (b)(c) Area of 

the sensor and producer selected for measurement. Scale bar was roughly measured from the most left trap. 

 

Some positions were classified as scenarios 5 or 10 but were not digitised. This is because some 

colonies did not show distinct expansion during cultivation and were considered mal-

developed and unmeasurable colonies, such as position 99 (Day 1) (Figure 4.5). Besides, 

although formed microbeads were filtered before the trapping step, some beads larger than the 

trap were observed.  These beads may be stuck outside the trap, such as positions 52 (Day 1) 

and 1 (Day 2) (Figure 5.5). This is unlikely to cause a major problem, as appropriate trapping 

of two beads was observed in most positions. However, to better understand how the strain 

configuration may affect the sensor’s response, in the digitisation stage, these positions were 

excluded from the measurement list if extra beads contained bacterial colonies.  

 

 

Figure 5. 5 Representative examples of trapping positions containing extra beads. Screenshots were taken on the 

merged focal plane in the merged light channel at time point 29. (a) Position 52 on Day 1. (b) Position 1 on Day 

2. Scale bar was roughly measured from the most left trap. 

 

  

a. b. c. 40 µm 

a. b. 40 µm 
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5.2.2 Characterisation of the sensor strain 

 

In this section, the sensor’s colony response level upon OHHL induction in agarose hydrogel 

beads was assessed. In Section 3.3.1, it was found that the sensor in the absence of arabinose 

(ara-) induction showed a wider OHHL concentration detection range (Figure 3.3). For this 

reason, microfluidic experiments were conducted under an ara- condition. The sensor induced 

at 0, 10-10, 10-8, and 10-6 M OHHL were tested on Day 1, and at 0, 10-9, 10-7, and 10-5 M OHHL 

were tested on Day 2. The colony response levels of the sensor in five positions of each OHHL 

treatment were measured. The reference numbers of the positions measured are provided in 

Appendix C.  

 

As shown in Figure 5.6, in general, similar to the sensor in microplate experiments (Figure 

3.2a), the sensor showed a concentration-dependent response to OHHL induction. However, 

the sensor induced at an OHHL concentration of 10-7 M showed a higher colony response level 

than the sensor induced at a higher OHHL concentration of 10-6 M for the first 7 h after 

induction (Figure 5.6 comparing orange and cyan). In addition, the colony response level of 

the untreated sensor on Day 2 was higher than those of the sensor induced at 0 and 10-10 M 

OHHL concentrations on Day 1 (Figure 5.6 comparing blue, black, and red). These results 

indicate that the colony response levels of the sensor on Day 2 were greater than those of the 

sensor on Day 1, which may be due to the later development of the sensor colony on Day 1 

than on Day 2 (Figure 5.3). This difference in the development speed of bacterial communities 

on different days may be primarily caused by different waiting times before taking the 

microscopic images. Nevertheless, the sensor showed an OHHL concentration-dependent 

response when comparing the data from Day 1 and Day 2 separately. It is not clear the highest 

OHHL concentration the sensor can detect under the tested microfluidic condition. The sensor 

may be able to detect an OHHL concentration down to 10-10 M when comparing the data from 

Day 1 (Figure 5.6 comparing red and black). More biological replicates are required to better 

characterise the performance of the sensor under the tested microfluidic condition. Future 

studies could also include testing the response levels of the sensor induced at higher 

concentrations.  

 

It should be noted that Fiji-ImageJ software has a maximum measurement limit of 4095 for the 

integrated density normalised by the measured area. Depending on the measurement method 

used, once the reading of the colony response level reached this limit, the readings at 

subsequent time points were considered to be 4095, resulting in the plateaus of colony response 

levels of the sensor induced at 10-7, 10-6, and 10-5 M OHHL concentrations at later time points 

(Figure 5.6).  
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Figure 5. 6 Colony response levels of the sensor to OHHL induction in the absence of arabinose (ara-) in agarose 

hydrogel beads. Data are shown as the mean values with their standard deviations (shown as error bars). 

 
5.2.3 Activation ability of the producer strain 

 

The focus of this section is to assess the ability of the producer to activate the sensor’s response 

in agarose hydrogel microbeads. The sensor and producer were encapsulated in microbeads, 

and the microbeads were trapped in paired-bead chips for overnight cultivation and time-lapse 

imaging. As discussed in Section 3.3.2, the producer showed IPTG concentration-dependent 

expression but may approach saturation at 0.3 mM IPTG (Figure 3.4). IPTG concentrations of 

0.025 and 0.3 mM, which activated the producer to distinct response levels in microplate 

experiments, were further tested in microfluidic experiments. Uninduced producer and host 

Tuner (DE3) strains were also cultivated in parallel as controls.  

 

Microbeads from scenario 5 and scenario 10 were digitised for analysis. As discussed in 

Section 5.2.1, positions with extra beads containing bacterial colonies or positions where target 

colonies did not show distinct expansions or extensively merged with the colonies of the other 

strains were not preferred. The numbers of digitised positions in scenario 5 and scenario 10 of 

the three paired-bead experiments (Day 1, Day 2, and Day 3) are shown in Table 5.3. In channel 

1, beads containing the sensor and Tuner (DE3) strains were perfused with an LB medium. 

Meanwhile, beads containing the sensor and producer strains were perfused with LB (Amp) 

supplemented with IPTG concentrations of 0 mM (channel 2), 0.025 mM (channel 3), and 0.3 

mM (channel 4), respectively. The numbers of positions on Day 2 and Day 3 were lower 

compared to that on Day 1, which may be mainly due to the beads being partially outside the 
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imaging area. Additionally, an obviously uneven mixing of the sensor and producer strains on 

Day 3 may also have affected the numbers of measurable positions (Figure 4.11).  

 

Table 5. 3 Numbers of positions digitised in co-culture analysis 

 

Day Channel 

 

Treatment 

(IPTG induction) 

Count 

Scenario 5 Scenario 10 

1 

 

1 S + T (0 mM) 1 4 

2 S + P (0 mM) 4 7 

3 S + P (0.025 mM) 10 7 

4 S + P (0.3 mM) 8 2 

2 

 

1 S + T (0 mM) 4 2 

2 S + P (0 mM) 6 2 

3 S + P (0.025 mM) 1 3 

4 S + P (0.3 mM) 2 4 

3 

 

1 S + T (0 mM) 0 1 

2 S + P (0 mM) 0 1 

3 S + P (0.025 mM) 3 0 

4 S + P (0.3 mM) 1 1 
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To assess whether the digitised data from three days could be pooled for QS response analysis, 

the Mann-Whitney test and Kruskal-Wallis test were performed for two or three groups per 

channel, respectively. As shown in Table 5.4, in most cases, data obtained from different days 

did not show significant differences and were pooled according to scenarios and channels for 

subsequent QS response analysis.  

The colony response levels of the Tuner (DE3) from three days showed significant differences 

in both scenarios, this treatment was the control with low readings of approximately 65. The 

differences may be caused by several factors, such as the different extents of cell escape and 

the difference in waiting time before taking the microscopic images on different days.  

 

Table 5. 4 Comparison of colony response levels of the strains from three days. Mann-Whitney and the Kruskal-

Wallis tests were performed for unpaired comparisons of two or three groups, respectively. NS = not significant, 

*p < 0.05, **p < 0.01, and ****p < 0.0001 

 

 

Channel 

Treatment  

(IPTG 

induction) 

Sensor Tuner (DE3) or Producer 

Scenario 5 Scenario 10 Scenario 5 Scenario 10 

1 S + T (0 mM) NS NS **** **** 

2 S + P (0 mM) NS NS NS NS 

3 S + P (0.025 mM) NS NS NS NS 

4 S + P (0.3 mM) * NS ** NS 

 

The colony response levels of the three strains are shown in Figure 5.7. The producer showed 

a concentration-dependent response upon IPTG induction. The non-induced producer showed 

a greater response level than the non-induced host Tuner (DE3) strain, suggesting an intrinsic 

leakage of the producer’s plasmid. These results were similar to those found in microplate 

experiments (Section 3.3.2). The colony response level of the producer induced at 0.025 mM 

IPTG concentration in microplate experiments did not show an obvious increase during 

cultivation. In microfluidic experiments, the colony response level of the producer induced at 

0.025 mM gradually increased for hours (comparing Figures 3.4 and 5.7). This difference may 

be due to several factors, such as longer cultivation time and continuous supply of IPTG in 

microfluidic experiments. A continuous supply of IPTG could ensure the producer was induced 

at 0.025 mM IPTG concentration during cultivation, whereas in microplate experiments, IPTG 

may be depleted after a period. 
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In both microplate (Figure 3.5) and microfluidic (Figure 5.7) experiments, the producer showed 

a good ability to activate the sensor’s response, even when uninduced. The sensor’s colony 

response levels induced by the producer were shown to be significantly different in scenario 5 

(*P < 0.05, Kruskal-Wallis test), but not in scenario 10. These results suggest that the sensor 

in scenario 5 may be more sensitive to the difference in the activation ability of the producer 

(where the producer induced by a higher IPTG concentration activated the sensor to a higher 

response level) than the sensor in scenario 10. Of note, because data from some treatments 

reached the measurement limit of the digitisation software at later time points, only data from 

the first 12 h after IPTG induction were used for comparison. Nonetheless, this method did not 

exclude all data that reached the limit. 

 

It should be noted that this difference may be caused by the measurement method used. In 

scenario 10, two target colonies were encapsulated in one bead. The aggregation of target 

colonies may result in limited measurable areas, reducing the accuracy of the digitised data. 

This limitation also affects the assessment of whether OHHL diffusion affects the response 

level of the sensor under the tested microfluidic condition. Collecting more microscopic images 

of better quality for analysis might reduce the impact of this limitation of the measurement 

method used.  

 

 
Figure 5. 7 Colony response levels of the sensor, Tuner (DE3), and producer strains upon induction. The colony 

response levels of the sensor strain (S) are shown in the 1st column. The colony response levels of the Tuner (DE3) 

(T) and producer (P) strains are shown in the 2nd column. (a) Scenario 5. (b) Scenario 10. Data are shown as the 

mean values with their standard deviations (shown as error bars) of three independent experiments. 
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The Wilcoxon test was performed for paired comparisons between the two scenarios (Table 

5.5). The colony response levels of the Tuner (DE3) and producer were not expected to be 

significantly different between the two scenarios. However, the response levels of the Tuner 

(DE3) in channel 1 and of the producer in channel 3 showed significant differences (Table 5.5, 

4th column). Moreover, the response levels of the sensor co-cultured with Tuner (DE3) in two 

scenarios, which were expected to be similar, showed to be significantly different (Table 5.5, 

3rd column). One reason for these unexpected results may be due to the limitation of the 

measurement method used, as discussed above. The response level of the sensor induced by 

the non-induced producer was shown to be similar, while those of the sensor induced by the 

induced produced were shown to be significantly different (Table 5.5, 3rd column).  

 

Table 5. 5 Comparison of colony response levels of the strains in scenario 5 and scenario 10. The Wilcoxon test 

was performed for paired comparisons between the two scenarios. NS = not significant, *p < 0.05, ***p < 0.001 

and ****p < 0.0001 

 

Channel 

Treatment 

(IPTG induction) Sensor Tuner (DE3) or Producer 

1 S + T (0 mM) * *** 

2 S + P (0 mM) NS NS 

3 S + P (0.025 mM) *** *** 

4 S + P (0.3 mM) **** NS 

 

In paired-bead experiments, the response levels of the sensor appeared to be around the 

measurement limit (4095) after it was activated by the producer for around 8 h. Although the 

experimental conditions were not identical, compared with response levels of the sensor in 

single-bead experiments, this result may suggest that under the tested microfluidic conditions, 

the activation ability of the producer reached levels greater than 10-8 M OHHL concentration 

in the tested period (comparing Figures 5.6 and 5.7). As discussed in Section 3.3.2, in 

planktonic experiments, the supernatants of the producer induced for 1 h showed greater ability 

to activate the sensor than OHHL concentration of 10-4 M. Therefore, the activation ability of 

the producer under the tested microfluidic condition may be lower than that of the producer in 

planktonic experiments. This result may be due to several reasons, such as the different initial 

states of the strains and different medium supply methods. Of note, the initial cell numbers of 

the producer in planktonic experiments (OD600 ~ 0.5) and in microfluidic experiments (newly 

inoculated cells) were greatly different.  
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5.3 Conclusions  
 

In this chapter, compiled microscopic images collected from microfluidic experiments were 

digitised and assessed. In general, the sensor and producer strains showed inducer 

concentration-dependent expression under the tested microfluidic conditions. Moreover, the 

sensor strain may be able to detect an OHHL concentration down to 10-10 M. Under the tested 

microfluidic conditions, the activation ability of the producer reached levels greater than 10-8 

M OHHL concentration in the tested period. The activation ability of the producer in 

microfluidic experiments may be lower than it was in planktonic experiments, which may be 

mainly due to the different initial states of the strains. 

 

It should be noted that the accuracy of the digitised analysis was affected to varying degrees 

by several factors, such as the measurement limit of Fiji-ImageJ, the waiting time before taking 

the microscopic images, and the selection of the measured colonies and focal planes. More 

biological replicates are required to better assess the performance of the strains. Nonetheless, 

the obtained results could help to demonstrate the feasibility of studying cell-to-cell 

communication using a model bacterial consortium encapsulated in agarose hydrogel 

microbeads by analysing their fluorescent phenotypic changes. Future studies can build on the 

present work to develop algorithms for high-throughput analysis of microscopic images to fully 

exploit the potential of microfluidics for bacterial cultivation and visualisation. 
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Chapter 6 General discussion  

An E. coli consortium consisting of three fluorescent strains (i.e., the sensor, producer, and 

regulator strains) was engineered based on the LuxI/LuxR system of V. fischeri. Fluorescent 

phenotypic changes were the basis for assessing the performance of the consortium both in the 

planktonic and encapsulated states.  

 

The performance of the strains was first tested in the planktonic state. The cell response levels 

of the strains were assessed by normalising the fluorescence intensity with the optical density. 

The cell response levels of the sensor with basal or enhanced expression of LuxR were first 

tested upon OHHL induction. The sensor with basal LuxR expression showed an OHHL 

concentration-dependent response in the range of 10-7 to 10-4 M and may be able to detect 

OHHL concentrations greater than 10−4 M. Therefore, it was selected to test the performance 

of the producer and regulator strains. The producer also showed a concentration-dependent 

expression to IPTG induction and was able to activate the sensor’s response by expressing LuxI 

that can catalyse the synthesis of OHHL. The regulator showed enhanced expression upon 

anhydrotetracycline (aTc) induction and was able to attenuate the sensor’s response by 

producing AiiA that can degrade OHHL. As tracking the growth of each co-cultured strain 

based on optical density is currently not feasible, in planktonic experiments, supernatants of 

the producer and regulator were used to activate the sensor, respectively.  

To assess the performance of co-cultured strains, the sensor and producer strains were 

encapsulated in agarose hydrogel microbeads and cultivated on a microfluidic platform. The 

colony response levels of the strains were assessed by normalising the fluorescence intensity 

with the sizes of the measured areas. The sensor and producer showed inducer concentration-

dependent expression behaviours. The sensor may be able to detect OHHL concentration down 

to 10-10 M. The activation ability of the producer may be weaker under the tested microfluidic 

conditions compared with that of the producer in planktonic experiments, which may be mainly 

due to the different initial states of the strains.  

 

In general, this work successfully engineered an E. coli consortium for studying QS and 

assessed the performance of the strains in the planktonic and encapsulated states. However, 

this work has several limitations.   

 

Firstly, the fluorescence intensity detection at lower wavelengths was found to be more 

severely affected by the background fluorescence caused by the cells and LB (Amp) medium. 

Therefore, it was difficult to characterise the performance of the regulator strain over time and 

to test whether its expression could be regulated by aTc concentration. Besides, the ability of 

the regulator strain to attenuate the response level of the sensor also remains to be tested on the 
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microfluidic platform. Future studies could consider testing the expression behaviour of the 

regulator strain induced by different aTc concentrations using the Horiba FluoroMax-4 

spectrofluorometer. Moreover, it should be interesting to adapt the current microfluidic 

protocol to co-culture the sensor and regulator strains to assess the attenuation ability of the 

regulator strain.  

 

To be able to better track the activity of the regulator strain, it may be better to replace the 

fluorescent protein it uses. Given the plasmid was designed to be reconfigurable, it is possible 

to replace the insert by subcloning. Fluorescence protein mCherry used for the producer strain 

could be a choice if co-culturing the producer and regulator strains is not planned. If planning 

to image the three strains simultaneously, a yellow fluorescent protein whose excitation and 

emission wavelengths are intermediate between EGFP and mCherry could be considered. A 

possible option could be mBanana, whose excitation and emission maximum wavelengths were 

reported to be around 50 nm away from those of EGFP and mCherry, according to FPbase 

(https://www.fpbase.org/table/, accessed 30 January 2024) (Lambert, 2019). Additionally, E. 

coli expressing GFP, mBanana, and mCherry showed distinguishable clusters when sorting by 

flow cytometry (Shaner et al., 2004). Of note, mBanana shows lower brightness and slower 

maturation time compared with EGFP and mCherry (https://www.fpbase.org/table/, accessed 

30 January 2024) (Lambert, 2019). Lower brightness may be advantageous considering the 

measurement limit of the used digitisation software. However, low brightness and slow 

maturation time may increase the waiting time before the fluorescent signal can be detected, 

which may prevent tracking the signal at early stages. Moreover, the colour of mBanana may 

be similar to the colour of the overlapping area of EGFP and mCherry. Bleed-through may also 

occur when detecting the three proteins. All of these factors may increase the difficulty of 

detecting fluorescent signals and performing microscopic analysis.  

 

QS response analysis was mainly based on fluorescence intensity normalised by growth, 

namely cell response level or colony response level. However, the response level is an indirect 

indicator to estimate the environmental OHHL concentration or to assess the QS-related 

abilities of the strains. These assessments did not take into account several aspects, such as 

transcription and translation efficiency, maturation time of expressed proteins, and the 

emergence of different mutants. As it is much more complex to take these aspects into account 

to improve the accuracy of the analysis, all assessments remain at the estimation stage. One 

improvement could be to increase the number of replicates to improve the accuracy of the 

results. Especially in microscopic analysis, due to technical issues, such as microbeads being 

partially outside the imaging area, a number of positions were considered unmeasurable. When 

it comes to a specific configuration of strains (scenario), measurable positions were more 

limited. Increasing the number of replicates can increase the number of measurable positions, 

https://www.fpbase.org/table/
https://www.fpbase.org/table/
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which may improve the quality of the measurable positions and the quality of the digitised data. 

Additionally, future work could include upgrading the Positions Selection Tool used to 

determine the coordinates of the locations to be imaged, thereby increasing the number of 

positions that are correctly imaged.  

 

Additionally, as discussed in Section 4.3.1, five focal planes (approximately 40 μm in height) 

within microbeads of approximately 80 μm in diameter were imaged. Single planes were 

selected for image digitisation. Limited imaging range was a compromise to meet appropriate 

imaging intervals. For a target colony, measurements were taken on one selected focal plane at 

all time points as a compromise to increase digitisation efficiency. Meanwhile, only scenarios 

5 and 10 were measured for QS response analysis. To better understand how the strain 

configuration may affect the sensor’s response, future work could include assessing other 

scenarios. Future studies could also consider using other software to analyse microscopic 

images, such as CellProfiler, which allows high-throughput analysis of microscopic images 

(Carpenter et al., 2006; Stirling et al., 2021).  

 

As for the cell escape behaviour, increasing the agarose concentration to form stronger 

microbeads may be a way to delay the occurrence of this phenomenon. However, increasing 

the agarose concentration may affect not only microscopic analysis but also a number of factors, 

such as the size, weight, and softness of microbeads, which may affect the success of the 

trapping step. Nevertheless, a previous study found that changing the alginate concentration of 

alginate-based microcapsules could affect the QS responses of V. harveyi encapsulated in the 

microcapsules (Li et al., 2023). It may be interesting for future work to test the performance of 

the engineered strains in microbeads with higher agarose concentrations if efficient 

encapsulation and trapping can be ensured.  

 

All constructed plasmids showed basal expression in the absence of inducers. For better 

analysis, in addition to LB medium and host strain controls, uninduced engineered strains could 

be cultivated in parallel as controls. Bacterial biosensors based on the LuxI/LuxR system of V. 

fischeri were reported to respond to other AHLs in addition to OHHL (Steindler and Venturi, 

2007). Future studies could include testing the sensor's response to other AHLs. Future studies 

could also include testing the response of the sensor (ara-) to OHHL induction at concentrations 

greater than 10-4 M in microplates. As for microfluidic experiments, future studies could 

include conducting more biological replicates to better characterise the performance of the 

sensor. The sensor could also be used to test the attenuation ability of other QQEs and inhibitors 

that can degrade OHHL. Replacing the used QS-related genes with other LuxI/LuxR-type 

genes could be considered to study other AI-1-mediated QS systems. Future studies could also 

modify the plasmids via subcloning to study other genes. New inserts could consider adding 
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appropriate restriction sites to flank the coding sequences (with RBSs) to increase flexibility in 

assembly and disassembly. 

 

In conclusion, this work demonstrates the feasibility of engineering an E. coli consortium to 

study the activation and attenuation of QS responses. Experimental protocols were developed 

to assess the performance of the strains in the planktonic state. A workflow to encapsulate 

bacterial cells in agarose hydrogel microbeads and to visualise and analyse the development of 

bacterial communities in the microbeads was established. This work can serve as a basis for 

future studies of QS using an engineered bacterial consortium.  
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Appendix A  

 

Table A. 1 Information on the genetic materials 

 

Gene Reference number Source Address  

 

pBAD24  87399 ATCC Manassas, VA, USA 

pET-21 (+) 
- 

Twist Bioscience South San Francisco, CA, USA 

Designed inserts 
- 

pZH509 102664 Addgene Watertown, MA, USA 

tetR 

luxR  
BBa_C0062 

 

 

iGEM 

 

 

https://parts.igem.org/Main_Pa

ge 

luxPR_4G12T BBa_K3205005 

aiiA  
BBa_C0160 

Terminator rrnB T1 
BBa_B0010 

Ribosome binding 

site 

BBa_K3288007 

egfp  GenBank: U55761.1  

GenBank  

 

 

https://www.ncbi.nlm.nih.gov/g

enbank/ 

luxI  GenBank: M19039.1 

mCherry GenBank: AY678264.1 

ebfp2 GenBank: EF517318.1 

Promoter PN25 - Muthukrishnan et al. 

(2012) 

- 

Terminator 

ECK120033736 

 

 

 

- 

 

 

 

Chen et al. (2013) 

 

 

 

- 

Terminator 

ECK120029600 

Terminator 

ECK120033737 

Terminator 

L3S2P21 

Terminator 

L3S3P21 

 

  

https://parts.igem.org/Main_Page
https://parts.igem.org/Main_Page
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
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Table A. 2 Information on the main experimental materials and equipment 

 

Item Reference 

number 

Company Address  

Glycerol 49767  

 

 

Merck KGaA 

 

 

 

 

Darmstadt, Germany 

LB powder (Luria) L3397 

Tuner (DE3) strain 70623 

LB power with agar (Luria) L3272 

L (+) Arabinose A3256 

OHHL K3007 

Ampicillin A0166 

Milli-Q water - 

DH5alpha 18265017  

Fisher Scientific 

 

 

 

Waltham, MA, USA 

Syringe filter 10268401 

Acetonitrile A/0638/17 

TAE (10x) AM9869  

Thermo Fisher Scientific 

 

IPTG R0392 

Invitrogen EVOS FL Auto 2 

Imaging System 

- 

Ethanol (>99.8%) 32221-

2.5L 

Honeywell Charlotte, NC, USA 

2 mL Syringe 720-2522 VWR Radnor, PA, USA 

LigaFast Rapid DNA Ligation 

System 

M8221 Promega Madison, WI, USA 

Safe DNA Gel Stain A8743-

APE 

 

Stratech Scientific 

 

 

Ely, UK 

Anhydrotetracycline 2-0401-

002-IBA 

EcoRI-HF R3101T  

New England Biolabs 

 

Ipswich, MA, USA NheI-HF R3131S 

PCR & DNA Cleanup Kit (5 μg) T1030L 

1kb DNA Ladder Ready to Load 07-12-

00050 

Thistle Scientific Rugby, UK 

QIAquick Gel Extraction Kit 28704 Qiagen 

 

Venlo, Netherlands 

QIAprep Spin Miniprep Kit 27104 

Hi-Res Standard Agarose AGD1-

500GM 

Cambridge 

Reagents/Geneflow 

-/Lichfield, UK 
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96-well plate seal PCR0548 Azenta Life Sciences Burlington, MA, USA 

96-well plate (black) 655090 Greiner Bio-One Kremsmünster, Austria 

Jenway 6715 UV/Visible 

Spectrophotometer 

WZ-

83056-70 

Cole-Parmer Vernon Hills, IL, USA 

CLARIOstar Plate Reader - BMG LABTECH Ortenberg, Germany 

FluoroMax-4 spectrofluorometer - Horiba Kyoto, Japan 

CellCity Array Kit  

- Priming Solution 

- Hydrogel A (3% agarose) 

- Bead Formation Solution  

- Demulsification Solution  

- Trapping solution 

- Buffer B 

- Bead filter 

 

 

 

- 

 

 

 

Evorion Biotechnologies 

 

 

 

 

Münster, Germany 

 

 

Table A. 3 Information on the software 

 

Software Version Company/Publisher Address 

Microsoft office for mac 16.86 Microsoft Redmond, WA, USA 

GraphPad Prism 10.2.2 GraphPad Boston, MA, USA 

CLARIOstar Reader Control 5.40 R3  

BMG LABTECH  

 

Ortenberg, Germany MARS Data Analysis 

Software 

3.32 

FluorEssence - Horiba Kyoto, Japan 

CellCity Tools - Evorion Biotechnologies Münster, Germany 

Invitrogen EVOS FL Auto 2 

software 

- Thermo Fisher Scientific Waltham, MA, USA 

Fiji-ImageJ 2.14.0/1.54f - - 

EndNote X9 and 21 Clarivate Philadelphia, PA, USA 
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Appendix B  

 

Sequencing results of the three strains 
 

Maps were generated using Benchling (2024). Maps were annotated based on information from 

iGEM (https://parts.igem.org/Main_Page), GenBank (https://www.ncbi.nlm.nih.gov/genbank/) 

(Clark et al., 2015), and Addgene (https://www.addgene.org/) accessed 30 January 2024, from 

NovoPro (https://www.novoprolabs.com/) and SnapGene (https://www.snapgene.com/) 

accessed 13 June 2024, and from Muthukrishnan et al. (2012) and Chen et al. (2013). 
 

B.1 Sensor 
 

B.1.1 Plasmid map 

 

 

Figure B. 1 Plasmid map of the sensor strain  

https://parts.igem.org/Main_Page
https://www.ncbi.nlm.nih.gov/genbank/
https://www.addgene.org/
https://www.novoprolabs.com/
https://www.snapgene.com/
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B.1.2 Sequence map  
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Figure B. 2 Sequence map of the sensor strain  
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B.2 Producer 
 

B.2.1 Plasmid map 

 

 

Figure B. 3 Plasmid map of the producer strain  
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B.2.2 Sequence map 
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Figure B. 4 Sequence map of the producer strain  
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B.3 Regulator 
 

B.3.1 Plasmid map 

 

 

 

Figure B. 5 Plasmid map of the regulator strain  
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B.3.2 Sequence map   
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Figure B. 6 Sequence map of the regulator strain  
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Appendix C  

 

Table C. 1 Positions measured in the single-bead experiment on Day 1  

 

Channel 

Treatment 

(OHHL induction) 
Position 

1 10-10 M 12 19 31 33 42 

2 10-8 M 55 58 66 70 72 

3 10-6 M 103 106 110 125 126 

4 0 M 151 154 174 176 190 

 

Table C. 2 Time points when the sizes of the measured areas were last adjusted in the single-bead experiment on 

Day 1 (correspond to Table C.1) 

 

Channel 

Treatment 

(OHHL induction) 
Time point 

1 10-10 M 17 16 17 17 18 

2 10-8 M 14 17 15 19 15 

3 10-6 M 21 16 16 17 17 

4 0 M 18 17 18 19 17 

 

Table C. 3 Area sizes when the sizes of the measured areas were last adjusted in the single-bead experiment on 

Day 1 (correspond to Table C.2) 

 

Channel 

Treatment 

(OHHL induction) 
Area size (a.u.) 

1 10-10 M 6056 4156 4670 6285 5319 

2 10-8 M 7805 4068 3576 4309 9294 

3 10-6 M 4770 5682 4835 4132 3576 

4 0 M 4749 6412 5554 5701 7078 
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Table C. 4 Positions measured in the single-bead experiment on Day 2 

 

Channel 

Treatment  

(OHHL induction) 
Position 

1  10-9 M 2 6 7 12 16 

2  10-7 M 30 33 38 43 46 

3  10-5 M 66 76 79 82 85 

4 0 M 108 109 115 121 126 

 

Table C. 5 Time points when the sizes of the measured areas were last adjusted in the single-bead experiment on 

Day 2 (correspond to Table C.4) 

 

Channel 

Treatment  

(OHHL induction) 
Time point 

1  10-9 M 14 15 12 30 12 

2  10-7 M 10 18 13 13 14 

3  10-5 M 13 16 13 12 7 

4 0 M 12 13 18 16 11 

 

 

Table C. 6 Area sizes when the sizes of the measured areas were last adjusted in the single-bead experiment on 

Day 2 (correspond to Table C.5) 

 

Channel 

Treatment  

(OHHL induction) 
Area size (a.u.) 

1  10-9 M 4678 12142 7891 7106 10422 

2  10-7 M 4645 9108 3778 12186 9698 

3  10-5 M 16408 14269 9941 10671 4765 

4 0 M 4744 8775 11671 14769 8262 
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Table C. 7 Positions and corresponding time points when the sizes of the measured areas were last adjusted in 

the paired-bead experiment on Day 1 

 

Scenario 5 10 

Treatment 

(IPTG induction) Position 

Time point Treatment 

(IPTG induction) Position 

Time point 

S T/P S T/P 

S + T (0 mM) 253 16 12 

S + T 

(0 mM) 

242 12 15 

S + P 

(0 mM) 

178 14 18 272 16 18 

192 17 14 278 12 14 

224 13 14 298 18 19 

234 18 17 

S + P 

(0 mM) 

170 15 15 

S + P 

(0.025 mM) 

81 13 17 177 13 26 

104 14 20 179 13 16 

112 17 20 205 18 23 

115 18 11 217 16 23 

116 14 21 228 14 16 

130 17 25 235 14 22 

134 12 14 

S + P 

(0.025 mM) 

95 23 26 

147 14 22 98 28 25 

155 15 15 120 15 28 

156 15 20 122 20 17 

S + P 

(0.3 mM) 

5 13 23 133 14 16 

8 25 27 142 14 27 

26 20 24 152 19 20 

66 17 14 S + P 

(0.3 mM) 

16 16 24 

67 20 15 74 23 26 

71 20 19 
    

73 19 16 
    

78 14 21 
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Table C. 8 Positions and corresponding area sizes when the sizes of the measured areas were last adjusted in the 

paired-bead experiment on Day 1 (correspond to Table C.7) 

 

Scenario 5 10 

Treatment 

(IPTG induction) Position 

Area size (a.u.) Treatment 

(IPTG induction) Position 

Area size (a.u.) 

S T/P S T/P 

S + T (0 mM) 253 11305 7362 

S + T 

(0 mM) 

242 1325 3224 

S + P 

(0 mM) 

178 17170 4832 272 2873 2497 

192 6529 15993 278 10196 9249 

224 27522 21336 298 3588 4963 

234 20718 16742 

S + P 

(0 mM) 

170 7385 10921 

S + P 

(0.025 mM) 

81 4856 22290 177 9693 8159 

104 22976 12281 179 5406 4433 

112 3503 17362 205 11534 8416 

115 8220 12051 217 17032 12104 

116 11900 13303 228 4464 6118 

130 4825 17862 235 4434 1372 

134 14400 12484 

S + P 

(0.025 mM) 

95 2885 16031 

147 15870 6478 98 566 15226 

155 9239 16063 120 2338 1606 

156 4978 8451 122 1170 2763 

S + P 

(0.3 mM) 

5 13016 5575 133 1866 4150 

8 22894 6395 142 13652 2244 

26 29825 8614 152 1601 2801 

66 11520 6062 S + P 

(0.3 mM) 

16 8652 2063 

67 5829 3087 74 2499 1444 

71 11834 4785 
    

73 12929 5721 
    

78 17309 2562 
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Table C. 9 Positions and corresponding time points when the sizes of the measured areas were last adjusted in 

the paired-bead experiment on Day 2 

 

Scenario 5 10 

Treatment 

(IPTG induction) 
Position 

Time point Treatment 

(IPTG induction) 
Position 

Time point 

S T/P S T/P 

S + T 

(0 mM) 

247 18 24 S + T 

(0 mM) 

255 25 16 

253 19 14 309 22 22 

258 20 13 S + P 

(0 mM) 

166 17 26 

314 22 22 227 17 17 

S + P 

(0 mM) 

160 16 21 
S + P 

(0.025 mM) 

80 25 27 

184 13 17 134 22 18 

185 26 15 136 17 24 

188 20 16 

S + P 

(0.3 mM) 

5 24 23 

205 17 15 54 21 15 

238 26 25 61 24 16 

S + P (0.025 mM) 141 24 17 
62 20 27 

S + P 

(0.3 mM) 

24 16 21     

74 17 18     

 

Table C. 10 Positions and corresponding area sizes when the sizes of the measured areas were last adjusted in the 

paired-bead experiment on Day 2 (correspond to Table C.9) 

 

Scenario 5 10 

Treatment 

(IPTG induction) 
Position 

Area size (a.u.) Treatment 

(IPTG induction) 
Position 

Area size (a.u.) 

S T/P S T/P 

S + T 

(0 mM) 

247 4148 5772 S + T 

(0 mM) 

255 2030 10464 

253 11211 10971 309 3933 1810 

258 12849 12106 S + P 

(0 mM) 

166 6944 1634 

314 17402 6479 227 2428 3699 

S + P 

(0 mM) 

160 8872 3723 

S + P 

(0.025 mM) 

80 5033 4509 

184 7789 7677 134 7466 8400 

185 7138 8636 136 4989 1202 

188 11194 9263 

S + P 

(0.3 mM) 

5 2428 1354 

205 7300 10405 54 12437 3635 

238 12834 4581 61 1780 8162 

S + P (0.025 mM) 
141 

8324 2824 
62 

2390 1441 

S + P 

(0.3 mM) 

24 12335 5053 
    

74 2515 9397 
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Table C. 11 Positions and corresponding time points when the sizes of the measured areas were last adjusted in 

the paired-bead experiment on Day 3 

 

Scenario 5 10 

Treatment 

(IPTG induction) 
Position 

Time point Treatment 

(IPTG induction) 
Position 

Time point 

S T/P S T/P 

S + T (0 mM) - - - S + T (0 mM) 259 15 14 

S + P (0 mM) - - - S + P (0 mM) 216 17 15 

S + P 

 (0.025 mM) 

83 16 18 S + P (0.025 mM) - - - 

149 18 15 S + P (0.3 mM) 22 16 19 

157 13 16     

S + P (0.3 mM) 13 15 16     

        

Table C. 12 Positions and corresponding area sizes when the sizes of the measured areas were last adjusted in the 

paired-bead experiment on Day 3 (correspond to Table C.11) 

 

Scenario 5 10 

Treatment 

(IPTG induction) 
Position 

Area size (a.u.) Treatment 

(IPTG induction) 
Position 

Area size (a.u.) 

S T/P S T/P 

S + T (0 mM) - - - S + T (0 mM) 259 3519 1677 

S + P (0 mM) - - - S + P (0 mM) 216 5363 3345 

S + P 

 (0.025 mM) 

83 12112 5085 S + P (0.025 mM) - - - 

149 1000 5840 S + P (0.3 mM) 22 5066 2267 

157 8282 9434     

S + P (0.3 mM) 13 12605 3209     
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