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Bacteria secrete and recognize communication molecules to coordinate gene expression 

in a process known as quorum sensing (QS). Through coordinated expression, bacteria are able to 

influence phenotypic changes on a larger population scale, such as biofilm formation. Recent 

studies into interkingdom communication have found cross-talk communication among bacteria 

and eukarya as well, which has been shown to influence actions pathogenicity and inflammation, 

among others. In this work, we developed E. coli ‘controller cells’ that guide and attenuate 

harmful bacterial QS phenotypes coordinated by the QS molecule autoinducer-2 (AI-2), as well 

as further the understanding of the interkingdom effects of these bacterial secretions (secretome) 

on human cells, particularly intestinal epithelial cells (IECs) that line the GI tract. Extending 

beyond natural networks, these ‘controller cells’ provide a useful tool in metabolic engineering, 

as synthetic biologists have incorporated QS networks to create sophisticated genetic circuits. 

Through next generation RNA sequencing, we found that E. coli secretomes activate a 

number of defense-related signaling pathways in epithelial cells, including the cytokine-cytokine 

receptor pathway, the chemokine signaling pathway, and the NF-κB signaling pathways. Further, 

we found the inflammatory cytokine interleukin-8 (IL-8) responded to AI-2 with a time-course 

pattern of initial upregulation followed by subsequent downregulation. We propose this pattern 



 
 

fits the paradigm where bacterial metabolites cause changes in the host cell which are returned to 

homeostasis through negative feedback regulators. 

To develop ‘controller cells’, we characterized the kinetics of the lsr operon in E. 

coli through the generation of a suite of bacterial strains that overexpress the components of AI-2 

processing: uptake (LsrACDB), phosphorylation (LsrK) and degradation (LsrFG). These 

engineered ‘controller cells’ can regulate the extracellular AI-2 environment, silence bacterial 

communication, and modulate biofilm formation. Using the insight gained from our mathematical 

model of the AI-2 processing mechanisms, we developed a high-efficiency (HE) controller cell 

that could guide QS-dependent behaviors while being sequestered from the target population 

inside an alginate-chitosan capsule. This work has helped clarify the interkingdom interaction 

between IECs and commensal bacteria, and created a novel method to control bacterial 

communication.   
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Chapter 1: Introduction  1 

The goal of this work was to determine the interkingdom effects of bacterial secretions, 2 

including autoinducer-2 (AI-2), on colonic epithelial cells of the GI tract, and then develop 3 

engineered microbes that could regulate AI-2 and effect prokaryotic quorum sensing (QS) 4 

dependent phenotypes. To better explore the concepts discussed, this chapter will first provide a 5 

brief background into the fields of quorum sensing, synthetic biology, quorum quenching, 6 

interkingdom signaling, and next-generation RNA sequencing. We will then explore the 7 

motivation for this work and provide a brief summary of the work and the upcoming chapters. 8 

Subsequent chapters are designed to be self-contained, and have been adapted from manuscripts 9 

(accepted, submitted, or in preparation) to peer-reviewed journals.  10 

1.1 Background 11 

1.1.1 Quorum Sensing 12 

QS bacteria produce and respond to their own signaling molecules for induction of gene 13 

expression, hence classes of QS molecules are denoted as autoinducers. Quorum sensing is 14 

involved in biofilm formation, bioluminescence, virulence factor secretion, sporulation and other 15 

critical bacterial functions (reviewed by [1-4]).  The first class of QS molecules described were 16 

acyl homoserine lactones (AHLs), termed autoinducer-1 (AI-1) and is depicted in Scheme1A. 17 

This QS system was first discovered with Vibrio fischeri [5], a bacterium that provided 18 

bioluminescent light in a symbiotic process with its marine, eukaryotic host. Investigations 19 

revealed that this process was performed through luxI synthesized the AHL, which once it reach a 20 

concentration threshold, bound the luxR protein, and activated the luciferase promoter. This 21 

luxI/luxR was later revealed to be a QS paradigm[6,7], with the generation and response to these 22 

QS molecules considered species-specific. 23 
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 A second class of autoinducers, AI-2, were found to consist as two classes (with or 24 

without boron), and in equilibrium in a mixture of isomers of 4,5-dihydroxy-2,3-pentadione 25 

(DPD) that rapidly interconvert (reviewed by [8]). Depicted in Scheme 1B, AI-2 is synthesized 26 

by LuxS from the precursor SAH, where it is secreted by TqsA into the extracellular space. AI-2 27 

is imported into the cell primarily through the LsrACDB complex, where it is subsequently 28 

phosphorylate din the intracellular space by the kinase LsrK. Phosphorylated AI-2 derepresses 29 

LsrR, the master regulator of the lsr-system, which allows genomic transcription of the lsr-30 

operon. Phosphorylated AI-2 is degraded through a two-step process through enzymes LsrG and 31 

LsrF. Unlike AHLs, AI-2 is considered as a ‘universal’ QS molecule, as the lsr-system is 32 

widespread among prokaryotes[9]. 33 

 34 

Scheme 1: Quorum sensing paradigms. A) AHL dependent quorum sensing is illustrated where a 35 

signal synthase produces the AHL signal that is exported out of the cell. The signal diffuses back 36 

into the cell and binds to a QS receptor that activates gene expression. B) AI-2 dependent quorum 37 

sensing is illustrated where the signal is imported into the cell by an ABC type transporter, and then 38 

binds to a response regulator that activates gene expression.  39 

1.1.2 Synthetic Biology 40 

The concept of biological parts that could process logical operations was first envisioned 41 

over 50 years ago[10], and the beginning of the 20th century coincided with the rapid emergence 42 

of the synthetic biology field as a simple toggle switch [11] was used to create the first of many 43 
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increasingly sophisticated gene circuits (reviewed by [12,13]). Most of our knowledge of 44 

endogenous genetic circuits (interacting gene networks that guide cellular functions) has 45 

consisted of top-down genetic perturbations that have proved to be challenging to develop 46 

reliable outcomes. Synthetic biology provides a bottom-up approach to rationally design genetic 47 

circuits and test them in living cells.  48 

Synthetic genetic circuits allow the programming of complex, large scale cellular 49 

behavior and phenotypes. A common method to connect synthetic circuits has been to leverage 50 

the process of quorum sensing (QS), a natural cell-cell process that bacteria use to coordinate 51 

action. For example, QS synthetic networks have been used to autonomously produce 52 

proteins[14], detect arsenic[15], and produce a synthetic E. coli predator-prey system[16]. QS 53 

synthetic networks have also been used to develop bacterial-directed therapies such as cancer-54 

fighting bacteria [17] and probiotic bacteria that can prevent cholera infections[18]. As more 55 

complex circuits are being built, dynamic control over these signal molecules will be needed. 56 

Through rational design and directed evolution [19], synthetic biology is developing tools that 57 

influence the fields of metabolic engineering, biomedicine, and related biological processes.   58 

1.1.3 Interkingdom Communication 59 

The co-evolution of prokaryotes and eukaryotes over millions of years has resulted in 60 

symbiotic, commensal, and parasitic interactions, and it is well-established that different bacterial 61 

species modulate the host physiological system. Recently, a field has emerged from quorum 62 

sensing involving interkingdom communication, specifically the communication between 63 

prokaryotes and eukaryotes.  The first observation of interkingdom signaling was made by 64 

Telford et al., who discovered that an AI-1 molecule, OdDHL, N-(3-oxo-dodecanoyl)-l-65 

homoserine lactone, had immunomodulatory effects on murine and human leukocytes[20].  Since 66 

then, OdDHL has been found to have many different effects on different tissues by entering and 67 
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functioning inside mammalian cells, but the mechanism of entry and OdDHL receptor remains 68 

unknown[21,22].   69 

Exploitation of interkingdom signaling networks could result in novel methods to combat 70 

infections and develop therapeutics. As an example, while EHEC (enterohemorrhagic E. coli) can 71 

hijack the hormones epinephrine and norepinephrine to activate pathogenicity [23], this activation 72 

can be blocked through the use of α and β adrenergic antagonists[24]. Another example is the QS 73 

signal produced from Pseudomonas aeruginosa, a common cause of infection in the lungs of 74 

cystic fibrosis patients. P. aeruginosa-infected lungs secrete OdDHL, which in turn causes the 75 

release of large quantities of IL-8, signaling high migration of neutrophils and resulting in 76 

extensive tissue damage[25]. With this knowledge, therapeutics could be designed to not only to 77 

attack P. aeruginosa, but to attenuate these pro-inflammatory signals. Almost all studies on 78 

interkingdom communication have concerned AHLs and AI-2, while the interkingdom effects of 79 

AI-2 has consisted of a single microarray study at 50 μM of AI-2 with alveoli cells, which found 80 

only 4 genes differentially expressed [22]. As a ‘universal’ signal, the understanding of AI-2 is 81 

important not only in polymicrobial networks but also in regards to interkingdom communication.  82 

1.1.4 Quorum quenching 83 

 The emergence of multi-drug resistant antibiotic strains has ushered in an era where there 84 

is no “magic bullet” to deal with patients with antibiotic-resistant infections [26]. The selective 85 

pressure from these bacteriostatic or bacteriocidal agents exert help drive these microbes to 86 

develop antibiotic resistance through genotypic or phenotypic agents [27]. While new research 87 

suggests that quorum quenching should not be considered impervious to the development of 88 

resistance [28], it is nonetheless a promising approach as quorum quenching studies have targeted 89 

AHLs using lactonases, acylases and analogues, and AHL-consuming bacteria. Successful 90 

applications include the use of AHL-consuming bacteria to reduce virulence of V. cholera  in 91 
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mice[18,29] , the application of synthetic autoinducer peptides to reduce  Staphylococcal lesion 92 

formation in mice [30], among several others (reviewed [31]).  93 

While most quorum quenching studies have targeted AHLs, there have also been studies 94 

targeting AI-2. These AI-2 strategies have used compounds and enzymes to target the 95 

extracellular signal, and the intracellular signal generator [27]. In our lab and with our 96 

collaborators, we have developed both enzymes that target the extracellular AI-2 signal as well as 97 

synthetic analogues to interfere with AI-2 mediated quorum sensing[32,33]. Additionally, an E. 98 

coli double knockout mutant strain (ΔluxS ΔlsrR) has been shown to interfere with 99 

bioluminescence and alter the gut microbiome [34,35].  100 

1.1.5 RNA Sequencing 101 

RNA-seq has distinct advantages over microarrays.  These include low background noise, 102 

absolute transcript count, higher resolution, larger dynamic range, and increased accuracy [36].  103 

The general outlines of upstream RNA-sequencing are shown in Scheme 2. The sequenced reads 104 

from RNA-seq are mapped to the genome to quantify gene expression, and statistical software is 105 

used to determine significantly differentially expressed genes and pathways.  A brief overview of 106 

the purification, analysis pipeline, and statistical software used is described below.  107 

 108 

Scheme 2: General outline of RNA- sequencing. RNA is isolated from cells, synthesized to a 109 

cDNA library, fragmented to smaller pieces and sequenced from either end.   110 
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Samples are sequenced with an Illumina HiSeq1000 at a sequencing facility.  A TruSeq 111 

RNA Sample Prep Kit (Illumina) is used to purify for polyadenylated mRNA, synthensize a 112 

cDNA library from the RNA, and then shear the cDNA into an average library size of 200 base 113 

pairs.  The RNA is sequenced from both ends in 100 bp lengths with the HiSeq1000 (Illumina). 114 

The raw reads obtained from the Illumina HiSeq1000 are first run on the FastQC software to 115 

measure quality of the RNA reads based on Phred scores, which calculates a probability of the 116 

accuracy of a base call based on peak resolution and peak shape [37].   All reads with an average 117 

quality score over 20, which is the most commonly accepted cutoff for reliable RNA reads, will 118 

be kept[38].   119 

The sequencing results are analyzed with open-source software to determine biological 120 

meaning.  Each sample’s reads will be aligned to the latest annotated human genome, hg19, using 121 

the open-source software Tophat [39]. The output of Tophat are raw read abundances mapping 122 

each transcript to its alignment on the human genome. Tophat uses a built-in program Bowtie[40] 123 

to first align the cDNA reads to the genome, then uses Tophat to align reads that did not align 124 

because of a splicing event and discards reads that cannot be aligned. Using the Integrative 125 

Genome Viewer (IGV), the transcript abundances can be viewed at the genome level, the 126 

chromosome level, the gene level, down to individual base pairs [41].  While lacking the 127 

statistical power to analyze and group sample conditions, IGV provides useful graphical 128 

illustrations of the data.   129 

For determination of differential expression, raw read abundances from Tophat are 130 

outputted into DESeq[42], an open-source program in R that analyzes the statistical significance 131 

of differential expression.  This software uses variance, transcript abundance, and fold-change to 132 

determine differential expression, normalized by the size of each sample’s cDNA library.  High 133 

abundance of transcripts and low variance in each gene transcript will result in a lower fold 134 

change required for significant differential expression.  DESeq outputs a significance value for 135 
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each gene and a multiple hypothesis tested adjusted p value for each gene.  With the thousands of 136 

simulataneous inferences being made, multiple hypothesis testing is needed to account for the 137 

false discovery rate. 138 

The significanlty differentially expressed genes (padj<0.1) output of DESeq are outputted 139 

into the open-source software Signaling Pathway Impact Analysis, SPIA[43].  These 140 

differentially expressed genes are then fed into the software SPIA, signaling pathway impact 141 

analysis, to determine the biologically relevent pathways that were activated or inhibited.  SPIA 142 

uses over-representation analysis (the prevalence of differential genes compared to all 143 

background genes), functional class scoring (the similarity of functions in genes differentially 144 

expressed) and pathway topology (a priori knowledge of signaling pathways). 145 

1.2 Motivation 146 

The symbioses of prokaryotes and eukaryotes in the GI tract leads to the question of what 147 

is the role that bacterially produced secretions (secretome), including QS molecules, have on 148 

eukaryotes. Interkingdom signaling is an emerging field of research that explores the ‘cross-talk’ 149 

between prokaryotes and eukaryotes. This relationship is of particular importance considering 150 

there are over 400 indigenous species of bacteria that comprise the gut and oral cavity, and these 151 

bacteria play an important role in proliferation and differentiation of epithelial cells, providing 152 

nutrients, influencing and maintaining immune responses.  While the mechanisms behind AI-2 153 

quorum sensing networks have been well-studied, the interkingdom signaling relationship 154 

between quorum signaling molecules and human cells is not yet understood. Therefore, before we 155 

engineer a commensal microbe to remove AI-2, we sought to determine the impact bacterial 156 

secretions have on epithelial cells, including in the presence or absence of AI-2.  157 

The motivation behind engineering microbes to rapidly consume the QS molecule AI-2 158 

extends to both natural and synthetic networks. As bacteria are developing resistance to 159 

antibiotics at a faster rate than the development of new therapies [44], which is a worldwide 160 



8 
 

crisis, interfering with quorum sensing as a stand-alone or adjuvant therapy is looked as a 161 

promising alternative. Quorum sensing inhibitors using synthetic, plant, or bacterial compounds 162 

has shown promising results in attenuating QS-dependent phenotypes, but some of these 163 

compounds have stability and toxicity issues, and all of these compounds have localized site of 164 

delivery issues. Engineering commensal bacteria that can remove the QS molecule at the site of 165 

infection could provide a promising alternative to antibiotics in human and health and disease. 166 

Extending beyond natural networks, many synthetic biology applications have incorporated QS 167 

networks, which lead to the need for developing tools to control these communication molecules.  168 

1.3 Dissertation Outline 169 

Chapter 2 describes the in vitro investigation into the interkingdom effects of the 170 

bacterial “secretome”, particularly AI-2, on epithelial cells. Two different strains of E. coli, BL21 171 

and W3110, and a negative control of growth media only are co-cultured with HCT-8 epithelial 172 

cells. To ensure that interaction is only between soluble factors, a transwell was placed between 173 

the epithelial cell culture and the bacterial cell culture (the negative control also uses a transwell). 174 

After 6 hours, the effects of the secretomes on epithelial cells are determined by extracting the 175 

colonic epithelial cell RNA and determining the transcriptome. We found that BL21 and W3110 176 

E. coli, which exhibit phenotypic differences including production of flagella, acetate, and AI-2, 177 

caused a similar reaction in epithelial cells, with the activation of cytokine-cytokine receptor 178 

pathways and the upregulation of negative feedback components of these pathways.  179 

Chapter 3 describes the development of a suite of QS consumers, ‘controller cells’, which 180 

can be deployed to regulate the ‘universal’ QS molecule autoinducer-2 (AI-2) in a predictable 181 

fashion using the well-characterized QS mechanisms of E. coli. In this design, we separately 182 

overexpressed the three main components responsible for the uptake and degradation of AI-2 183 

from the environment: AI-2 transport into the cell through the protein complex LsrACDB, 184 

phosphorylation of AI-2 to AI-2P (a form of AI-2 that cannot cross the cell membrane) by the 185 
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kinase LsrK, and degradation of AI-2P by the two-step process of isomerase LsrG and cleavage 186 

by LsrF. This study revealed that overexpression of the lsr-transporter, LsrACDB, causes the 187 

greatest increase in AI-uptake rate, and that overexpression of the kinase, LsrK, results in 188 

increased AI-2 uptake by limiting secretion of AI-2 back into the extracellular environment. 189 

Further, we developed a simple mathematical model that recapitulates experimental data and 190 

characterizes the dynamic balance among the various uptake mechanisms. We show that these 191 

‘controller cells’ modulate phenotypic outcomes such as biofilm formation and chemotaxis and 192 

provide an orthogonal means of manipulation of natural and synthetic gene networks and 193 

phenotypes (in press Metabolic Engineering). However, these controller cells needed large 194 

numbers directly interacting with the QS-dependent bacteria to block communication, required 195 

the addition of an exogenous inducing agent, functioned only in the absence of glucose—a 196 

common  nutrient in a variety of environments—and quenched, but did not tune QS-mediated 197 

gene expression.  198 

Chapter 4 describes an extension of this work to encapsulate a controller cell inside a 199 

multifunctional polysaccharide capsule to tune protein expression of QS-dependent protein 200 

expression systems, without direct interaction with the QS culture, the need for an inducing agent, 201 

or the exclusion of glucose. Our previous work revealed that the separate overexpression of LsrK 202 

and LsrACDB both resulted in increased uptake, and we hypothesized that the overexpression of 203 

both mechanisms would result in greater uptake than each individual overexpression. Therefore, 204 

we rationally designed a high-efficiency (HE) ‘controller cell’ through a two promoter 205 

constitutive system on a single plasmid to overexpress all aspects of the lsr-system, save the lsr 206 

repressor. Further, since the metabolic controls prevent AI-2 uptake and phosphorylation when 207 

glucose is present, our previously engineered ‘controller cells’ could not be applied in glucose-208 

rich environments.  The HE ‘controller cell’ constitutively expresses the lsr-system on the 209 

plasmid independently of genomic transcription, which removes this constraint.  210 
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We show that the HE ‘controller cell’ provides the most rapid uptake of AI-2 compared 211 

to all previously engineered cells, and that it is able to effectively remove all AI-2 from the 212 

extracellular environment in the presence of glucose. Further, the HE cells can silence QS-213 

dependent protein expression at very low HE to target cell ratios, and also when encapsulated 214 

inside a biocompatible capsule. We show that these encapsulated HE controller cells can quench 215 

QS signaling, which can be envisioned to be used as a quorum quenching treatment to reduce the 216 

expression of harmful phenotypes while sequestering the encapsulated bacteria. Our overarching 217 

goal was to not only quench protein expression, but to guide a QS-dependent system that would 218 

minimally interact with the controller cell populations. We show here that we can tune protein 219 

expression by adjusting the quorum activated population through capsule dosage. We envision 220 

that by enabling controlled manipulation of quorums, this tool could be used to assay threshold 221 

responses, manipulate complex genetic circuits, and develop and interrogate spatially-patterned 222 

cell populations.  223 

Chapter 5 discusses the development of an autonomous system that only turns ‘on’ and 224 

removes when AI-2 is present. This system not only uptakes and removes AI-2, but reports its 225 

presence by fluorescing. The system is well characterized with growth rates, AI-2 uptake kinetics, 226 

transcription and protein expression illustrated. We envision these cells could be used in in vivo 227 

applications to report and function in a programmable fashion.  228 

Chapter 6 provides a summary of the work, as well as discusses the contributions to 229 

science and future work.   230 
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Chapter 2: Bacterial secretions of nonpathogenic E. coli elicit 231 

inflammatory pathways: a closer investigation of interkingdom 232 

signaling 233 

This chapter was primarily reproduced directly or adapted from Zargar, Amin, et al. 234 

"Bacterial Secretions of Nonpathogenic Escherichia coli Elicit Inflammatory Pathways: a Closer 235 

Investigation of Interkingdom Signaling." mBio 6.2 (2015) with permission [45]  236 

2.1 Abstract 237 

There have been many studies on the relationship between nonpathogenic bacteria and 238 

human epithelial cells; however, the bidirectional effects of the secretomes (secreted substances, 239 

where there is no direct bacteria-cell contact) have yet to be fully investigated. In this study, we 240 

use a transwell model to explore the transcriptomic effects of bacterial secretions from two 241 

different non-pathogenic Escherichia coli strains on the human colonic cell line HCT-8 using 242 

next-generation RNA-seq transcriptional profiling. BL21 and W3110 E. coli, while genetically 243 

very similar (99.1% homology), exhibit key phenotypic differences including their production of  244 

macromolecular structures (e.g., flagella, lipopolysaccharide), and secretion of metabolic 245 

byproducts (e.g., acetate) and signaling molecules (e.g., quorum sensing autoinducer, AI-2). After 246 

analysis of differential epithelial responses to the respective secretomes, this study shows for the 247 

first time that a non-pathogenic bacterial secretome activates the NFκβ-mediated cytokine-248 

cytokine receptor pathways while also upregulating negative feedback components including the 249 

NOD-like signaling pathway. Because of its relevance as a bacteria-bacteria signaling molecule 250 

and the differences in its secretion rate between these strains, we investigated the role of 251 

autoinducer-2 (AI-2) on the HCT-8 cells. We found that the expression of inflammatory cytokine 252 

IL-8 responded to AI-2 with a pattern of rapid upregulation before subsequent downregulation 253 

after 24 hrs. Collectively, these data demonstrate that secreted products from non-pathogenic 254 
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bacteria stimulate transcription of immune related-biological pathways followed by the 255 

upregulation of negative feedback elements that may serve to temper the inflammatory response.    256 

2.2 Importance 257 

The symbiotic relationship between the microbiome and the host plays an important role 258 

in the maintenance of human health. There is a growing need to further understand the nature of 259 

these relationships to aid in the development of homeostatic probiotics and also in the design of 260 

novel antimicrobial therapeutics. To our knowledge, this is the first global transcriptome study of 261 

bacteria co-cultured with human epithelial cells in a model to determine transcriptional effects of 262 

epithelial cells, while allowing epithelial and bacterial cells to “communicate” to each other only 263 

through diffusible small molecules and proteins. By beginning to demarcate the direct and 264 

indirect effects of bacteria on the GI tract, two-way interkingdom communication can potentially 265 

be mediated between host and microbe.   266 

2.3 Introduction 267 

With approximately 1014 bacterial cells [46] populating the human GI tract, scientific 268 

investigations have uncovered that interkingdom interactions play an important role in 269 

maintaining homeostasis [47-49]. However, the normal microbiome can also elicit a dysregulated 270 

immune response that can be a source of pathogenicity in inflammatory bowel diseases, most 271 

commonly Crohn’s disease and ulcerative colitis. In the GI tract, intestinal epithelial cells (IECs), 272 

which are an important part of the innate immune system, act as a bridge to the adaptive immune 273 

system through their expression and secretion of inflammatory cytokines. IECs initiate this 274 

mechanism through pathogen associated molecular pattern (PAMP) receptors, such as toll-like 275 

receptors (TLRs) and nucleotide-binding oligomerization domain (NOD) receptors, which 276 

recognize bacterial products such as lipopolysaccharides, flagella, and peptidoglycan. These 277 

receptors activate signaling pathways, mainly through the transcription factor NFκβ, that 278 

culminate in the production of cytokines [50-52]. As the first point of contact, IECs are 279 
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continuously exposed to huge numbers of Eubacteria (1010-1012 cells per gram) in the colon [53] 280 

and therefore play an important role in bacterial-host communication [54-56].   281 

An understanding of the mechanisms of response and communication between the 282 

secretomes of epithelial cells and bacteria can aid in the understanding of the evolutionary 283 

biology of signal development as well as interventional design strategies for maintaining 284 

homeostasis (Figure 2.1) [56,57]. Moreover, signals that coordinate phenomena among bacteria 285 

(e.g., quorum sensing) and signals that mediate bacterial – IEC interactions are of particular 286 

interest as these communication networks are involved in pathogenesis and the progression of 287 

disease [55,58,59]. Commensurate with the need to understand this interkingdom communication, 288 

there have been many studies exploring the effects of non-pathogenic, commensal strains of 289 

bacteria on human cells [60-64]. However, most of these involved direct bacterial – IEC 290 

interaction, and those that investigated the secretome did not determine a global transcriptomic or 291 

proteomic response, leaving the effects of bacterial secretions to be largely unexplored. We have 292 

characterized the effects of the E. coli secretome, which is well-represented in the colon [65], 293 

through the use of a transwell that separates bacteria from epithelial cells while allowing small 294 

molecules and proteins to pass, and we have employed RNA-Seq because it provides several 295 

advantages over DNA microarrays including lower background noise, an absolute transcript 296 

count, and higher resolution [36]. By determining the global transcriptomic response of IECs to 297 

bacterial incubations in a system that allows only indirect contact, we can then more closely 298 

investigate the commonalities of interkingdom communication. 299 
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 300 

Figure 2.1: Interkingdom communication between microbiome and host in the GI tract. a) 301 

Quorum sensing (QS) molecules coordinate action among bacteria.  b) Secretome of bacteria, 302 

including QS molecules, affect the host's cellular machinery c) Epithelial cells secrete signals to 303 

neighboring and distant cells through signaling molecules d) Soluble factors secreted by the host 304 

affect bacteria 305 

In this work, we exposed nonpathogenic strains of two Gram-negative, Group A E. coli, 306 

BL21 and W3110, grown in the upper chamber of a transwell to the IEC line, HCT-8, cultured in 307 

a monolayer beneath the transwell. BL21, B strain derivative, and W3110, a K-12 strain 308 

derivative, have significantly different transcriptomes and proteomes leading to important 309 

phenotypic differences[66,67]. Our investigations show that the secretomes of either BL21 or 310 

W3110 activated the cytokine-cytokine receptor pathway (e.g. IL-8, TNF), while also 311 

upregulating the negative feedback regulators in NFκβ and NOD-like signaling pathways, NFκβ –312 

α and TNFAIP3, respectively. The upregulation of cytokines that activate the immune system as 313 

well as negative feedback regulators that reduce the transcription of these cytokines, could be part 314 

of the normal physiological response using a negative feedback loop [68] without which 315 

uncontrolled stimulation of inflammatory cytokines would lead to damaging inflammation to the 316 

host [47,68].   317 

The role of AI-2 was investigated further by incubating the in vitro synthesized signal 318 

molecule at varied concentrations and time periods with IECs in follow on studies. The 319 

inflammatory cytokine, IL8, which plays an important role in attracting neutrophils, was found to 320 

be initially upregulated at all concentration levels of AI-2 tested (50, 150 and 400 µM) at 6 and 321 
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12 hours post-addition. It was subsequently significantly reduced at all concentrations relative to 322 

the control after 24 hours. These data support a hypothesis that AI-2 is an IEC signaling molecule 323 

and that bacterial secretions, including AI-2, may have an initial transcriptional inflammatory 324 

response that is downregulated through alternative mechanisms, possibly including negative 325 

regulators NFκβ –α and TNFAIP3.     326 

2.4 Materials and Methods 327 

2.4.1 HCT-8 incubations with bacteria.  328 

HCT-8 cells were plated in 6 well culture plates (Fisher Scientific) at a seeding density of 329 

750,000 cells per well (375,000 cells/mL) in 10% Horse Serum (vol/vol) RPMI 1640 media 330 

(ATCC). The culture was grown to confluence for 48 hours at 37oC in the presence of 5% CO2 331 

humidified air. A 0.4 μm transwell (Becton Dickinson) was placed in each culture plate and BL21 332 

(2.6% overnight culture), W3110 (2.6% overnight culture) in 1.5 mL of RPMI media was added. 333 

RPMI media alone was added as a negative control. The co-culture was then incubated for 6 334 

hours at 37oC in the presence of 5% CO2 humidified air. After incubation, the transwell and 335 

enclosed media in the upper chamber were discarded, and the media of the lower chamber was 336 

removed and harvested for the Vibrio harveyi BB170 AI-2 activity assay and ELISA assays. The 337 

RPMI media is supplemented with phenol red, and there was no change in color in the lower 338 

chamber, indicating that there were no significant pH changes during incubation. RNA was 339 

extracted with the RNAqueous kit (Invitrogen) and eluted RNA was stored at -80oC until thawed 340 

for sequencing and qPCR.   341 

2.4.2 HCT-8 incubations with AI-2.  342 

  HCT-8 cells were plated and cultured in a similar manner as above. Synthetic AI-2 (10 343 

mM) in water was generously provided by the Sintim research group.  AI-2 at 50, 150 and 400 344 

μM in 2 mL of fresh RPMI media and incubated with HCT-8 cells for 6, 12 and 24 hours.   345 
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2.4.3 AI-2 activity assay.  346 

After incubation for 6 hours with the respective conditions, the media of the HCT-8 cells 347 

were harvested and tested for the presence of AI-2 by inducing luminescence in Vibrio harveyi 348 

reporter strain BB170, which was outlined Bassler and coworkers[69]. Briefly, BB170 was grown 349 

for 16 hours with shaking at 30°C in AB medium and kanamycin, diluted 1:5,000 in fresh AB 350 

medium and kanamycin, and aliquoted to sterile 12- by 75-mm tubes (Fisher Scientific). The 351 

media of each condition was added to a final concentration of 10% (vol/vol) to these tubes. 352 

Luminescence was measured by quantifying light production with a luminometer and obtained 353 

values were in the linear range. Values represent fold change compared to negative control. All 354 

conditions were taken in triplicate.   355 

2.4.4 RNA Downstream Analysis.  356 

  Each sample’s reads were aligned to the RefSeq annotated human genome, hg19, using 357 

the software Tophat [39]. These read abundances were then outputted into DESeq [42], an open-358 

source program in R that analyzes the statistical significance of differential expression. The 359 

abundance of sequenced reads, ‘counts’, of each gene were input into DESeq, a software that uses 360 

variance, transcript abundance, and fold-change to determine differential expression, normalized 361 

by the size of each sample’s cDNA library. A modified Fisher’s exact test with data fit to a 362 

negative binomial distribution of the DESeq package was used to identify the differentially 363 

expressed (DE) genes. Differentially expressed genes were outputted to SPIA [43] to evaluate 364 

pathway activation.  365 

2.4.5 Quantitative reverse transcription polymerase chain reaction (qPCR).  366 

  RNA was synthesized to cDNA using the BIO-73005 SensiFast SYBR Hi-Rox One Step 367 

Kit. For the selected candidate genes, primers were taken from the literature or designed using 368 

PrimerQuest. β-2-microglobulin, β2M, was used as a housekeeping gene, and qPCR was 369 
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performed on the 7900HT real time PCR System (Applied Biosystems) and thermal conditions of 370 

10 min at 45°, 2 min at 95°, and 40 cycles of 5 s at 95°and 20 s at 60°. The relative gene 371 

expression level of each target gene was then normalized to the mean of β2M in each group. The 372 

control for each gene expression sample set data was selected to be 0 μM AI-2 samples at each 373 

time point. Fold change was calculated using the ΔΔCT relative comparative method. Data from 374 

all the studies were analyzed using analysis of variance. Samples were completed in triplicate and 375 

standard deviations are reported (n=3). 376 

2.4.6 Enzyme-linked immunosorbent assay (ELISA)  377 

  Cell culture supernatants of HCT-8 cells in transwell incubations with BL21, W3110, and 378 

media alone were harvested and subsequently assayed with the Human Inflammatory Cytokines 379 

Multi-Analyte ELISArray Kit MEH-004A (Qiagen) 380 

2.5 Results  381 

2.5.1 The secretome of BL21 and W3110 causes differential gene expression in HCT-8 cells.  382 

In this study, we explored the transcriptomic changes of co-incubations of BL21 and 383 

W3110 in a transwell model with the IEC cell line, HCT-8. We chose a coincubation model, 384 

instead of using conditioned medium because bacteria themselves are affected by secretable 385 

molecules from mammalian cells, and we chose to include any such crosstalk [70,71]. Toward 386 

this end, overnight cultures of BL21 and W3110 were re-inoculated in fresh media in the upper 387 

chamber of the transwell, and blank media alone was used as a negative control (Figure 2.2A). 388 

The 0.4 μM transwell does not allow measureable amounts of bacteria to pass through the upper 389 

chamber (verified through optical density measurements of the lower chamber), but is large 390 

enough to allow metabolites and signaling molecules to pass. After 6 hours of coincubation, both 391 

bacterial strains reached similar cell densities (OD600 ~ 1, data not shown), and IECs appeared 392 

visibly intact with a cell viability assay showing less than 5% cell death [data not shown]. The 393 
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RNA of the HCT-8 cells was extracted, and cDNA libraries were created from polyadenylated 394 

RNA.  395 

 396 

 397 

Figure 2.2: Schematic of experimental setup. A) HCT-8 epithelial cells were grown to 398 

confluency, and then incubated with BL21, W3110 or media alone in the upper chamber of a 399 

transwell. After 6 hours of incubation, the RNA of the epithelial cells were extracted and 400 

sequenced. B) Downstream RNA-Seq pipeline for analysis of sequencing data (red boxes indicate 401 

open-source program). C) Mapping results of HCT-8 NGS transcripts to Refseq annotated human 402 

genome, hg19, with 5 biological replicates using the software Tophat D) Differentially expressed 403 

genes using the software DESeq. 542 differentially expressed genes between HCT-8 cells 404 

incubated with BL21 or blank media, 481 genes between HCT-8 cells incubated with W3110 or 405 

blank media, 280 genes between HCT-8 cells incubated with BL21 or W3110. We found 214 DE 406 

genes in common in incubations of BL21 or W3110 compared to blank media. 407 

The cDNA libraries of each condition were sequenced via NGS (see Methods) and then 408 

analyzed with downstream statistical software (Figure 2.2B). We performed five biological 409 

replicates, each constituting an average of over 60 million 100 bp paired-end reads mapping to 410 
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hg19, a RefSeq annotated human genome (Figure 2.2C). Mapping sequenced reads to the 411 

genome was performed using Tophat [39] (which uses a built-in alignment tool) and Bowtie [40] 412 

(which maps the cDNA reads to the reference genome). Tophat then aligns reads that did not 413 

initally align because of a splicing event and discards reads that cannot be aligned. The aligned 414 

reads were inputted into the open-source software DESeq [42], which was used to determine 415 

significantly differentially expressed genes (Benjamini-Hochberg-adjusted p values below 0.05).  416 

DESeq results indicated that BL21 and W3110 caused 542 and 481 differentially 417 

expressed genes to be up or down-regulated when compared to blank media and 280 were 418 

differentially expressed between BL21 and W3110 bacterial incubations. BL21 and W3110 419 

affected 214 genes in common when compared to blank media (Figure 2.2D). A closer 420 

examination of differentially expressed transcriptional levels between the three comparisons 421 

illustrate that the majority of differentially expressed fold changes were small magnitude 422 

differences that were less than two-fold (Table 2.1). With five biological replicates, we were able 423 

to determine significant differential gene expression between conditions that displayed these 424 

small differences. Additionally, we selected 8 genes for qPCR verification that spanned a wide 425 

range of expression, and measured transcriptional levels with qPCR, which showed a high degree 426 

of correlation, as expected (Supplementary Figure 2.1). 427 

  428 
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 429 

Table 2.1: Differentially expressed (DE) genes. DE genes in HCT-8 cells in incubations with BL21, 430 

W3110, or media alone. 431 
 432 

2.5.2. BL21 and W3110 activate the cytokine-cytokine receptor pathway.  433 

The biological implications of these differentially expressed genes were determined using 434 

Signaling Impact Pathway Analysis [43]. SPIA uses over-representation analysis (the prevalence 435 

of differential genes compared to all background genes), functional class scoring (the similarity of 436 

functions in genes differentially expressed) and pathway topology (a priori knowledge of 437 

signaling pathways) to identify activated or inhibited pathways (Supplementary Figure 2.2).  438 

 Since epithelial cells are often damaged through extracellular stimuli, they often initiate 439 

inflammation through the release of cytokines [72]. The cytokine-cytokine interaction pathway is 440 

regulated through the chemokine and NFκβ pathways, and as expected, these pathways were 441 

activated in both bacterial incubations (Table 2.2). The toll-like receptor (TLR) pathway is not 442 

listed in Table 2.2 as the pathway was not activated. It has been shown that TLR receptors in 443 
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colonic IECs, unlike other types of epithelial cells, develop tolerance after exposure to PAMPs 444 

such as LPS and lipotechnoic acid (LTA) [73,74], and only activate the TLR pathway after being 445 

primed with interferon-gamma (IFNγ) [75].  446 

  447 
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 BL21 / Media  W3110 / Media 

  KEGG Pathway p-value
a

 Status   KEGG Pathway p-value
a

 Status 
 

Cytokine-cytokine receptor 

interaction 
9.27E-

06 
Activated  

Cytokine-cytokine 

receptor interaction 
4.26E-

05 
Activated 

 Chemokine signaling pathway 
4.06E-

04 
Activated  

Chemokine signaling 

pathway 
1.81E-

04 
Activated 

 Osteoclast differentiation 
3.58E-

03 
Activated  

NOD-like receptor 

signaling pathway 
1.93E-

04 
Inhibited 

 NFκβ signaling pathway 
1.10E-

02 
Activated  HTLV-I infection 

2.67E-

04 
Activated 

 HTLV-I infection 
1.18E-

02 
Activated  

Epstein-Barr virus 

infection 
4.10E-

04 
Activated 

 Chagas disease 
4.10E-

02 
Activated  

NFκβ signaling 

pathway 
7.94E-

04 
Activated 

 
NOD-like receptor signaling 

pathway 
5.48E-

02 
Inhibited  

Osteoclast 

differentiation 
5.47E-

02 
Activated 

 448 

Table 2.2 SPIA significance. DE genes were inputted into SPIA (Signaling Pathway Impact 449 

Analysis) software to determine activated or inactivated pathways. Incubations of BL21 450 

compared to media alone resulted in the modulation of seven annotated KEGG pathways, and 451 

incubations of W3110 compared to media alone also resulted in the modulation of seven 452 

annotated KEGG pathways. Common to both sets were the activation of the cytokine-cytokine 453 

receptor interaction, chemokine signaling pathway, osteoclast differentiation, NFκβ signaling 454 

pathway, human T-lymphotropic virus-1 (HTLV-I) infection, and the inactivation of the NOD-like 455 

receptor signaling pathway. 456 

A closer investigation of the cytokine network found that 10 cytokines were significantly 457 

differentially expressed in one sample or the other (Figure 2.3A). All of these cytokines were 458 

upregulated, except BMP4, which is reponsible for the regeneration of epithelial cells. The 459 

upregulation of granulocyte macrophate colony-stimulating factor (CSF2) stimulates stem cells to 460 

produce granulocytes (neutrophils, eosinophils, and basophils) and monocytes. The CXC 461 

cytokines that were upregulated, (CXCL1, CXCL2, CXCL3, IL8) are chemotactic for 462 

neutrophils, and all of the CXC chemokines upregulated act as agonists for the same receptor. 463 

TNF, TNFSF9, and TNFRSF9 were upregulated and act as pro-apoptotic signals or receptors, as 464 

well as promoting leukocyte chemotaxis through the induction of proinflammatory cytokines 465 

[76]. CCL20, a CC motif cytokine, is weakly chemotactic for neutrophils, and strongly attractive 466 

for lymphocytes. Taken together, the cytokines act collectively to induce activation and long-term 467 

a pGFWER is Bonferroni adjusted global p-values 
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survival of neutrophils. This upregulation indicates that bacterial secretions have caused the IEC 468 

to signal the adaptive immune response due to the secretome of these nonpathogenic bacteria.  469 

 470 

 471 

Figure 2.3: Signaling pathway analysis. A) Activation of cytokine-cytokine receptor interaction 472 

pathway in incubations with BL21 or W3110.  Schematic shows cytokines (ovals) and cytokine 473 

receptors (rectangles) upregulated only by incubation with BL21 (blue), only by incubation with 474 

W3110 (red). Incubations with either E. coli strain (purple), or with no change in regulation by 475 

either E. coli strain is also shown (grey). B) Schematic of genes involved in canonical NFκβ 476 

pathway, adapted from KEGG. Gene expression levels upregulated (green) and unaffected (grey) 477 

by incubations with both BL21 and W3110 compared to media alone are shown. 478 

2.5.3 BL21 and W3110 activate the NFκβ pathway and its negative feedback components. 479 

The NFκβ pathway is an integral part of the immune response, and functions as a protein 480 

complex that controls DNA transcription. To prevent uncontrolled inflammation, it is thought that 481 
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the  negative feedback mechanisms associated with PAMP receptor activation are upregulated to 482 

suppress the over-production of inflammatory cytokines [77]. Consistent with this hypothesis, the 483 

canonical NFκβ pathway was activated in both bacterial incubations, and the negative feedback 484 

components (i.e. NFκβ -α inhibitor) were upregulated as well (Figure 2.3B).  485 

The function of the NFκβ pathway is controlled by the NFκβ kinase (IKK) complex, 486 

which consists of NEMO, IKK-α and IKK-β. The IKK complex phosphorylates the NFκβ -α 487 

inhibitor, which causes its proteosomal degradation. The degradation of the NFκβ -α inhibitor 488 

leads to the free movement of NFκβ into the nucleus and subsequent initiation of gene 489 

transcription. In both BL21 and W3110 incubations, the end products of the canonical NFκβ 490 

pathway were upregulated (inflammatory cytokines IL8, TNFα, and CXCL2) while the end 491 

products of the atypical NFκβ pathway (e.g. apoptosis regulator Bcl-XL) were unchanged. This 492 

indicates that the bacterial secretomes stimulated the HCT-8 immune response through the 493 

canonical NFκβ pathway, and possible microenvironmental conditions such as hypoxia, which 494 

activate the atypical NFκβ pathway[78], did not elicit an immune response.  495 

Critically, NFκβ -α inhibitor, which is integral to the negative feedback in the NFκβ 496 

pathway, was upregulated in both BL21 and W3110 incubations. Additionally, the NOD-like 497 

receptor pathway was inhibited in both pathways, with its negative feedback response regulator, 498 

TNFAIP3, also upregulated in both bacterial samples. NOD-like receptors (NLRs) act as 499 

cytosolic sensors, and once activated, subsequently activate a receptor-interacting protein (RIP). 500 

TNFAIP3 acts as the negative regulator of RIP, thereby quenching the signaling cascade despite 501 

the continued presence of agonists of NLRs [79]. TNFAIP3 has also been shown to be a critical 502 

negative feedback regulator to the NFκβ pathway [80]. The activation of the NFκβ pathway and 503 

the negative feedback regulators NFκβ -α inhibitor and TNFAIP3 suggest that components of the 504 

bacterial secretions act as a stimulus to the immune system, and that the epithelial cells have 505 
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coincidently upregulated the negative feedback components to prevent uncontrolled inflammation 506 

from this nonpathogenic encounter.  507 

2.5.4 Upregulation of gene expression by bacterial secretomes do not translate to increased 508 

cytokine protein expression.  509 

Using a 12 cytokine multi-analyte ELISA kit, we surveyed two of the upregulated 510 

cytokines from incubations with BL21 and W3110 (TNF and IL8) as well as 10 other cytokines 511 

involved in inflammation. We found that while inflammatory cytokine gene expression was 512 

upregulated at the transcriptional level, there was no concomitant increase in secretion 513 

(Supplementary Figure 2.3). This finding is supported by Kamada et al. (2000), who similarly 514 

used a transwell model and found that IL-8 secretion was unchanged in IEC HCT15 when 515 

incubated with E. coli K-12 strain DH10β for 4 hours [63]. These results indicate that the 516 

transcriptomic upregulation is quenched either post-translationally or through the upregulation of 517 

negative feedback mechanisms such as NFκβ and NOD-like signaling pathways.   518 

2.5.5 BL21 and W3110 cause differential expression in genes responsible for tissue 519 

structure.  520 

Since the bacterial secretome includes components such as LPS, an activator of 521 

osteoclastogenesis to enchance bone resorption in both in vitro and in vivo studies [81,82], 522 

differential expression of genes responsible for tissue structure was expected. Both BL21 and 523 

W3110 resulted in the activation of the osteoclast differentiation signaling pathway. CTSK, an 524 

end-product of this pathway, was upregulated in incubations with both BL21 and W3110 and 525 

encodes for the protein cathepsin K, a protease that breaks down elastin, gelatin and collagen, 526 

which are critical components of bone and cartilage. Furthermore, in the cytokine-cytokine 527 

receptor pathway, the downregulation of BMP4 induces the increased epithelial stem cell 528 

renewal. Collectively, these transcriptional differences indicate that the epithelial cells have been 529 
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insulted by the bacterial secretomes, causing the upregulation of genes responsible for cell 530 

renewal.  531 

2.5.6 Strain-specific differentially expressed genes   532 

BL21 and W3110 are derivatives of the B and K-12 strains of E. coli, respectively, and 533 

comprise the majority of all laboratory strains. Despite the similarity of their genomes, B strains 534 

and K-12 strains show marked phenotypic differences. B strains grow faster in minimal media, 535 

and have lower acetate production [66,67]. Furthermore, while B cells produce lower amounts of 536 

intracellular proteases (e.g. Lon, ClpA, ClpP), they secrete higher total levels of extracellular 537 

proteins, mainly through its Type II secretion pathway. K-12 strains have higher gene expression 538 

levels of heat shock proteins, flagella that provide motility, and they more ably survive stress 539 

insults (e.g. osmolarity, pH) than W3110 [66]. A closer investigation into the differential 540 

regulation caused by each strain illustrates that both affect the directionality (i.e. upregulated or 541 

downregulated) of differential expression in a similar manner. Of the 214 differentially expressed 542 

genes that BL21 and W3110 share in comparison to blank media, 100% of them were regulated 543 

in the same manner (i.e. upregulated or downregulated). Figure 2.4 shows a heatmap of the two 544 

strains organized by the 25 most up and downregulated genes in the BL21 coincubation. The 545 

similarity in gene expression to incubations with W3110 was striking, with many cytokines as the 546 

most upregulated genes.  547 
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 548 

Figure 2.4: Heatmap. 25 most upregulated (green) and downregulated genes (red) in HCT-8 in 549 

incubations with BL21 compared to media alone and in incubations of W3110 compared to 550 

blank media.  Trace line (white) indicates direction and extent of differential expression. 551 

Differential expression levels are similar between incubations of BL21 and W3110, and 100% of 552 

differential expression is regulated in the same manner (i.e. up or downregulated). DESeq was 553 

used to identify differential expression, and all genes listed have Benjamini-Hochberg-adjusted p 554 

< 0.05. Cytokines, including IL8 (red text), were among the genes most upregulated.  555 

While both strains showed similarity in fold change expression levels and directionality 556 

of regulation, we found the amplitude of the up and/or downregulation was higher in BL21 557 

incubations. This trend was also subtly revealed by more carefully considering the results from 558 

Figure 2.1C. Of the 214 genes that were commonly differentially expressed in both strains 559 

compared to blank media (Figure 2.1C), 96 were upregulated, and 76 of these (79.1%) were 560 

more upregulated in the BL21 sample. Of the 118 genes downregulated in common, 75 of these 561 

(63.5%) were more downregulated in the BL21 sample. Then, there were 280 genes differentially 562 
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expressed when comparing BL21 directly to W3110 (Figure 2.1C), and of these genes, 225 563 

(80.3%) were differentially expressed at a greater amplitude in incubations with BL21. Of 564 

particular importance is IL-8, a proinflammatory cytokine, as it shows greater abundance in 565 

incubations with BL21 as opposed to W3110 (Figure 2.5). These expression level differences 566 

indicate that secretions from BL21 induce a greater epithelial cell response than W3110. 567 

Importantly, cell densities of inocula were identical as were the final optical densities (data not 568 

shown).  569 

 570 

Figure 2.5: NGS sequenced reads mapped to annotated IL-8 gene as visualized in IGV. The IL-8 571 

gene is shown at the bottom with four exons separated by three introns. Each read is 572 

represented by a blue square, and the abundance of reads at each condition (BL21, W3110 or 573 

media alone) is shown. HCT-8 incubations with W3110 show greater abundance of IL-8 574 

transcription compared to media alone, while incubations with BL21 illustrate higher levels than 575 

W3110. One representative replicate sample of each condition is shown. 576 

We then sought to investigate the cause of the greater perturbation caused by BL21 577 

compared to W3110. Because of the use of the transwell, the phenotypic differences that would 578 

require direct interaction can be ignored, and we can focus on secretable substances. One possible 579 

candidate, LPS, is more highly expressed in BL21 than W3110 [66], and it is well known that 580 

LPS induces inflammatory effects on cytokines[83,84] and through it, the activation of the NFκβ 581 

in colonic IECs [85]. However, in colonic epithelial cells, the addition of cytokine IFNγ to the 582 

IEC is needed to express myeloid differentiation protein-2 (MD-2), which is required for LPS 583 

responsiveness [75,83]. Furthermore, priming of IFNγ with subsequent LPS exposure shows a 584 

transient upregulation of IL-8 that returns to baseline levels after 6 hours, which is the time period 585 
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used in this study. On the other hand, BL21 produced much more extracellular AI-2 than W3110 586 

(~ 35 μM compared to 8 μM, Supplementary Figure 2.4), and BL21 cells do not express the 587 

ABC transporter for uptake of quorum sensing signal molecule, autoinducer-2 (AI-2) or the 588 

intracellular kinase that sequesters AI-2 inside the cell [86]. BL21 showed much higher The 589 

effect of autoinducer-2 on colonic cells is of particular interest not only because the highest 590 

numbers of bacterial concentrations in the gut are found therein, but Eubacteria are almost 591 

entirely concentrated in this area of the GI tract [53]. Furthermore, the LuxS/AI-2 production 592 

system is highly conserved among the Eubacteria [9,87,88]; therefore we chose to investigate the 593 

effect of autoinducer-2 on IECs. While we have shown that the robust transcriptional response of 594 

epithelial cells to BL21 and W3110 is similar, the slightly greater amplitude shift in BL21 may be 595 

caused by the much higher levels of AI-2 in BL21. We then sought to tease out this smaller effect 596 

from the overall systematic response elicited from the secretome.   597 

2.5.7 AI-2 initiates upregulation of inflammatory cytokines before downregulation.  598 

Bacteria secrete and detect small molecules or autoinducers to coordinate gene 599 

expression in a cell density-dependent manner (known as quorum sensing, QS). These QS 600 

molecules are produced throughout the Eubacterial hierarchy and influence characteristics such as 601 

swarming motility, biofilm formation, virulence, among others (reviewed by [1-4]). The terminal 602 

synthase for one prevalent autoinducer, AI-2, has been found in over 80 species [9,87].  603 

Studies have shown both beneficial and deleterious effects of QS molecules on human 604 

epithelial cells. N-3-(oxododecanoyl)-L-homoserine lactone (OdDHL) produced by Pseudomonas 605 

aeruginosa induces apoptosis in many mammalian cell types[89-91], while  indole has been 606 

found to decrease inflammation in IECs by attenuating IL-8 production, reducing TNFα mediated 607 

NFκβ activation, and tightening cell junctions [49]. Investigations into interkingdom effects of 608 

AI-2 on human cells have been limited to one study where Bryan et al. (2010) performed 609 
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microarray studies of alveolar cells exposed to AI-2 at 50 μM, and found only 4 genes with over 610 

2 fold changes in expression [22].   611 

We chose to investigate the effect of AI-2 directly on IECs, and have performed a time 612 

course analysis using a range of AI-2 concentrations: 50, 150 and 400 µM. It must be noted that 613 

the levels of AI-2, or any other quorum sensing metabolite, is unknown in the GI tract. However, 614 

indole has been found in human feces at concentrations ranging from ~ 50-1100 μM [92,93], and 615 

interkingdom studies have used a range of concentrations from 0.4 to 250 μM for the AI-1 616 

molecule OdDHL[22,90,91]. In our study, 50 µM of AI-2 was chosen as it is the concentration of 617 

the only previous interkingdom study [22], and is a level approximating our coincubation studies 618 

with BL21, which exposed the HCT-8 cells to much higher levels of AI-2 than W3110 619 

(Supplementary Figure 2.4). 150 µM represents the upper limit reached by standard LB cultures 620 

of E. coli BL21 [94]. Finally, since it has been shown higher concentrations of Eubacteria can 621 

populate the colon than can be reached in vitro [53] and that QS molecules can reach much higher 622 

in biofilms (~600 μM) [95], we also selected 400 µM of AI-2 as a possible representation of high 623 

local QS molecule concentrations.  624 

Thus, we exposed HCT-8 cells to 50, 150 and 400 µM AI-2 for 6, 12 and 24 hours. We 625 

performed AI-2 assays on samples after 24 hours and found that significant quantities of AI-2 626 

were still present [data not shown]. After harvesting the RNA, we found that, IL-8, a 627 

proinflammatory cytokine that is chemotactic to neutrophils, was moderately upregulated with the 628 

average fold change for all three concentrations totaling 2.29 and 1.69 at 6 and 12 hour time 629 

points, respectively, before being downregulated (-1.98) compared to blank media for all three 630 

concentrations ranges at 24 hours (Figure 2.6). This trend was consistent with the secretomes and 631 

was found at all 3 concentrations. Interestingly, the same trend but at lower amplitude was found 632 

for TNF and CSF2 at some concentrations (Supplementary Figure 2.5). It is hypothesized that 633 

the interplay between host and the microbiota is tightly regulated, and that microbial metabolites 634 
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induce changes in the host signaling pathways, which are restored through negative feedback 635 

loops[68]. The initial upregulation of IL-8 expression levels with exposure of BL21 and W3110 636 

to the HCT-8 cells, followed by abatement to lower levels is consistent with this hypothesis.  637 

 638 

Figure 2.6 qPCR of IL-8. HCT-8 cells are incubated with AI-2 at 50, 150 and 400μM for 6, 12, and 639 

24 hours, normalized to media alone. At early times (6 and 12 hours), incubations with AI-2 640 

result in upregulation of IL-8 gene expression levels compared to media alone, while at 24 641 

hours, IL-8 expression levels are downregulated compared to media alone. qPCR fold level 642 

changes are shown.   643 

† p < 0.10, * p < 0.05, ** p < 0.01  644 

2.6 Discussion 645 

Investigations into interkingdom communication in the GI tract can aid in treatment for 646 

diseases such as inflammatory bowel disease, which arises from the immune system causing 647 

inflammation from commensal bacteria, and colorectal cancer, which is believed to be promoted 648 

through chronic inflammation. In this study, we have shown for the first time that bacterial 649 

secretions from non-pathogenic E. coli upregulated a number of proinflammatory pathways in 650 

IECs leading to the transcription of cytokines involved in recruiting leukocytes, particularly 651 

neutrophils. The activation of biological defense-related pathways from secretions of two 652 
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different strains of E. coli, BL21 and W3110, illustrate that direct contact from flagella, 653 

membrane bound proteins or secretion systems are not necessary to induce an immunological 654 

response from IECs. That is, we have shown that E. coli secretions cause the upregulation of pro-655 

inflammatory cytokines through the activation of the mediation pathway, NFκβ, indicating that 656 

the immune response was elicited through bacterial secretions. 657 

Our results also show that the negative feedback components of the NFκβ pathways 658 

(NFκβ -α inhibitor) and NOD-like receptor pathways (TNFAIP3) were upregulated in the HCT-8 659 

cells, indicating a negative feedback loop to control the upregulation of cytokine gene expression 660 

from nonpathogenic E. coli. NFκβ -α inhibitor acts to block the canonical and atypical NFκβ 661 

pathways, and its upregulation directly inhibits the transcription of cytokines. TNFAIP3 is a 662 

negative regulator of the NOD-like receptor pathway, the intracellular sensing mechanism 663 

corollary to the extracellular TLR sensing mechanism. The inhibition of the NOD-like pathway 664 

suggests a response to block the signaling cascade of bacterial products that were transported into 665 

the mammalian environment. The upregulation of these negative feedback components may 666 

suggest the IEC is preventing the physiological response from developing into a pathological 667 

response.   668 

While both bacteria elicited similar responses, BL21 appeared to cause greater 669 

perturbations in HCT-8 cells. As noted above, phenotypic differences between BL21 and W3110 670 

include flagella, LPS, heat-shock proteins, metabolic byproduct secretions, and AI-2 production. 671 

Our investigations into the interkingdom effects of AI-2 revealed a moderate, but significant 672 

upregulation in IL-8 at both 6 and 12 hours, followed by a significant downregulation found at 24 673 

hours. Like the results from the full secretome, this may indicate that AI-2 as a single signal 674 

molecule has an inflammatory effect, but after some period of modulation, the IEC inflammation 675 

is controlled through negative feedback to prevent a pathological response to a non-pathogenic 676 

stimulus. 677 
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In conclusion, while it may be expected that bacterial secretomes would affect IECs and 678 

immune function in the gut, our study has demonstrated that a bacterial-bacterial signaling 679 

molecule also influence the same. That is, IEC evidently “listen in” on the communication 680 

between bacteria that reside in the lumen and alter their behavior based on these signaling 681 

phenomena. Further exploration of the effects of bacterial soluble factors on IECs will aid in the 682 

understanding of microbial disease, and modulation of existing interkingdom signaling networks 683 

could result in novel methods to combat infections. 684 

  685 
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2.7 Supplemental Materials 686 

 687 

Figure S2.1: qPCR validation of RNA-Seq. Results shows high correlation for range of expression 688 

levels. 689 
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 691 

  692 

Figure S2.2: Signaling pathway analysis graphs. Significantly differentially expressed genes and 693 

expression levels from DESeq are inputted into SPIA (Signaling Pathway Impact Analysis) to 694 

determine activation and inhibition of entire biological pathways. All values to the right of the 695 

blue oblique line are significant after a False Discovery Rate adjustment of the global p-values. 696 

All values to the right of the red oblique line are significant after Bonferroni correction of the 697 

global p-values. a) HCT-8 cells incubated with BL21 compared to media significantly altered six 698 

biological pathways b) HCT-8 cells incubated with W3110 compared to media alone significantly 699 

altered six biological pathways. Common among both comparisons were the activation of the 700 

cytokine-cytokine receptor interaction, chemokine signaling pathway, osteoclast differentiation, 701 

NFκβ signaling pathway, human T-lymphotropic virus-1 (HTLV-I) infection, and the inactivation 702 

of the NOD-like receptor signaling pathway.  703 

* pPERT probability of finding a greater total accumulation perturbation than compared to the 704 

preturbation accumulation in the pathway by chance 705 

**  pNDE probability of finding at least x number of DE genes on the pathway using a 706 

hypergeometric model 707 

 708 
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 709 

Figure S2.3: Multi-analyte ELISA. ELISAs were performed on cell culture supernatants of HCT-8 710 

cells in transwell coincubations with BL21, W3110, and media alone. Values are normalized to 711 

positive control (1µg/mL). ELISA data show no translational modulation in inflammatory 712 

cytokines with incubations of either W3110 or BL21 compared to media alone. 713 
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 714 

Figure S2.4: AI-2 standard curve.  AI-2 concentration levels in HCT-8 supernatant from 715 

incubations with BL21 and W3110, respectively.  An AI-2 standard curve was created from AI-2 716 

activity assays (see methods) with known AI-2 concentrations, and a best fit linear regression is 717 

shown (R2 = 0.99).  AI-2 concentration levels in the supernatant of the lower transwell (HCT-8 718 

supernatant) are shown in incubations with BL21 (red) and W3110 (green). 719 
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 721 

Figure S2.5: qPCR of TNF and CSF2.  HCT-8 cells are incubated with AI-2 at 50, 150 and 400μM 722 

for 6, 12, and 24 hours. qPCR fold level changes are shown for colony stimulating factor-2 (CSF2) 723 

and tumor necrosis factor (TNF) and normalized to blank media (0 µM AI-2).    724 

† p < 0.10, * p < 0.05, ** p < 0.01  725 

 726 

  727 
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 728 

Table S2.1 Primers used for SYBR green qPCR  729 

 730 

  731 

Gene Primers 

CXCL2 Upstream primer:  TCCAAAGTGTGAAGGTGAAGTCCC 

Downstream primer:  GGTTGAGACAAGCTTTCTGCCCAT 

CXCL3 Upstream primer: CTGCAGGGAATTCACCTCAAGAAC 

Downstream primer: AGTGTGGCTATGACTTCGGTTTGC 

PDGFB Upstream primer: GGTGGGTTAGAGATGGAGTTTG 

Downstream primer: GAACCAGAGGAAGAGGTGAATC 

IL8 Upstream primer: TCCTGATTTCTGCAGCTCTGTGTG 

Downstream primer: AATTTCTGTGTTGGCGCAGTGTGG 

TNF Upstream primer: AGCCCATGTTGTAGCAAACC 

Downstream primer: TGAGGTACAGGCCCTCTGAT 

NFKB1 Upstream primer: GTGACAGGAGACGTGAAGATG 

Downstream primer: TGAAGGTGGATGATTGCTAAGT 

B2M Upstream primer: TGTGTCTGGGTTTCATCCATCCGA 

Downstream primer: TCACACGGCAGGCATACTCATCTT 

CSF2 Upstream primer: AAATGTTTGACCTCCAGGAGCCGA 

Downstream primer: GGTGATAATGTGGGTTGCACAGGA 
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Chapter 3: Rational design of ‘controller cells’ to manipulate protein 732 

and phenotype expression 733 

This chapter was primarily reproduced directly or adapted from Zargar, Amin et al. " Rational 734 

design of ‘controller cells’ to manipulate protein and phenotype expression " Metabolic 735 

Engineering [96]  736 

3.1 Abstract 737 

Coordination between cell populations via prevailing metabolic cues has been noted as a 738 

promising approach to connect synthetic devices and drive phenotypic or product outcomes. 739 

However, there has been little progress in developing ‘controller cells’ to modulate metabolic 740 

cues and guide these systems. In this work, we developed ‘controller cells’ that manipulate the 741 

molecular connection between cells by modulating the bacterial signal molecule, autoinducer-2, 742 

that is secreted as a quorum sensing (QS) signal by many bacterial species. Specifically, we have 743 

engineered E. coli to overexpress components responsible for autoinducer uptake (lsrACDB), 744 

phosphorylation (lsrK), and degradation (lsrFG), thereby attenuating cell-cell communication 745 

among populations. Further, we developed a simple mathematical model that recapitulates 746 

experimental data and characterizes the dynamic balance among the various uptake mechanisms. 747 

This study revealed two controller “knobs” that serve to increase AI-2 uptake: overexpression of 748 

the AI-2 transporter, LsrACDB, which controls removal of extracellular AI-2, and overexpression 749 

of the AI-2 kinase, LsrK, which increases the net uptake rate by limiting secretion of AI-2 back 750 

into the extracellular environment. We find that the overexpression of lsrACDBFG results in an 751 

extraordinarily high AI-2 uptake rate that is capable of completely silencing QS-mediated gene 752 

expression among wild-type cells. We demonstrate utility by modulating naturally occurring 753 

processes of chemotaxis and biofilm formation. We envision that ‘controller cells’ that modulate 754 

bacterial behavior by manipulating molecular communication, will find use in a variety of 755 

applications, particularly those employing natural or synthetic bacterial consortia. 756 
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3.2 Highlights 757 

  ‘Modular’ quorum sensing systems manipulate the extracellular AI-2 environment 758 

 Mathematical model characterizes mechanics of AI-2 signal transduction  759 

 ‘Controller cells’ can modulate protein expression in synthetic QS-dependent systems 760 

 Natural bacterial processes (chemotaxis and biofilm production) can be altered 761 

3.3 Introduction 762 

Metabolic engineering exploits the genetic modification of cellular pathways to improve 763 

production of metabolites and proteins [97,98]. Many noteworthy examples have been 764 

demonstrated wherein these cells serve as ‘factories’ for the environmentally sustainable 765 

production of energy, materials, and chemicals [99]. Towards this aim, metabolic engineering has 766 

incorporated finely tuned synthetic controllers and cells in the creation of artificial networks 767 

[100-104]. The general structure of these synthetic networks is based on control devices that 768 

respond to specific stimuli in a predictable fashion [105,106]. However, the task of coordinating 769 

among and between cell populations remains a critical challenge that can limit the production of 770 

desired end-products [13,107]. A further challenge is controlling the partitioning of resources that 771 

(i) maintain native metabolism and (ii) adequately support product synthesis [108,109]. One 772 

creative approach to address both of these challenges is through the leveraging of cell-cell 773 

communication networks, and these have been the target of a variety of dynamic control systems 774 

[110-112]. Using the native bacterial signaling network known as quorum sensing [113,114], we 775 

have previously shown the ability to reduce the metabolic burden [115,116] and “program” cell 776 

populations through the metabolic cue, autoinducer-2 [14,117]. However, while there has been 777 

much development in multicellular systems that respond to metabolic cues [118-121], control of 778 

the intensity of these metabolic cues to fulfill the potential of spatiotemporal control has not been 779 

realized. 780 
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In this work, we have developed bacterial AI-2 consumers, ‘controller cells’, which can be 781 

deployed to control AI-2 in a predictable fashion using the now well-characterized quorum 782 

sensing mechanisms of E. coli (Scheme 1A). AI-2 is synthesized and recognized by a wide 783 

variety of bacteria [9,87]; correspondingly its use as a potential target for modulating QS 784 

activities among different cell types is of interest. The use of genetically engineered bacteria to 785 

‘quench’ extracellular AI-2 was first described by Xavier et al. [35], where genetic deletions of its 786 

synthase (luxS) and its repressor (lsrR) were used to interfere with bacterial communication. 787 

However, the interrelated complexity of QS networks renders the elucidation of its mechanisms 788 

difficult, and the production of simple, “modular” networks would enrich the understanding of 789 

these actions [122]. We have addressed this through the model-based design, construction, and 790 

characterization of these ‘controller cells’ to modulate the external AI-2 environment. These cells 791 

are designed via the compartmentalization of different aspects of AI-2 processing: uptake 792 

(lsrACDB), phosphorylation (lsrK), and degradation (lsrFG) (Scheme 1B-1C).  793 

  794 
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 795 

Scheme 3: E. coli lsr-system: Panel (A) depicts the AI-2 quorum sensing network.  LuxS 796 

generates AI-2 from metabolic precursors, which is then exported out of the cell by TqsA.  AI-2 is 797 

primarily taken up through the ABC-type transporter Lsr, and then phosphorylated by LsrK to AI-798 

2P.  AI-2P depresses the response regulator LsrR, thereby activating transcription of the lsr 799 

operon.  AI-2P is degraded by LsrF and LsrG.  Panel (B) depicts the ‘controller cells’ that are 800 

engineered through the overexpression of distinct components of the lsr system. “Native” 801 

indicates native production, while ‘Induced’ indicateso over-expression.  Panel (C) illustrates the 802 

strains, plasmids, descriptions and sources used for these ‘controller cells’.   803 

These ‘controller cells’ provide the ability to regulate extracellular AI-2 and modulate 804 

synthetic circuits. Further, we show that the ability to quench extracellular AI-2 through 805 

‘controller cells’ can attenuate the native cell-cell behaviors of chemotaxis and biofilm formation. 806 

By teasing apart the regulatory network for AI-2, we have enhanced our understanding of the 807 

collective population-scale response to AI-2. In this way, systems can be designed wherein we 808 

decouple the consumption of AI-2 from bacterial population density and its emergent behavior. 809 

With the addition of ‘controller cells’, we provide an orthogonal means to modulate QS activity, 810 
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demonstrate their use as mediators of heterologous protein and phenotype expression, and 811 

provide a modeling foundation to guide QS-communication.  812 

3.4 Materials and Methods 813 

3.4.1 Plasmid construction 814 

The bacterial strains and plasmids used in this study are listed in Table S3.1, and were 815 

constructed according to standard procedures [123]. Briefly, plasmid pTrcHisB (Invitrogen) was 816 

used as the backbone to construct plasmids pLsrFG, pLsrK, pLsrACDB, and pLsrACDBFG. The 817 

sequences for lsrFG, lsrK, lsrACDB, and lsrACDBFG were amplified by PCR using Q5 818 

polymerase (New England Biolabs) from E. coli K-12 strain W3110. These PCR inserts were 819 

ligated into XhoI-digested pTrcHisB using Gibson assembly [124] and then transformed into 820 

LW12 (W3110 ΔluxS) [125]. Oligonucleotide primers were obtained from Integrated DNA 821 

Technologies (Coralville, IA) and are listed in Table S3.2. Cloning was verified with sequencing 822 

and Western Blot.  823 

3.4.2 AI-2 assay 824 

Cultured media was tested for the presence of AI-2 by inducing luminescence in Vibrio harveyi 825 

reporter strain BB170 [69]. Briefly, BB170 was grown for 16 hours with shaking at 30°C in AB 826 

(AI-2 Bioassay) media. AB media is made by adjusting 400 mL of distilled (DI) water to pH 7.5, 827 

and adding 7 grams of NaCl, 2.4 grams of MgSO4, 0.8 grams casamino acid, and 8 mL of 828 

glycerol. AB media is supplmented with 400 μL of potassium phosphate buffer (K2HPO4 10.71g 829 

and 5.24g KH2PO4 in 100 mL of DI water), 400 μL of 0.1M L-arginine (0.1742g in 10 mL of DI 830 

water), 40 μL of riboflavin (10 μg/mL), 40 μL of thiamine (1 mg/mL) and 40 μL kanamycin (50 831 

mg/mL). 832 
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Overnight cultures were diluted 1:5,000 in fresh AB media with kanamycin, and 833 

aliquoted into sterile 12 x 75-mm tubes (Fisher Scientific). Test samples were added to BB170 834 

cultures at a final concentration of 10% (vol/vol). Luminescence was measured by quantifying 835 

light production with a luminometer (EG&G Berthold LB 9509 Jr) and assays were adjusted, if 836 

needed, so that values were in the linear range. Data are presented as “fold change” compared to 837 

negative controls. All conditions were tested in triplicate. In experiments with supplemented 838 

chemically-synthesized AI-2, we report AI-2 activity normalized to the initial concentration, as 839 

our previous study showed a linear correlation between AI-2 concentration and resultant 840 

bioluminescent AI-2 activity [126]. 841 

3.4.3 AI-2 uptake profiles of ‘controller cells’ 842 

Chemically synthesized AI-2 [127] was generously provided by the Sintim research 843 

group. Each strain was reinoculated by diluting an overnight culture to 3% volume in 10 mL of 844 

LB; these cells were grown in a 50 mL culture flask to an optical density (OD) ~ 0.4-0.6 at 30oC 845 

with 250 RPM shaking. Isopropyl β-D-1-thiogalactopyranoside (IPTG) and AI-2 were added to a 846 

final concentration of 1 mM and 50 μM, respectively. Every half hour, optical density was 847 

measured (Supplementary Figure 3.1) and samples were harvested for analysis. The average 848 

bioluminescence for samples at t = 0 was denoted 50 μM, and subsequent AI-2 activity values 849 

were normalized to this concentration.  850 

3.4.4 Modulation of AI-2 in co-cultures   851 

BL21 pTrcHisB, LW12 pTrcHisB, and LW12 pLsrACDBFG were reinoculated at 3% of 852 

overnight culture in 25 mL of LB in 125 mL culture flasks and grown to an OD ~ 0.4-0.6 at 37oC 853 

with ampicillin. Co-cultures of BL21 pTrcHisB incubated with either LW12 pTrcHisB or LW12 854 

pLsrACDBFG were aliquoted in culture test tubes at ratios of 9:1, 3:1, 1:1, 1:3, and 1:9. IPTG (1 855 
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mM) was added and every 30 minutes optical density (Supplementary Figure 3.2) was 856 

measured and samples were harvested, on which AI-2 activity assays were performed. 857 

3.4.5 Silencing of autoinduced protein expression  858 

LW12 pTrcHisB and LW12 pLsrACDBFG were reinoculated at 3% overnight culture 859 

into 25 mL of LB in 125 mL flasks and grown to an OD ~ 0.4-0.6. The samples were induced 860 

with IPTG (1 mM) for three hours, before being resuspended (2000 RPM for 10 minutes) to an 861 

OD ~ 1. W3110 pCT6 pET-GFPuv [14], a strain of E.coli that responds to the level of the AI-2 862 

concentration by expressing GFP, was grown to an OD ~ 0.2, and then incubated with LW12 863 

pTrcHisB or LW12 pLsrACDBFG. Flow cytometric analysis was performed using a FACSCanto 864 

II™ Flow Cytometer (Becton Dickinson) and all raw data was analyzed with BD FACSDiva™ 865 

6.0 software (Becton Dickinson). 866 

3.4.6 Biofilm studies and evaluation  867 

W3110 pTrcHisB, LW12 pTrcHisB, and LW12 pLsrACDBFG were diluted to OD ~ 868 

0.05 and reinoculated at a total volume of 200 μL at a 1:1 (v/v) ratio. IPTG (1 mM) was added at 869 

OD ~ 0.4, and biofilms were cultured for ~ 24 hours (+/- 30 minutes) at 30oC in static conditions. 870 

After incubation, optical density was read on a plate reader (Molecular Devices SpectraMax M2) 871 

at 600 nm. The supernatant was gently decanted, and each well was washed 3 times with 300 μL 872 

of sterile PBS to detach loosely adhered cells. The plate was then incubated at 60oC with the lid 873 

off for 60 minutes, and afterwards, 250 μL of 0.1% crystal violet was added to each well and 874 

incubated for 15 minutes at room temperature. Crystal violet stain was aspirated with a pipette 875 

and excess stain was washed off by gently submerging and mixing in a tray filled with distilled 876 

water until washings were free of the stain. After the microplate was air-dried, the dye was 877 

resolubilized by adding 250 μL of 95% ethanol, and incubated at room temperature with shaking 878 
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for 30 minutes. The optical density of each well stained with crystal violet was measured at 540 879 

nm.  880 

3.4.7 Chemotaxis studies and assay  881 

Preparation of conditioned media: LW12 pTrcHisB and LW12 pLsrACDBFG were 882 

inoculated from frozen cell stock in 20 mL of LB with ampicillin in a 125 mL culture flask and 883 

grown overnight to OD ~ 0.4 at 23 oC with 150 RPM shaking. The cultures were induced with 884 

IPTG (1 mM) for two hours (23 oC, 150 RPM shaking) before being washed and resuspended 885 

with DPBS (with calcium and magnesium) to OD ~ 0.4. LW12 pTrcHisB and LW12 886 

pLsrACDBFG cultures were incubated at 37 oC with 250 RPM shaking with 0 µM and 20 µM 887 

AI-2. The cell cultures were spun down, and the supernatant (“conditioned media”) was syringe-888 

filtered and stored at -20 oC.  889 

Transwell chemotaxis assay: CT104 pCT6 pET-dsRed cultures [128] were inoculated from 890 

frozen stock into 30 mL of LB in 250 mL culture flasks and grown overnight to an OD ~ 0.4-0.6 891 

at 23 oC with 150 RPM shaking. The cells were spun down at 1500 RPM with a fixed rotor for 15 892 

minutes and washed twice with DPBS (supplemented with calcium and magnesium) to an optical 893 

density ~ 0.4-0.6. A 3.0 µm transwell was placed in four wells of a 6-well plate (Corning). CT104 894 

pCT6 pET-dsRed cells were first pipetted into the bottom of the wells with a volume of 2.5 mL 895 

per well, followed by 1.5 mL of each of the “conditioned media” fluids added to the top of the 896 

transwell. The plate was incubated at 30 oC for three hours; cells accumulating in the upper 897 

transwell had swum vertically [129]. This method yields fewer motile cells than the reverse 898 

scenario (swimming down), but precludes settling in negative controls. The optical density of 899 

each sample from the top chamber of the transwell was measured at 600 nm. The experiment was 900 

repeated in triplicate. 901 
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3.5 Results 902 

3.5.1 Design of modular QS elements  903 

As illustrated in Scheme 1A, the three steps involved in the processing of AI-2 from the 904 

extracellular environment are (i) uptake, primarily through the LsrACDB transporter 905 

[125,130,131], (ii) LsrK-mediated phosphorylation of AI-2 (to AI-2P), which blocks export back 906 

to the extracellular milieu so that accumulated AI-2P binds the regulatory protein LsrR [132,133], 907 

derepressing the Lsr transporter as well as enzymes, LsrF and LsrG, and (iii) degradation of AI-908 

2P through the two step process from isomerase LsrG followed with cleaving and thiolation by 909 

LsrF [133,134]. In this study, we cloned lsrFG, lsrK, lsrACDB, and lsrACDBFG into the plasmid 910 

pTrcHisB to enable overexpression of all proteins associated with these AI-2 processing 911 

mechanisms (Scheme 1B-1C). We subsequently transformed each plasmid into LW12, a luxS 912 

null mutant that cannot synthesize AI-2.  913 

We first characterized the uptake rate of AI-2 by adding a fixed amount of exogenous AI-914 

2 and monitoring the extracellular concentration. Each strain was grown to mid-logarithmic phase 915 

(OD ~ 0.4) with the subsequent addition of 50 µM AI-2 and 1 mM IPTG (see Methods) and 916 

optical density was recorded throughout (Supplementary Figure 3.1). Figure 3.1A shows the 917 

uptake profile of each strain (colored dots), as well as the results of a topologically simple 918 

mathematical model (black trendlines) comprised of several ordinary differential equations 919 

(Table 3.1) for state variables AI-2, the molecular species that contribute to AI-2 uptake, and 920 

optical density for each cell type. Note, we have included an empty vector control LW12 921 

pTrcHisB that will consume AI-2 (ΔluxS), but not in an accelerated fashion. We found that 922 

overexpression of lsrACDB and lsrACDBFG genes showed the highest rate of uptake, indicating 923 

that AI-2 transport into the cell is the slowest step involved in the processing of extracellular AI-2 924 

into phosphorylated intracellular AI-2. Further, overexpression of lsrK resulted in an extracellular 925 
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AI-2 removal rate slower than overexpression of the transporter, but still faster than the host 926 

strain, LW12, with an empty vector or pLsrFG. 927 

 928 

Figure 3.1 AI-2 uptake profiles of ‘controller cells’ A) Each plasmid was transformed into LW12 929 

(W3110 ΔluxS) and grown to OD ~ 0.4 before the addition of IPTG (1 mM) and AI-2 (50 µM). AI-2 930 

levels were measured with AI-2 activity assays (see Methods) every 30 minutes (data points) and 931 

a mathematical model was created (black trendlines) to fit the data. B) Collation of 932 

mathematical models of each strain. Each experiment is performed in triplicate.  933 

  934 
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 935 

Table 3.1: Ordinary differential equations of model. Uptake of exogenously added AI-2 by each 936 

plasmid in the strain LW12 937 

Using the described network architecture, our deterministic model yielded simulation 938 

results that closely matched the experimental data (Figure 3.1A). The simulated values of AI-2 939 

uptake for each ‘controller cell’ is illustrated in Figure 3.1B and these indicate a broad 940 

distribution in the rate of AI-2 uptake through the overexpression of the various uptake 941 

mechanisms, and also enrich our understanding of the kinetic balances basis for these 942 

phenomena.  943 

In all cases, this is a phenomenological “best fit” model that incorporates the molecular 944 

features contributing to uptake, and it is a simplification of our previous stochastic model for AI-2 945 

uptake [135] and deterministic model for lsr gene expression [130]. The AI-2 transport into the 946 

cell is described as an interaction of the protein complex LsrACDB with extracellular AI-2, and 947 

the phosphorylation of AI-2 to AI-2P (a sequestered form of AI-2 that cannot be secreted back 948 

outside the cell) is dependent on the interaction of enzyme LsrK with intracellular AI-2. The 949 

induction parameter IPTGx is used as an input (1 or 0) to specify if a plasmid-encoded protein is 950 

overexpressed (e.g. pLsrACDBFG has IPTGACDB value of 1, and IPTGK value of 0) in the 951 

presence of IPTG (strains without induction showed reduced AI-2 uptake, Supplementary 952 

Figure 3.3). Our prior work on lsr gene expression and AI-2 synthesis [130,135] provided an 953 

initial range of kinetic parameters; a parameter estimation routine was used to fit the model based 954 

Reaction

Cell density            

(LsrACDB overexpression)

Cell density            

Differential Equation

AI-2 inside the cell

AI-2 outside the cell

ACDB protein synthesis

Lsr kinase synthesis
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on a least squares minimization of the distance between the experimental and modeled data 955 

(Table 3.2). A detailed discussion of rate equations, growth rates, and kinetic parameters can be 956 

found in the Supplementary material. 957 

 958 
Table 3.2: Model species and kinetic rate constants in model of exogenously added AI-2 959 

uptake by each plasmid in the strain LW12  960 

3.5.2 Quenching of QS-dependent protein expression 961 

We sought to “shut off” W3110 pCT6 pET-GFPuv, a strain that produces and responds to 962 

AI-2 by producing GFP, to provide an independent means to alter heterologous gene expression 963 

[14]. In Figure 3.2, we show that a 1:1 mixture of W3110 pCT6 pET-GFPuv with LW12 964 

pLsrACDBFG almost completely suppresses QS-activated gene expression from the WT (AI-2 965 

producing) cells for 10 hours. This is in stark contrast to the empty vector results, which found 966 

that over 50% of the total population was observed to synthesize GFP over the same time period. 967 

Intermediate timepoints show a steady rise in the production of GFP in co-incubations with the 968 

empty vector, while co-incubations with LW12 pLsrACDBFG remained low throughout 969 

Species Initial Condition/Range

[0, 270] min

50 μM

Intracel lular AI-2 0 μM

[1,0]

[1,0]

Kinase 0 μM

ACDB transporter 0 μM

Cel l  dens i ty (LsrACDB,LsrACDBFG) 0.4-0.6

Cel l  dens i ty (LsrK, LsrFG, empty) 0.4-0.6

Parameters Best fit value

0.008 μM
-1

 min
-1

0.045 min
-1

0.006 μM-1 min-1

0.9 μM min -1

0.1 μM min
-1

0.02 min -1

0.0056 min
-1

Growth rate (LsrACDB express ion) 0.0044 min -1

Growth rate

AI-2 import by LsrACDB complex

AI-2 export 

AI-2 phosphorylation

Induced express ion

Native express ion

Protein decay

Description

Description

Time

Extracel lular AI-2 

Plasmid-encoded LsrK

Plasmid-encoded LsrACDB
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(Supplementary Figures 3.S4-S5). “Since both the ‘controller cells’ and W3110 pCT6 pET-970 

EGFP have the same antibiotic resistance, relative population dynamics could not be determined 971 

throughout the incubation. However, since LW12 pTrcHisB has a faster growth rate than LW12 972 

pLsrACDBFG (Table 3.2), purely growth rate dynamics would favor decreased fluorescence in 973 

cultures of LW12 pTrcHisB than LW12 pLsrACDBFG. Because we chose the ‘controller cell’ 974 

strain having the greatest uptake rate, LW12 pLsrADCBFG, we would expect that by either using 975 

a lower inoculum fraction or by selecting LW12 pLsrK (the strain that significantly reduced AI-2 976 

levels through overexpression of the kinase) at 50% inoculum we would observe gradations in the 977 

overall fraction of QS positive activity. These results demonstrate “programmed” attenuation of 978 

heterologous protein expression as an indicator of QS phenotype and typically this is an outcome 979 

we seek to maximize. However, such control of the metabolic cue may also have positive 980 

implications for guiding synthetic networks of small populations of cells assembled to coordinate 981 

to produce a desired outcome [13]. 982 

 983 

Figure 3.2 Cell-cell modulation of protein expression.  Panel (A) shows results for two cultures 984 

with an initial state of non-fluorescence.  A 1:1 mixture of OD~1 of LW12 pLsrACDBFG or LW12 985 

pTrcHisB is mixed with OD~0.2 of reporter strain W3110 pCT6 pET-GFP. Panel (B) shows FACS 986 

data of the non-fluorescing population of both mixtures and the results 10 hours later.   987 

Microscopic images of the cells at 10 hours are shown, adjusted for clarity.  988 

3.5.3 Manipulation of ‘producer cell’ in co-cultures and extension of model 989 
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Previously, we illustrated that the E. coli strain, BL21 luxS+, can act as ‘producer cell’ to 990 

increase protein expression in QS-dependent systems [14]. To enable the use of these cells to 991 

dynamically modulate metabolic cues, we investigated the interaction of the most effective 992 

‘controller cell’, pLsrACDBFG, and the empty vector with strain BL21 luxS+. We note that BL21 993 

does not take up AI-2 from the medium [86], hence the removal of AI-2 here is due solely to the 994 

added ΔluxS ‘controller cells’. In this experiment, BL21 pTrcHisB, LW12 pTrcHisB, and LW12 995 

pLsrACDBFG were grown to an OD ~ 0.4 and co-cultures of BL21 pTrcHisB were incubated 996 

with either LW12 pTrcHisB or LW12 pLsrACDBFG and aliquoted in culture test tubes at ratios 997 

of 9:1, 3:1, 1:1, 1:3, and 1:9. At this point, IPTG (1 mM) was added and samples were harvested 998 

every 30 minutes on which AI-2 activity assays were performed and optical density was 999 

measured (Supplementary Figure 3.2).  1000 

The data in Figure 3.3A depict the AI-2 levels over time for each initial condition (the 1001 

initial ratio of BL21 to ‘controller cell’ ranging from 9:1 to 1:9). The initial level of AI-2 is due to 1002 

wild-type BL21 in the inoculums (they had secreted AI-2 in precultures). As expected, cultures 1003 

with more BL21 initially had higher AI-2 activity levels and remained highest throughout the 1004 

incubation. Also, we note that for the control culture, LW12 pTrcHisB (Figure 3.3A blue bars), 1005 

there was an appreciable consumption of AI-2 so that we did not find a consistent threefold 1006 

decrease in AI-2 as the population shifted in three-fold increments from 9:1 to 1:9. Nonetheless, a 1007 

nearly linear decrease was observed with increasing LW12 pTrcHisB cells and this would be 1008 

expected. In contrast, the rapid uptake rate of LW12 pLsrACDBFG is perhaps most evident in 1009 

cultures where the consumer culture strain was present at an initial ratio of 1:1 or higher. In these 1010 

cases, LW12 pLsrACDBFG (Figure 3.3A red bars), prevented significant quantities of AI-2 from 1011 

accumulating to even measurable levels in the extracellular environment throughout the time 1012 

period, while the empty vector control showed increased accumulation of AI-2 over time at all 1013 
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ratios. Hence, the co-cultured LW12 pLsrACDBFG cells effectively cleared all QS signaling 1014 

among the ‘producer’ cells at these ratios.  1015 

  1016 
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 1017 

Figure 3.3 LW12 pLsrACDBFG modulates AI-2  in the microenvironment.  Panel (A) illustrates 1018 

the AI-2 in co-cultures of E. coli BL21 (luxS+) with LW12 pTrcHisB (blue) and LW12 pACDBFG 1019 

(red), respectively, over time in a range of concentration ratios. AI-2 levels were measured with 1020 

AI-2 activity assays every 30 minutes. Each experiment is performed in triplicate with error bars 1021 

indicating standard error.  Panel (B) compares the AI-2 activities at 120 minutes with the 1022 

mathematical model generated.  1023 

The mathematical model developed in Table 3.1 was extended to characterize these co-1024 

cultures (Figure 3.3B), as opposed to the addition of exogenous AI-2 to the earlier simulations 1025 

where AI-2 was exogenously added to ‘controller cell’ cultures (Figure 3.1). We found good 1026 

agreement between the model and the experimental data, and detailed discussion of all rate 1027 

equations, growth rates, and kinetic parameters is provided in the Supplementary material. We 1028 
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note all rate equations and kinetic parameters used in the uptake profile for exogenously added 1029 

AI-2 were unchanged for the co-incubation experiments.  1030 

3.5.4 Chemotaxis and biofilm attenuation 1031 

While this methodology provides a tool to regulate synthetic systems, it may also serve as 1032 

a modifier of natural processes such as antibiotic susceptibility, motility, and biofilm formation. It 1033 

has been shown that AI-2 has a contributing effect on biofilm formation in the E. coli W3110 1034 

[136]; therefore, we investigated if LW12 pLsrACDBFG, could interfere with biofilm formation 1035 

from this biofilm producer. Co-incubations of W3110 pTrcHisB were reinoculated with either 1036 

LW12 pTrcHisB or LW12 pLsrACDBFG and grown in a 96-well plate for 24 hours. In certain 1037 

wells, exogenous AI-2 was added to produce greater biofilm formation, and homocysteine, a side-1038 

product of AI-2 synthesis, was added as an additional negative control. Optical density 1039 

measurements showed no significant variation in growth (Figure 3.4A), thereby suggesting that 1040 

this method to obtain biofilm reduction does not exert selective pressure. Biofilm production was 1041 

normalized to the final cell density and LW12 pLsrACDBFG showed reduced biofilm formation 1042 

by about 20% compared to identical incubations with LW12 pTrcHisB (Figure 3.4B). A two-1043 

tailed unpaired Student’s t-test was performed between the groupings, and a p-value of 0.0000485 1044 

was determined, indicating that the biofilm reduction is significant. Further, the addition of 1045 

exogenous AI-2 to the co-incubations (bar ‘D’) showed a restoration of biofilm formation in co-1046 

culture of LW12 pLsrACDBFG while homocysteine (bar ‘E’) does not, which further illustrates 1047 

that the direct removal of AI-2 by LW12 pLsrACDBFG caused the resultant biofilm reduction.  1048 

  1049 
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 1050 

 1051 

 1052 

 1053 

 1054 

 1055 

 1056 

 1057 

 1058 

 1059 

 1060 

 1061 

 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

Figure 3.4: Effects of AI-2 on biofilm production. Co-incubations of (A) W3110 pTrcHisB : LW12 1068 

pTrcHisB (B) W3110 pTrcHisB : LW12 pTrcHisB + homocysteine (50 µM) (C) W3110 pTrcHisB : 1069 

LW12 pTrcHisB + AI-2 (50 µM) (D) W3110 pTrcHisB : LW12 pLsrACDBFG (E) W3110 pTrcHisB : 1070 

LW12 pLsrACDBFG + homocysteine (50 µM) (F) W3110 pTrcHisB : LW12 pLsrACDBFG + AI-2 (50 1071 

µM ) are mixed at a 1:1 ratio at OD ~ 0.05 and IPTG (1 mM) is added at OD ~ 0.4. Homocysteine 1072 

is added as a negative control to evaluate the effect of exogenous AI-2.  Biomass is measured in 1073 

technical triplicate after 24 hours, and each experiment is performed in biological duplicate.  1074 

Figure 3.4A illustrates optical density at OD600 after 24 hours. Figure 3.4B shows the ratio of cell 1075 

density at OD600 to biomass measured at OD540. A Student’s two tailed unpaired t-test was used 1076 

to compare the groupings shown and a significance value of p = 4.85 x 10-5 was determined. All 1077 

error bars indicate one standard deviation.    1078 

  1079 

Similarly, AI-2 acts as a chemoattractant for E. coli [137], and we show that LW12 1080 

pLsrACDBFG can interfere with chemotaxis through the removal of AI-2. Conditioned media 1081 
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with exogenously added AI-2 incubated with LW12 pTrcHisB or LW12 pLsrACDBFG was used 1082 

in a transwell assay where a culture of “seeker” cells, W3110 ΔluxS ΔlsrFG, in the bottom 1083 

chamber traverse the permeable membrane towards the conditioned media with AI-2 in the top 1084 

chamber (see Methods). As shown in Figure 3.5, a greater population of “seeker” cells 1085 

chemotaxed upwards towards conditioned media from incubations with LW12 and the empty 1086 

vector supplemented with AI-2 than LW12 pLsrACDBFG supplemented with AI-2, illustrating 1087 

that the clearing of AI-2 by LW12 pLsrACDBFG can block AI-2 mediated chemotaxis.  1088 

 1089 

Figure 3.5: Effects of AI-2 on chemotaxis. Migration of CT104 (ΔluxS ΔlsrFG) in a transwell 1090 

incubated for two hours (see Methods) with induced (1 mM IPTG) conditioned media of (A) 1091 

LW12 pTrcHisB (B) LW12 pTrcHisB + AI-2 (20 μM) (C) LW12 pLsrACDBFG and (D) LW12 1092 

pLsrACDBFG + AI-2 (20 µM).  Each experiment is performed in biological triplicate. Error bars 1093 

indicate one standard deviation.    1094 

  1095 
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 1096 

3.6 Discussion 1097 

Connecting both natural and synthetic networks, quorum sensing is widely used for a variety 1098 

of processes and applications. When we developed the first population based example of a native 1099 

regulatory circuit that was rewired to sense and transduce AI-2 to produce proteins, we looked 1100 

forward to its potential to be used for “throttled” protein expression[14]. This dynamic control 1101 

could help lead to the development of a ‘synthetic switchboard’ to control multiple genes in 1102 

industrial bioprocesses [138], and the ‘universal’ signaling molecule AI-2, could be a natural 1103 

choice to guide this kind of consortia. Traditional metabolic engineering could also benefit from 1104 

microbial consortia, where a division of labor between two communities decreases the net 1105 

metabolic load, creates new compounds, and increases productivity [139]. Synthetic 1106 

communication systems would provide population-level coordination [140], and by developing 1107 

an orthogonal method to control these QS systems, we provide another useful tool to guide 1108 

microbial consortia in metabolic engineering applications.  1109 

We have previously demonstrated that both native [125] and artificial transcriptional circuits 1110 

[14,117] are dependent on the level of signal and that this potentially has widespread application 1111 

[27,141,142]. In this work, we developed ‘controller cells, the application of which can actively 1112 

modulate extracellular AI-2 concentrations. We show that the most effective ‘controller cell’, 1113 

LW12 pLsrACDBFG, can silence heterologous gene expression. Also, this ‘controller cell’ can 1114 

independently remove the signal generated from a ‘producer cell’, BL21, revealing the possibility 1115 

of dynamic modulation (i.e. up- and down-regulation). We extended the application from 1116 

synthetic networks to the naturally occurring processes of biofilm formation and chemotaxis.  1117 

Further, the deterministic model developed here helps to delineate the mechanistic 1118 

underpinnings that guide QS phenomena. While the increased rate of AI-2 uptake due to 1119 

LsrACDB overexpression was expected, increased uptake coincident with LsrK overexpression 1120 
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was not (Figure 3.1B). By examining our model results in the context of the roles of the various 1121 

components, we hypothesize that enhanced AI-2 uptake was due to a combination of two related 1122 

factors. The first was that phosphorylated AI-2, unlike AI-2, cannot be transported across the 1123 

bacterial membrane [32]. Thus, increased LsrK converts more intracellular AI-2 into AI-2P, 1124 

increasing net AI-2 influx into the cell. Second, phosphorylated AI-2 acts to derepress LsrR, 1125 

consequently resulting in greater expression of the lsr-operon from the genome (that is, AI-2P is 1126 

assumed to be in rapid equilibrium with LsrR and this level corresponds to the prevailing rate of 1127 

LsrK expression). So, faster accumulation of AI-2P should result in faster activation of lsr – 1128 

mediated components. Of these two factors, we believe that the dominant is that the increased AI-1129 

2P prevents AI-2 from leaking back out of the cell. This was supported by the uptake profile of 1130 

cells with pLsrFG, which was not significantly different than the uptake profile of cells with the 1131 

empty vector. Theoretically, overexpression of lsrFG should result in faster degradation of AI-2P, 1132 

which should cause a concomitant decreased expression of the genomic lsr-operon and 1133 

resultantly, a slower uptake of AI-2. Since the uptake rate was not significantly altered, which 1134 

suggests sufficient AI-2P levels in LW12 pLsrFG to maintain transcription of the genomic lsr-1135 

operon, then increased levels of AI-2P in LW12 pLsrK from overexpression of LsrK was 1136 

correspondingly unlikely to cause much greater activation of the genomic lsr-operon. 1137 

While we have only simulated conditions that describe the experiments shown, its use as a 1138 

predictive tool for further work is envisioned. That is, the intentional modulation of quorum-1139 

sensing molecules by the inclusion of static or growing ‘controller cells’ can provide an 1140 

additional level of control for synthetic networks. Further understanding of the kinetic parameters 1141 

of the uptake system would guide future manipulation using this control methodology; one might 1142 

estimate the quantities of ‘controller cells’ needed to guide protein expression or other processes. 1143 

Alternatively, we suggest that similarly engineered commensal E. coli may provide a means for 1144 

altering behavior in natural ecosystems such as the gut microbiome. Analogously, by extension, 1145 
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other bacterial species similarly engineered may provide a means to alter the balance of native 1146 

niches. To our knowledge these concepts have not been reported. Among the many phenotypes 1147 

controlled by AI-2 [8] at least two have been demonstrated in E. coli [136,143], and we have 1148 

shown here that LW12 pLsrACDBFG can guide these phenotypes (biofilm formation and 1149 

chemotaxis). We envision such cells might find utility in minimally disturbing cell-cell processes. 1150 

We recognize that the current system uses a “charged” bacterium (induced with IPTG to 1151 

overexpress transporter); the advantage being a well-controlled ‘controller cell’. There may be 1152 

instances where a completely autonomous system would be more advantageous; it might 1153 

interrogate and interact within ecological niches. While challenges clearly remain for tailoring 1154 

metabolic cues to spatiotemporally control cell populations, this work provides one additional 1155 

potent tool for guiding phenotype among bacterial populations.  1156 

3.7 Supplemental material on mathematical model 1157 

3.7.1 Mathematical model of ‘controller cells’ with exogenously added AI-2 1158 

The expression of LsrACDB and LsrK are presented as 1st order dependent on cell 1159 

density; this presumes that LsrR binding kinetics are rapid relative to the transcription rate and 1160 

that LsrR is effectively unbound to the DNA because of the high levels of AI-2P. Since it has 1161 

been shown that the alternative transport system is far slower than the lsr-mediated system to 1162 

uptake AI-2 [130], we have assumed that flux through the alternative pathway is negligible. The 1163 

secretion of AI-2 back into the extracellular environment through the transporter TqsA [144] is 1164 

assumed to be 1st order.  Lastly, the growth rates are fitted to experimental measurements (R2 > 1165 

0.90), and it was found that overexpression of the LsrACDB and LsrACDBFG resulted in growth 1166 

rates that were slower compared to the other strains (Supplementary Figure 3.1).   1167 

3.7.2 Extension of deterministic model to co-incubations with BL21 1168 
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The mathematical model developed with exogenous AI-2 is extended to account for co-1169 

incubations with AI-2 producer, BL21 pTrcHisB. All strains were grown to an OD ~ 0.4 and co-1170 

cultures of BL21 pTrcHisB were incubated with either LW12 pTrcHisB or LW12 pLsrACDBFG 1171 

and aliquoted in culture test tubes at ratios of 9:1, 3:1, 1:1, 1:3, and 1:9. Rate equations for 1172 

incubations of BL21 pTrcHisB with LW12 pTrcHisB or LW12 pLsrACDBFG are listed in Table 1173 

S3.3 and Table S3.4, respectively. We note that kinetic rate coefficients are unchanged from 1174 

incubations with exogenous AI-2 (Table S3.5). Further, the production of AI-2 from BL21 is 1175 

modeled as a 1st order process, since it has been shown that BL21 accumulates AI-2 in the 1176 

extracellular environment with a similar dependence on cell density during exponential growth 1177 

[94]. The resuspension of the cultures in various ratios results in various degrees of disturbance, 1178 

and a phenomena known as an intermediate lag phase has been found to occur when cells are 1179 

disturbed during exponential growth [145-147]. Therefore, a microbial lag phase is included in 1180 

the model for strains that were diluted to below a 50% initial co-culture ratio. It is well-known 1181 

that the length of the microbial lag phase is dependent on various parameters, including the 1182 

deviation from the prior state and the bacterium [145,148]. We used the commonly used growth 1183 

model from Baranyi and Roberts (1994) [149], resulting in an adjustment function dependent on 1184 

the deviation from the previous state (denoted here as physiological state). The adjustment 1185 

function, (
𝑸𝒊

𝟏+𝑸𝒊
), has an initial higher deviance for strains with 10% of the co-culture ratio 1186 

compared to strains with 25% of the co-culture ratio. The adjustment function approaches a value 1187 

of 1 at a rate dependent on the cell density growth rate. Since LW12 pLsrACDBFG has a slower 1188 

growth rate than LW12 pTrcHisB and BL21 pTrcHisB, the adjustment function returns to a value 1189 

of 1 slower for LW12 pLsrACDBFG than the other cultures. Lastly, the optical density rates are 1190 

fitted from the experimental measurements and show good agreement (R2 > 0.87) 1191 

(Supplementary Figure 3.2).  1192 



63 
 

3.8 Supplemental figures 1193 

 1194 
 1195 

Figure S3.1: Optical density of individual strains. OD600 of respective strains after reinoculation 1196 

and growth to OD ~ 0.4 before the addition of IPTG (1 mM) and AI-2 (50 µM).    1197 

0.0

0.5

1.0

1.5

2.0

2.5

0 30 60 90 120 150 180 210 240 270

O
p

ti
ca

l D
en

si
ty

Time (Minutes)

LW12 pTrcHisB

LW12 pLsrFG

LW12 pLsrK

LW12 pLsrACDB

LW12 pLsrACDBFG



64 
 

 1198 

 1199 

 1200 

Figure S3.2: Optical density of co-cultures. OD600 of co-cultures of E. coli BL21 with LW12 1201 

pTrcHisB or LW12 pLsrACDBFG, respectively, over time at range of concentration ratios 1202 

 1203 

  1204 
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 1205 

Figure S3.3: Uninduced uptake rate. Uptake rate of LW12 pLsrACDBFG with or without the 1206 

presence of IPTG (1 mM)   1207 

 1208 

  1209 

10

100

1000

0 30 60

A
I-

2
 A

ct
iv

it
y

Time (min)

LW12 pLsrACDBFG (100 μM) + IPTG

LW12 pLsrACDBFG (100 μM) 



66 
 

 1210 

Figure S3.4: QS reporter with control. A 1:1 mixture of OD~1 of LW12 pTrcHisB is mixed with 1211 

OD~0.2 of reporter strain W3110 pCT6 pET-GFP. Panel shows FACS data of the non-fluorescing 1212 

population of both mixtures over time.    1213 

 1214 

 1215 
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 1216 

Figure S3.5: QS reporter with controller cell. A 1:1 mixture of OD~1 of LW12 pLsrACDBFG  is 1217 

mixed with OD~0.2 of reporter strain W3110 pCT6 pET-GFP. Panel shows FACS data of the non-1218 

fluorescing population of both mixtures over time.    1219 

 1220 

 1221 

 1222 

  1223 
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3.9 Supplemental Tables 1224 

 1225 

Strains Description Source 

E. coli    

W3110 

K12 strain, wild type,  l-, F-, IN(rrnD-rrnE)1, rph-1s 

Genetic Stock Center 

Yale University, New 

Haven, CT 

LW12 W3110 ΔluxS::Kan T  [125] 

BL21 B strain, F-ompT [dcm][lon]hsdS(rB
-MB

-)gal 
Novagen 

V. harveyi   

      BB170 BB120 luxN::Tn5 (sensor 1- ,sensor 2+), Kmr [69] 

Plasmids Description Source 

pFZY1 galK'-lacZYA transcriptional fusion vector, Apr [150] 

pET200/D-

TOPO 
Cloning vector, containing T7 promoter, Kmr Invitrogen 

pTrcHisB pTrcHis derivative, Apr Invitrogen 

  

pET200/dsRed 
pET200 derivative, containing dsRed, Kmr [129] 

pCT6 
pFZY1 derivative, containing lsrR and lsrR 

promoter region fused with T7RPol, Apr 
[14] 

pLsrFG pTrcHisB derivative, containing lsrFG, Apr This study 

pLsrK pTrcHisB derivative, containing lsrK, Apr This study 

pLsrACDB pTrcHisB derivative, containing lsrACDB, Apr This study 

pLsrACDBFG pTrcHisB derivative, containing lsrACDBFG, Apr This study 

Table S3.1: All strains and plasmids used in Chapter 3 1226 

 1227 

 1228 

 1229 

  1230 
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Name Sequence Relevant Description 

pLsrFG Fwd CGATAAGGATCCGAGCATGGCAGATTTAGACGATATTAAA

G 

Forward primer for 

cloning lsrFG 

pLsrFG Rev GTACCAGCTGCAGATCTCACGGCATCAAACCATTG Reverse primer for 

cloning lsrFG 

pLsrK Fwd CGATAAGGATCCGAGCTGAGATGGCTCGACTCTTTACC Forward primer for 

cloning lsrK 

pLsrK Rev GTACCAGCTGCAGATCTCGAGCTATAACCCAGGCGCTTTC Reverse primer for 

cloning lsrK 

pLsrACDB 

Fwd 

CGATAAGGATCCGAGCTCGAGATGCAAACGAGTGATACC Forward primer for 

cloning lsrACDB 

pLsrACDB 

Rev 

GTACCAGCTGCAGATCTGAGTCAGAAATCGTATTTGCCG Reverse primer for 

cloning lsrACDB 

pLsrACDBFG  

Fwd 

CGATAAGGATCCGAGCATGCAAACGAGTGATACC Forward primer for 

cloning lsrACDBFG 

pLsrACDBFG  

Rev 

GTACCAGCTGCAGATCCTCACGGCATCAAACCATTG Reverse primer for 

cloning lsrACDBFG 

Table S3.2: Oligonucleotide primers used in Chapter 3 1231 

  1232 
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 1233 

Table S3.3: Rate equations used in co-incubations of BL21 pTrcHisB with LW12 pTrcHisB 1234 

 1235 

Reaction

Cell density                           

(BL21)

Cell density                     

(LW12 pTrcHisB)

Physiological state 

(BL21)

Physiological state 

(LW12 pTrcHisB)

Lsr kinase synthesis

Differential Equation

AI-2 outside the cell

AI-2 inside the cell

ACDB protein synthesis
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 1236 

Table S3.4: Rate equations used in co-incubations of BL21 pTrcHisB and LW12 pLsrACDBFG 1237 

 1238 

Reaction

Cell density                           

(BL21)

Cell density                     

(LW12 pTrcHisB)

Physiological state 

(BL21)

Physiological state 

(LW12 pTrcHisB)

ACDB protein synthesis

Differential Equation

AI-2 outside the cell

AI-2 inside the cell

Lsr kinase synthesis
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 1239 

Table S3.5: Kinetic rate constants and parameters used in co-cultures  1240 

 1241 

  1242 

Species Initial Condition/Range

[0, 120] min

[0, 4] μM

 'Control ler' intracel lular AI-2 0 μM

[1,0]

[1,0]

Kinase 0 μM

ACDB transporter 0 μM

Cel l  dens i ty (LW12 pTrcHisB) 0.04-0.54

Cel l  dens i ty (LW12 LsrACDBFG) 0.04-0.54

Cel l  dens i ty (BL21 pTrcHisB) 0.04-0.54

[.90, .75, .50, .25, .10]

[.10, .25. .50, .75, .90]

[.10, .25. .50, .75, .90]

Phys iologica l  s tate BL21 pTrcHisB [0, 0,  0, 1.5, 1]

Phys iologica l  s tate LW12 pTrcHisB [1, 1.5, 0, 0, 0]

Phys iologica l  s tate LW12 pLsrACDBFG [1, 1.5, 0, 0, 0]

Parameters Best fit value

0.008 μM
-1

 min
-1

0.045 min
-1 

0.006 μM-1 min -1

0.9 μM min -1

0.1 μM min -1

0.45 μM min -1

0.02 min -1

0.010 min -1

0.007 min -1

Description

Time

Overexpress ion of LsrK

Overexpress ion of LsrACDB

Description

Ratio of BL21 pTrcHisB

Ratio of LW12 pTrcHisB

Ratio of LW12 pLsrACDBFG

Growth rate (LW12 pLsrACDBFG)

Growth rate (BL21 / LW12, pTrcHisB)

AI-2 production

Extracel lular AI-2 

AI-2 phosphorylation

Induced express ion

Native express ion

Protein decay

AI-2 import by LsrACDB complex

AI-2 export 
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3.10 Supplemental Material on Mathematical Model 1243 

Mathematical model of ‘controller cells’ with exogenously added AI-2 1244 

The expression of LsrACDB and LsrK are presented as 1st order dependent on 1245 

cell density; this presumes that LsrR binding kinetics are rapid relative to the 1246 

transcription rate and that LsrR is effectively unbound to the DNA because of the high 1247 

levels of AI-2P. Since it has been shown that the alternative transport system is far slower 1248 

than the lsr-mediated system to uptake AI-2 [130], we have assumed that flux through the 1249 

alternative pathway is negligible. The secretion of AI-2 back into the extracellular 1250 

environment through the transporter TqsA [144] is assumed to be 1st order.  Lastly, the 1251 

growth rates are fitted to experimental measurements (R2 > 0.90), and it was found that 1252 

overexpression of the LsrACDB and LsrACDBFG resulted in growth rates that were 1253 

slower compared to the other strains (Supplementary Figure 3.1).   1254 

Extension of deterministic model to co-incubations with BL21 1255 

The mathematical model developed with exogenous AI-2 is extended to account 1256 

for co-incubations with AI-2 producer, BL21 pTrcHisB. All strains were grown to an OD 1257 

~ 0.4 and co-cultures of BL21 pTrcHisB were incubated with either LW12 pTrcHisB or 1258 

LW12 pLsrACDBFG and aliquoted in culture test tubes at ratios of 9:1, 3:1, 1:1, 1:3, and 1259 

1:9. Rate equations for incubations of BL21 pTrcHisB with LW12 pTrcHisB or LW12 1260 

pLsrACDBFG are listed in Table S3.3 and Table S3.4, respectively. We note that kinetic 1261 

rate coefficients are unchanged from incubations with exogenous AI-2 (Table S3.5). 1262 

Further, the production of AI-2 from BL21 is modeled as a 1st order process, since it has 1263 

been shown that BL21 accumulates AI-2 in the extracellular environment with a similar 1264 

dependence on cell density during exponential growth [94]. The resuspension of the 1265 
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cultures in various ratios results in various degrees of disturbance, and a phenomena 1266 

known as an intermediate lag phase has been found to occur when cells are disturbed 1267 

during exponential growth [145-147]. Therefore, a microbial lag phase is included in the 1268 

model for strains that were diluted to below a 50% initial co-culture ratio. It is well-1269 

known that the length of the microbial lag phase is dependent on various parameters, 1270 

including the deviation from the prior state and the bacterium [145,148]. We used the 1271 

commonly used growth model from Baranyi and Roberts (1994) [149], resulting in an 1272 

adjustment function dependent on the deviation from the previous state (denoted here as 1273 

physiological state). The adjustment function, (
𝑸𝒊

𝟏+𝑸𝒊
), has an initial higher deviance for 1274 

strains with 10% of the co-culture ratio compared to strains with 25% of the co-culture 1275 

ratio. The adjustment function approaches a value of 1 at a rate dependent on the cell 1276 

density growth rate. Since LW12 pLsrACDBFG has a slower growth rate than LW12 1277 

pTrcHisB and BL21 pTrcHisB, the adjustment function returns to a value of 1 slower for 1278 

LW12 pLsrACDBFG than the other cultures. Lastly, the optical density rates are fitted 1279 

from the experimental measurements and show good agreement (R2 > 0.87) 1280 

(Supplementary Figure 3.2).   1281 
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Chapter 4: Generation of ‘quantized quorums’ through dose-dependent 1282 

encapsulated bacteria 1283 

The following work is prepared to be submitted into ACS Synthetic Biology.  1284 

4.1 Abstract 1285 

Bacteria secrete and recognize communication molecules to coordinate action in a 1286 

process known as quorum sensing (QS), which plays a role in natural processes such as biofilm 1287 

formation, antibiotic susceptibility, and motility. QS is used to connect synthetic networks with 1288 

QS molecules such as acyl homoserine lactones, autoinducer-2 and oligopeptides.  Previously, we 1289 

engineered a suite of ‘controller cells’ that elucidated the dynamics of the uptake mechanisms and 1290 

were used to quench QS and modulate QS dependent phenotypes such as biofilm formation. 1291 

However, these ‘controller cells’ required an equivalent ratio of induced controller cell population 1292 

to target QS cell population, an undesirable scenario in many microbiological applications. In this 1293 

work, we rationally design a high-efficiency (HE) ‘controller cell’ that provides the most rapid 1294 

uptake of the quorum sensing molecule autoinducer-2 (AI-2), without the addition of an 1295 

exogenous inducing agent, to guide QS populations in a sequestered, encapsulated environment. 1296 

This is done through the expression of every element of the lsr-system, with the exception of the 1297 

lsr repressor, on a two-promoter constitutive plasmid. In addition to greatly increased uptake rate, 1298 

this HE ‘controller cell’ is unaffected by the presence of glucose, thereby providing the 1299 

possibility to affect cell processes in diverse, polymicrobial environments as well as glucose 1300 

feedstock bioreactors. We show that these HE cells can silence quorum sensing at much lower 1301 

cell populations than previous ‘controller cells’, and then show that through HE encapsulation 1302 

inside the well-studied alginate-chitosan capsule motif, we can quench quorum sensing in target 1303 

QS populations from a sequestered environment. Lastly, we sought to enable quantized 1304 

subpopulation of QS-activated cells and in a dose-dependent fashion, tune QS-mediated gene 1305 

expression. We have previously described the generation of ‘quantized quorums’ through 1306 
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differences in AI-2 sensitivity[151], and here, we build on this by producing these quorums in a 1307 

user-mediated fashion. These encapsulated bacteria provide orthogonal control to drive protein 1308 

expression while maintaining minimal interaction and interference with the system, with 1309 

applications in metabolic engineering and human disease.   1310 

4.2 Introduction 1311 

Quorum sensing (QS) is a process used by many microorganisms to coordinate action in 1312 

a cell-density dependent manner through small signaling molecules. Microorganisms survey their 1313 

local environment through the production and transduction of QS molecules. This coordination is 1314 

necessary in natural bacterial networks such as biofilm formation, virulence factor secretion, and  1315 

antibiotic production which can be critical to survival, but are fruitless if only enacted by a single 1316 

member of the community. When the critical threshold for QS molecules is reached, indicating a 1317 

sufficient cell population, a ‘quorum’ is obtained and bacteria can initiate gene expression as a 1318 

community to coordinate behavior of a population on a larger scale[152]. Extending beyond 1319 

natural processes, synthetic biologists have incorporated these QS components into synthetic 1320 

circuits to generate sophisticated systems such as bistable networks, pulse generators, spatio-1321 

temporal activation of gene expression, and predator-prey ecosystems [106].  1322 

Recently, we developed “controller cells” to quench QS-dependent protein expression 1323 

and phenotypic outcomes such as biofilm formation and chemotaxis (in review). These cells 1324 

provided an orthogonal means of manipulation of natural and synthetic gene networks and 1325 

phenotypes. However, these controller cells needed large amounts of bacteria directly interacting 1326 

with the system to block communication, required the addition of an exogenous inducing agent, 1327 

functioned only in the absence of glucose—a common  nutrient in a variety of environments. The 1328 

requirement of an induced, direct interaction of a large controller cell population to actuate 1329 

quorum sensing suppression may not be suitable for many applications. Ideally, we could not 1330 
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only quench, but tune QS-dependent response in a target population through a sequestered, 1331 

separated controller cell population. 1332 

In this work, we sought to extend our prior work to encapsulate a controller cell inside a 1333 

multifunctional polysaccharide capsule to tune protein expression of QS-dependent protein 1334 

expression systems, without direct interaction with the QS culture, the need for an inducing agent, 1335 

or the exclusion of glucose. We rationally designed a high-efficiency (HE) ‘controller cell’ that 1336 

would provide rapid uptake of AI-2 without the need for an inducing agent, such as IPTG. In this 1337 

design, we build off of our prior work where we separately overexpressed the three main 1338 

components responsible for the uptake and degradation of AI-2 from the environment (Scheme 1339 

1): AI-2 transport into the cell through the protein complex LsrACDB, phosphorylation of AI-2 to 1340 

AI-2P, a form of AI-2 that cannot cross the cell membrane, by the kinase LsrK, and degradation 1341 

of AI-2P by the isomerase LsrG and cleavage by LsrF.  1342 

 1343 

Scheme 4: Schematic of the lsr-system in E. coli and engineered plasmids. LuxS generates AI-2, 1344 

which is exported out of the cell by TqsA. The ABC-transporter complex, LsrACDB, brings AI-2 1345 

into the cell where it is subsequently phosphorylated by LsrK into AI-2P. AI-2P derepresses LsrR, 1346 

the global regulator of the lsr operon, from the genome allowing transcription of the lsr-genes. 1347 

AI-2P is degraded through a two-step process by enzymes LsrG and LsrF. The engineered 1348 

plasmids pLsrK, pLsrACDBFG, and pLsrHE are illustrated with constitutive transcription through 1349 

the leakiness of the Ptrc promoter. 1350 
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Our previous work revealed that the separate overexpression of LsrK and LsrACDB both 1351 

resulted in increased uptake, and we hypothesized that the overexpression of both mechanisms 1352 

would result in greater uptake than overexpression of each separately. Therefore, a two promoter 1353 

system on a single plasmid was designed to overexpress all aspects of the lsr-system, save the lsr 1354 

repressor, and we rely on ‘leaky’ transcription from the trc promoter (i.e. IPTG is not added). As 1355 

a host strain, we previously used a ΔluxS synthase knockout to enable investigation of the kinetics 1356 

involved in AI-2 uptake. In this study, to fully enable AI-2 uptake, we used the strain SH1c, a 1357 

ΔluxS ΔlsrR double knockout that does not require a quorum of phosphorylated AI-2 to activate 1358 

the lsr system. Further, since the metabolic pathway that is responsible for AI-2 uptake and 1359 

phosphorylation is greatly impaired when glucose is present due to the reduction of transcription 1360 

factor cAMP-CRP [125], our previously engineered ‘controller cells’ could not be applied in 1361 

glucose-rich environments.  The HE ‘controller cell’ constitutively expresses the lsr-system using 1362 

the trc promoter, independently of genomic transcription of the lsr system through the lsr 1363 

promoter, which removes the need for the cAMP-CRP transcription factor.  1364 

We show that the HE ‘controller cell’ provides the most rapid uptake of AI-2 compared 1365 

to all previously engineered cells, and that it is the only one to effectively remove all AI-2 from 1366 

the extracellular environment in the presence of glucose. Further, the HE cells can silence QS-1367 

dependent protein expression communication not only at very low cell quantities, but also when 1368 

encapsulated inside a biocompatible capsule. We sought to encapsulate these cells to maintain 1369 

population separation while being able to effectively remove AI-2 and interfere with quorum 1370 

sensing. Recent work has shown that ‘engineered’ population control through killer proteins can 1371 

achieve adjustable steady state populations [16,153,154], and we aim to engineer quantized active 1372 

subpopulations with minimal interaction. To achieve this, the ‘controller cells’ were encapsulated 1373 

in a porous chitosan-alginate capsule.  The improved HE controller cell is needed to overcome the 1374 

diffusion limits of small molecules into capsules and the comparatively small bacterial 1375 
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populations encapsulated to effectively uptake AI-2, as empty vector controls show no significant 1376 

reduction in AI-2 levels.  1377 

We show that higher dosages of these encapsulated HE controller cells can quench QS 1378 

signaling, which can be envisioned to be used as a quorum quenching [35,155] treatment to 1379 

reduce the expression of harmful phenotypes while maintaining separation from the encapsulated 1380 

bacteria. Our overarching goal was to not only quench protein expression, but to guide a QS-1381 

dependent system that would minimally interact with the controller cell populations. Tunable 1382 

protein expression is a highly desired property and has been pursued through methods such as 1383 

proteases [156,157], riboregulators[158], and RNAi[159]. We show here that we can tune protein 1384 

expression by adjusting the quorum activated population through capsule dosage. We also 1385 

envision that by enabling controlled manipulation of quorums, this tool could be used to assay 1386 

threshold responses[159], manipulate complex genetic circuits [138], and develop and interrogate 1387 

spatially-patterned cell populations[160,161]. 1388 

4.3 Materials and Methods 1389 

4.3.1 Plasmid construction 1390 

Plasmids were constructed according to standard procedures[123]. Briefly, plasmid 1391 

pLsrACDBFG (Invitrogen) was used as the backbone to construct plasmids pLsrHE. The plasmid 1392 

plsrK was used as template to PCR the promoter  to the termination region, inclusive of the lsrK 1393 

gene using Q5 polymerase (New England Biolabs). This PCR insert was ligated into XhoI-1394 

digested pLsrACDBFG using Gibson assembly[124] and then transformed into SH1c (W3110 1395 

ΔluxS ΔlsrR) (Cite). Oligonucleotide primers were obtained from Integrated DNA Technologies 1396 

(Coralville, IA) and are listed in Table S1 (Supplementary Information).  1397 

4.3.2 AI-2 Assay 1398 
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Cultured media was tested for AI-2 activity through the assay using Vibrio harveyi 1399 

reporter strain BB170 [69]. In short, BB170, supplemented with kanamycin (50 ug/mL), was 1400 

grown for 16 hours with shaking at 30°C in AB media. These cultures were diluted 1:5,000 in 1401 

fresh AB media, and aliquoted into 12 x 75-mm tubes (Fisher Scientific). Cultured media samples 1402 

were added to these BB170 cultures to obtain a final concentration of 10% (vol/vol).  The 1403 

resulting bioluminescence was measured by quantifying light production with a lumenometer 1404 

(Glomax Multi- Jr) and assays points were selected so that values were in the linear range. Data 1405 

are presented as “fold change” compared to the negative control, and all conditions were tested in 1406 

triplicate. In experiments with supplemented chemically-synthesized AI-2, we report AI-2 1407 

activity normalized to the initial concentration, and subsequent points are correlated to AI-2 1408 

concentration using a prepared standard curve, as performed in prior studies (CITE mBIO).    1409 

4.3.3 Synthetic AI-2 uptake profiles 1410 

Chemically synthesized AI-2 [127] was generously provided by the Sintim research 1411 

group. Each strain was reinoculated by diluting an overnight culture to 3% volume in 10 mL of 1412 

LB and 10 mL of LB supplemented with 1% glucose, respectively. These cells were grown in a 1413 

50 mL culture flask to an optical density (OD) ~ 0.4 at 30oC with 250 RPM shaking. AI-2 was 1414 

then added to obtain a final concentration of 100μM.. Optical density was measured and samples 1415 

were harvested every half hour for AI-2 activity assays. The average bioluminescence for samples 1416 

at t = 0 were denoted as 100 μM, and subsequent AI-2 activity values were normalized to the 1417 

standard curve generated.   1418 

4.3.4 Modulation of autoinduced protein expression   1419 

SH1c pTrcHisB, and SH1c pLsrSV were reinoculated at 3% of overnight culture in 4 mL 1420 

of LB in 15 mL culture tubes and grown to an OD ~ 0.4-0.6 at 37oC with ampicillin. W3110 1421 
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pCT6 pET_EGFP [14], a strain of E.coli that responds to the level of the AI-2 concentration by 1422 

expressing GFP, was grown to an OD ~ 0.1, was reinoculated at 3% overnight culture in 10 mL 1423 

of LB in 50 mL culture flasks and grown to OD ~ 0.2. Co-cultures of W3110 pCT6 pET-EGFP 1424 

incubated with either LW12 pTrcHisB or LW12 pLsrACDBFG were aliquoted in culture test 1425 

tubes at ratios of 1:1, 2:1, 3:1, 6:1 and 8:1. Fluorescence was measured with a plate reader.  1426 

4.3.5 Capsule preparation 1427 

SH1c pTrcHisB and SH1c pLsrSV were reinoculated at 3% overnight culture in and 1428 

grown to an OD~0.4-0.6 in 4 mL of LB supplemented with ampicillin (50 μg/mL) and 4 mL LB 1429 

supplemented with 1% glucose and ampicillin (50 μg/mL), respectively. Cells were concentrated 1430 

(5x) in their respective medias before being mixed with a 1:1 mixture of 2% alginate. A 1:1 1431 

mixture of 2% alginate with bacteria in LB is added dropwise with a 22 gauge needle into a 1432 

stirring mixture of 4 mL of 1.5% chitosan and 2 ml of 0.25 M CaCl2 in 10 mL beaker. Each 1433 

capsule is then washed 3 times with 200 uL of DPBS supplemented with 0.1 M CaCl2.  1434 

4.3.6 AI-2 uptake profile in capsules 1435 

Capsules were placed in 12 well plates (Corning) with 2 mL of LB supplemented with 1436 

20 μM AI-2, 50 μM Amp and 0.1 M CaCl2 and 2 mL of LB supplemented with 20 μM AI-2, 1% 1437 

glucose, 50 μM Amp and 0.1 M CaCl2.  A 150 μL sample is harvested every 30 minutes for for 1438 

AI-2 activity assays.  1439 

4.3.7 Modulation of protein expression through encapsulated bacteria 1440 

W3110 pCT6 pET-EGFP was grown to OD ~ 0.2 and then resuspended in an equivalent volume 1441 

of LB supplemented with ampicillin (50μg/mL). Capsules were added in each well of a 48 well 1442 

plate (Corning) that contained 0.25 mL the W3110 pCT pET-EGFP culture. Flow cytometric 1443 
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analysis was performed using a FACSCanto II™ Flow Cytometer (Becton Dickinson) and all raw 1444 

data were analyzed with BD FACSDiva™ 6.0 software (Becton Dickinson). 1445 

4.4 Results and Discussion 1446 

4.4.1 AI-2 uptake profiles of controller cells with and without glucose 1447 

 We characterized the uptake rates of our ‘controller cells’ by adding a fixed amount of 1448 

exogenous AI-2 and monitoring AI-2 activity levels over time (Figure 4/1A). To determine this, 1449 

we grew each culture in LB or LB supplemented with 1% glucose to an OD~0.4 and then added 1450 

100 µM of AI-2. While all controller cells displayed uptake of AI-2 in the presence of LB (left 1451 

panel), the SH1c pLsrHE was clearly the fastest, with a rapid quenching by the first 30 minute 1452 

timepoint. The uptake rate of SH1c pLsrACDBFG, which showed the most rapid uptake in our 1453 

prior work, illustrated faster uptake dynamics than the empty vector, but clearly slower than SH1c 1454 

pLsrHE. The controller cell SH1c pLsrK showed no significant uptake differences than the empty 1455 

vector. Our prior work had shown that overexpression of LsrK provides a significant increase in 1456 

uptake rate in the ΔluxS knockout strain LW12, but we find here that in the ΔluxS ΔlsrR double 1457 

knockout strain, that plasmid expression of LsrK does not alter the uptake rates. This suggests by 1458 

deleting lsrR, the gene responsible for the repression of the lsr-operon, the constant genomic 1459 

transcription of lsrK already rapidly reduces intracellular AI-2 levels, so that additional 1460 

overexpression of the kinase through pLsrK has negligible effects. 1461 

  1462 
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 1463 

Figure 4.1: AI-2 uptake profiles. Each plasmid was transformed into SH1c (W3110 ΔlsrR ΔluxS) 1464 

and grown to OD~0.4 in either LB (Panel A) or LB supplemented with 1% glucose (Panel B) 1465 

before the addition of 100 μM of AI-2. AI-2 activity assays (see Methods) were used to measure 1466 

AI-2 levels. Experiment performed in biological triplicate.  1467 

 While all controller cells removed AI2 from the environment in LB, we expected the 1468 

addition of 1% glucose (Figure 4.1B) to interfere greatly with uptake in strains relying on 1469 

genomic transcription of at least one component of the lsr-system (i.e. SH1c with all plasmids 1470 

except pLsrHE). This effect on genomic transcription of the lsr-operon is attributed to the export 1471 

of cAMP out of the cell and down-regulation of catabolite repressor protein (CRP), which are 1472 

transcription factors for lsr gene transcription[125]. As expected, in the empty vector, the 1473 

extracellular AI-2 levels were not significantly reduced. Likewise, SH1c pLsrK showed no 1474 

significant drop in AI-2 levels, as the downregulation of the ABC-transporter did not allow 1475 

significant uptake of AI-2 for subsequent intracellular phosphorylation. While AI-2 can also enter 1476 

through the slower intracellular transport of the alternative system [130], these dynamics were 1477 

likely too slow to overcome the downregulation of genomic lsrACDB. Surprisingly, despite the 1478 

downregulation of genomic lsrK, SH1c pLsrACDBFG did reduce AI-2 from the extracellular 1479 

environment, albeit at a much slower rate compared to incubations with LB alone. Prior studies 1480 

have shown that lsrK knockouts do not reduce extracellular AI-2 concentrations, as the 1481 

phosphorylation of AI-2 by LsrK is needed to prevent secretion of AI-2 back into to the 1482 
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extracellular environment [32]. Therefore, we expected that SH1c pLsrACDBFG would exhibit a 1483 

similar uptake profile as the empty vector in glucose due to the down-regulation of lsrACDB. 1484 

This surprising reduction by SH1c pLsrACDBFG may be due to the second independent 1485 

promoter of LsrK [125], and suggests that this promoter may not be directly influenced by CRP-1486 

cAMP.  As expected, SH1c pLsrHE exhibited only a small reduction in uptake rate since the 1487 

downregulation of genomic transcription of lsr-components was supplemented with the 1488 

unaffected transcription from the two-promoter plasmids.  1489 

4.4.2 Quenching of protein expression  1490 

To demonstrate that the HE ‘controller cell’ can interfere with QS-dependent actions, we 1491 

sought to interfere with W3110 pCT6 pET-EGFP, a reporter strain that generates and transduces 1492 

the AI-2 signal to produce GFP.  Previously, we have shown that we can quench protein 1493 

expression in this reporter system, by inducing the controller cell culture for 3 hours and 1494 

resuspending in a 1:1 mixture with the reporter system (in review). In Figure 4.2, we grew 1495 

W3110 pCT6 pET-EGFP, SH1c pTrcHisB, and SH1c pLsrHE to OD~0.4, and co-cultured 1496 

W3110 pCT6 pET-EGFP with SH1c pTrcHisB and SH1c pLsrHE for 6 hours at a range of 1497 

mixture ratios. The empty vector could quench AI-2 at ratios of 1:1 compared to the reporter 1498 

strain, but in proportions with higher amounts of the reporter strain, the amount of protein 1499 

expression shifts higher. In contrast, co-cultures with our improved ‘controller cell’ SH1c pLsrHE 1500 

quenched protein expression even at proportions as high as 8:1.  1501 

  1502 
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 1503 

Figure 4.2. Modulation of protein 1504 

expression. A range of concentration 1505 

ratios of W3110 pCT6 pET-EGFP and 1506 

SH1c pTrcHisB or SH1c pLsrHE are 1507 

incubated for six hours before 1508 

fluorescence intensity is measured on 1509 

a plate reader and normalized to pure 1510 

cultures of W3110 pCT6 pET-EGFP 1511 

(positive control) and SH1c pTrcHisB 1512 

(negative control). Experiment 1513 

performed in biological duplicate. 1514 

 1515 

 1516 

4.4.3 Encapsulated bacteria remove extracellular AI-2 1517 

We have previously shown the ability to encapsulate fusion proteins that could produce 1518 

AI-2 from the precursor, SAH, that would secrete from the capsule and signal QS-sensitive cells 1519 

[162]. Here, we sought to encapsulate controller cells to modulate QS expression through the 1520 

removal of AI-2 from the QS-dependent protein expression system. With an estimated pore size 1521 

of less than 17nm [163], bacteria are easily retained inside the alginate matrix [164,165], and we 1522 

used the well-studied alginate chitosan capsule method made through the extrusion technique 1523 

[166]. Alginate entraps the bacteria and is surrounded by a hard chitosan shell. The pores in the 1524 

alginate-chitosan allow small molecules such as AI-2 to pass, but contains larger items such as 1525 

enzymes and bacteria within. Briefly, bacteria were grown to an OD ~ 0.4-0.6, concentrated 5X, 1526 

and then mixed with a 2% alginate solution. The resulting mixture was added dropwise to a 1527 

stirring chitosan/CaCl2 solution (see Methods). To confirm that the bacteria are contained within 1528 

the alginate matrix, we stained the bacterial membranes with calcein and used rhodamine dyed 1529 

chitosan to visualize the orientation of the capsule. As Figure 4.3A and 4.3B illustrate, these 1530 
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chitosan forms a thin layer at the edge to provide support, and the bacteria are within the alginate 1531 

inner core [162]. 1532 

  1533 
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 1534 

Figure 4.3: Encapsulated bacteria uptake profiles. Bacteria are mixed with 2% alginate in a 1:1 1535 

ratio before being dropped into a chitosan-CaCl2 mixture. Panel (A) shows a stereomicroscopic 1536 

(i) bright field image of the capsule (ii) RFP-filtered image of the rhodamine-labeled chitosan, 1537 

and (iii) GFP-filtered image of Syto9 labeled bacteria.  Panel (B) is a confocal image of the 1538 

capsule with Syto9 labeled bacteria (green) and rhodamine labeled chitosan (red).  Panel (C) 1539 

shows the AI-2 uptake profile of encapsulated bacteria. Concentrated (5X) SH1c pTrcHisB and 1540 

SH1c pLsrHE cultures in LB and LB supplemented with 1% glucose are mixed at a 1:1 ratio with 1541 

2% alginate before being dropped into a mixture of chitosan and CaCl2 to encapsulate bacteria.  1542 

Four capsules are then placed in 2 mL of LB supplemented with 20 μM of AI-2, and samples are 1543 

harvested every 2 hours to measure AI-2 activity with AI-2 assays. Experiment performed in 1544 

biological triplicate and a representative sample is illustrated. 1545 
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Based on our prior work where entrapped enzymes inside the alginate-chitosan capsule 1546 

could synthesize AI-2 that diffused out of the capsule [162], we encapsulated bacteria and tested 1547 

the AI-2 uptake rate. Four capsules of SH1c pTrcHisB and SH1c pLsrHE were mixed with 20 1548 

μM of exogenous AI-2, and AI-2 levels were monitored over time. As Figure 4.3C illustrates, 1549 

encapsulated HE ‘controller cells’ remove exogenous AI-2 from the environment, either with or 1550 

without glucose, while the empty vector did not show any detectable reduction in the AI-2 1551 

environment. As in Figure 4.1, glucose only causes a small reduction in AI-2 uptake rate in SH1c 1552 

pLsrHE. Bacterial load in each capsule was determined by dissolving each capsule in sodium 1553 

citrate before and after incubation and streaking diluted portions on antibiotic selective plates. 1554 

Colony-forming units (CFU ) count showed an initial cell load of ~ 1.1 x 107 cells that grew to a 1555 

final count of ~ 1.4 x 108 cells (data not shown).  1556 

4.4.4 Encapsulated HE ‘controller cell’ can quench and tune quorum sensing 1557 

We have shown that SH1c pLsrHE can quench protein expression of a QS-dependent 1558 

system with a comparatively small amount of bacteria (Figure 4.2) and that encapsulated SH1c 1559 

pLsrHE can remove exogenous AI-2 despite a limited bacterial load (Figure 4.4). We applied the 1560 

encapsulated bacteria to growing cultures of W3110 pCT6 pET-EGFP to silence QS dependent 1561 

communication (see Methods). As Figure 4.5 shows, no capsules, alginate capsules and SH1c 1562 

pTrcHisB encapsulated capsules all resulted in bimodal cell populations. Each of these cultures 1563 

displayed a bimodal population, and microscopic images show a bright, fluorescent population. In 1564 

incubations with SH1c pLsrSV, however, a unimodal population was observed and microscopic 1565 

images display a much smaller and dimmer fluorescent population.  1566 

 1567 

 1568 
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 1569 

Figure 4.4: Encapsulated bacteria silence cell-cell communication. Cultures of W3110 pCT6 pET-1570 

EGFP were grown to an OD~0.1, and then incubated for 10 hours alone or with 8 capsules of 1571 

alginate, SH1c pTrcHisB, and SH1c pLsrS.V. Cultures were then evaluated using flow cytometry 1572 

(left panels) and microscopic images (right panels).  1573 

Finally, we sought to externally “tune” autonomous protein expression through 1574 

encapsulated controller cells to obtain graduations of QS active subpopulations. Growing cultures 1575 

of W3110 pCT6 pET-EGFP were grown in the presence of 8, 4, and 2 capsules of HE ‘controller 1576 

cells’, as well as a culture without capsules. Capsules loaded with the HE ‘controller cell’ showed 1577 

a dose-dependent guiding of protein expression with the doubling of capsule dose from 2 to 4 to 8 1578 

causing a concomitant reduction in brightness and fluorescent cell population (Figure 4.6). A 1579 
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linear reduction in fluorescent population was observed (R2 = 0.94), and a linear fit found a 22% 1580 

reduction in population with the doubling of capsule dosage. Supplementary Figure 4.1 shows 1581 

the graduated reductions from a bimodal system (0 capsules) to a unimodal system (8 capsules). 1582 

Supplementary Figure 4.2 displays the same information graphed on forward and side scatter. 1583 

Through the further development of mathematical models, we can envision the a priori 1584 

determination of QS-active subpopulations. While there has been promising work to develop 1585 

adjustable threshold switches through direct mediation of transcription or translation, this work 1586 

shows the first tunable protein expression system through the use of biocompatible capsules that 1587 

provide minimal interaction to the system.  1588 

 1589 

Figure 4.5: Tuning protein expression with varying doses of encapsulated bacteria. Cultures of 1590 

W3110 pCT6 pET-EGFP were grown to an OD~0.1, and then incubated for 10 hours alone or with 1591 

8, 4 and 2 capsules of SH1c pLsrHE. Cultures were then evaluated using flow cytometry with 1592 

data points (blue) representing the fluorescent population and bar graphs (yellow) representing 1593 

the mean fluorescence. A linear trendline is fitted to the fluorescent population and an R2 value 1594 

is provided.  1595 

 1596 
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4.5 Supplemental Figures 1601 

 1602 

Figure S1: FACS histogram of EGFP expression with doses of encapsulated bacteria. Cultures of 1603 

W3110 pCT6 pET-EGFP were grown to an OD~0.1, and then incubated for 10 hours alone or with 1604 

8, 4 and 2 capsules of SH1c pLsrHE. Cultures were then evaluated using flow cytometry. 1605 

Percentages of fluorescent populations through gating is noted in the top right hand corner of 1606 

each panel.  1607 

  1608 
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 1609 

Figure S2: FACS histogram of EGFP expression with gating on side and forward scatter 1610 

illustrated. Illustrated is Figure S1 graphed on gating for side and forward scatter. Black dots 1611 

indicate all events, red dots indicate a non-fluorescent event, and green dots indicate a 1612 

fluorescent event.  1613 

  1614 
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Chapter 5: Autonomous cell-guided quorum quenching  1615 

In our group, we have leveraged QS systems to engineer protein expression systems that 1616 

are driven by QS signaling molecules [14]. A central challenge in metabolic engineering is 1617 

balancing the distribution of microbial resources to maximize overexpression pathways come at 1618 

the expense of endogenous pathways, which has been described as a ‘zero-sum game’[109]. E. 1619 

coli, the bacterium of choice for recombinant protein production, conveys the stress of 1620 

overexpressing heterologous genes through AI-2 [116]. A creative approach to leveraging this 1621 

behavior for protein production is to use QS to autonomously produce recombinant proteins, 1622 

which we have done using E. coli and its ‘universal’ QS molecule, autoinducer-2 [167]. We wish 1623 

to use this same approach to develop an autonomous ‘controller cell’. This is a direction that will 1624 

provide a useful tool in situations where the use of autonomous “cell-mediated” cells is more 1625 

preferable to the “user-mediated’ approach as outlined in this work (Chapers 3 and 4), such as the 1626 

use of “surveillance bacteria” in GI tracts.  1627 

5.2.1 Autonomous controller cell generates positive feedback loop 1628 

In Chapters 3 and 4, we developed controller cells that were characterized with inducible 1629 

or constitutive expression. While we believe these ‘user-mediated’ controller cells are useful in a 1630 

variety of applications, one could envision autonomous ‘cell-mediated’ controller cells that are 1631 

only active in the presence of the QS molecule AI-2. Used to interrogate and alter their 1632 

environments, these autonomous controller cells would ideally be activated and sensitive to the 1633 

the presence of AI-2, report a signal indicating the presence of the QS molecule, and actuate a 1634 

response by uptaking AI-2 and processing the signal. We sought to enable this through the pCT6 1635 

systme. Figure 5.1 shows the schematic, where phosphorylated AI-2 derepresses the pCT6 1636 

plasmid causing the transcription of the pET plasmid. The pET plasmid, in this case makes LsrK 1637 

or LsrACDB, instead of GFP. Phosphorylated AI-2 would cause the upregulation of the 1638 

components responsible for the generation of phosphorylated AI-2.  1639 
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 1640 

Figure 5.1: Schematic of ‘autonomous controller cell’. Phosphorylated AI-2 causes the 1641 

expression of T7RNA polymerase that transcribes LsrACDB and LsrK.   1642 

 1643 

We first show that this positive feedback loop indeed cause greater activation of the pET 1644 

plasmid, through qPCR, as seen in Figure 5.2. Strains were grown to an OD~0.4 and exogenous 1645 

AI-2 at 40 and 4 µM were added. qPCR results show greater expression of the pET transgene in 1646 

the pET-LsrK and pET-LsrACDB plasmids, than the empty vector pET200 control at both 1647 

concentrations. As expected, the extent of upregulation in the autonomous controller cells is 1648 

higher at 40 µM than 4 µM. 1649 
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 1650 

Figure 5.2: qPCR of autonomous controller cells. MDAI2 pCT6 with plasmids pET200, pET-LsrK 1651 

and pET-LsrACDB are grown to OD~0.4. Left panel shows qPCR results of pET transgene when 40 1652 

µM of AI-2 is added. Right panel shows qPCR results pET transgene when 4 µM of AI-2 is added.  1653 

5.2.2 Autonomous controller uptake AI-2 in accelerated fashion and increases sensitivty 1654 

 We measured actuation by also monitoring the AI-2 levels in the experiment above (OD~ 1655 

0.4 with the addition of exogenous AI-2). As Figure 5.3 illustrates, when 40 µM of AI-2 is 1656 

added, the empty vector pET200 control shows a slow removal of AI-2 over the course of 6 1657 

hours. The autonomous controller cells, both rapidly clear AI-2 within 3 hours. When 4 µM of 1658 

AI-2 is added, the pET200 control is virtually unresponsive to the level AI-2, while the 1659 

autonomous cells once again remove AI-2 within 3 hours, illustrating the increased sensitivity of 1660 

these cells. 1661 
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 1662 

Figure 5.3: AI-2 uptake of autonomous controller cells. MDAI2 pCT6 with plasmids pET200, pET-1663 

LsrK and pET-LsrACDB are grown to OD~0.4. Left panel shows AI-2 levels when 40 µM of AI-2 is 1664 

added. Right panel shows AI-2 levels when 4 µM of AI-2 is added. 1665 

5.2.3 Autonomous controller uptake provides signal of AI-2 uptake 1666 

 Lastly, we would like these autonomous cells to secrete a signal when they uptake AI-2. 1667 

To enable this, we cloned a GFP reporter gene upstream of the lsrACDB and lsrK genes. We 1668 

grew the strains to OD~0.4 and added 40 µM of exogenous AI-2. Fluorescence was measured 1669 

with flow cytometry every 2 hours and the results are shown in Figure 5.4. By creating this 1670 

positive feedback loop that increases transcription of the pET transgene, the reporter gene is 1671 

expressed at much higher levels in the autonomous controller cells than in the empty vector 1672 

control.  1673 

  1674 
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 1675 

Figure 5.4: AI-2 uptake of autonomous controller cells. MDAI2 pCT6 with plasmids pET-sfGFP, 1676 

pET-sfGFP-LsrK and pET-sfGFP-LsrACDB are grown to OD~0.4. Exogenous AI-2 (40 µM) is added 1677 

and fluorescence is measured every 2 hours with flow cytometry. 1678 

5.3 Applications of autonomous controller cell 1679 

 We believe the autonomous controller cells would be useful as a tool in both synthetic 1680 

and natural networks. We hope to input these bacteria inside an animal model and show that these 1681 

cells can interfere with QS-dependent phenotypes such as bioluminescence inside a living system. 1682 

   1683 

  1684 
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Chapter 6: Conclusions, contributions and future directions 1685 

 1686 

6.1 Summary 1687 

This dissertation details our work to investigate the interkingdom effects of the 1688 

nonpathogenic E. coli secretome, including AI-2, on colonic epithelial cells, and the development 1689 

of controller cells to guide intrakingdom phenotypes. This work has currently generated two 1690 

published papers in mBio and Metabolic Engineering, an additional paper in preparation, and 5 1691 

international conferences.  1692 

We have shown here for the first time the global transcriptomic effects of the E. coli 1693 

secretome on human epithelial cells. The secretome was shown to have an inflammatory 1694 

response, with the upregulation of many genes in the cytokine-cytokine receptor pathway, the 1695 

chemokine signaling pathway, and others, while also upregulating negative feedback regulators 1696 

of the NOD-like signaling pathway and the NFkB pathway. We further show that AI-2 may also 1697 

have a transcriptional inflammatory response that is initially upregulated at 6 hours before being 1698 

downregulated at 24 hours. We hypothesize that this pattern fits the motif of a tight interplay 1699 

between the host and microbiota, where metabolites can cause perturbations in the host cell which 1700 

are restored through negative feedback elements[68].  1701 

After determining the AI-2 may contribute an initial inflammatory response to IECs, we 1702 

progressed to the second aim of our work, to develop ‘controller cells’ that could rapidly remove 1703 

AI-2 and affect QS-dependent phenotypes. We selected a luxS null mutant that could not generate 1704 

AI-2 as a host strain, and transformed inducible plasmids that overexpressed each aspect of the 1705 

AI-2 uptake mechanism. We found two ‘knobs’ for AI-2 uptake: phosphorylation of AI-2 by 1706 

LsrK and transport into the cell by LsrACDB. Our mathematical model closely recapitulated the 1707 

experimental results, and our work provides a clearer elucidation of the dynamics involved in the 1708 

lsr-system. We provide phenotypic applications such as chemotaxis and biofilm formation. 1709 
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Our overall goal was to develop controller cells that could modulate the target QS 1710 

population while being sequestered in a separate environment. To do this, we extended the work 1711 

by creating a HE controller cell that overexpresses every component of the lsr-system, save the 1712 

repressor. We transform this inside a luxS lsrR double knockout mutant strain, a strain shown by 1713 

Xavier et al, to provide more rapid uptake of AI-2 than a luxS null mutant alone [35]. We chose a 1714 

single luxS mutant in the previous work to more clearly investigate the lsr dynamics, but in this 1715 

work, to fully enable AI-2 uptake, we chose the double knockout strain.  This HE controller cell 1716 

provides the most rapid uptake of AI-2, without the addition of an inducing agent or the absence 1717 

of glucose. This HE controller cell provides the needed rapid uptake to not only quench, but tune 1718 

QS response while sequestered inside an alginate-chitosan capsule. This capsule provides a proof-1719 

of-concept to deliver encapsulated bacteria to modulate QS.  1720 

Lastly, we developed an autonomous quorum quenching system that rapidly removes AI-1721 

2 without a stimulus. We have characterized the system with AI-2 kinetic rates, transcriptional 1722 

profiles and protein expression. We plan to further characterize the system with a detailed 1723 

mathematical model, and apply the system to in vivo murine models.  1724 

6.2 Contributions to Science 1725 

We provide the first global transcriptomic analysis of nonpathogenic E. coli secretome on 1726 

epithelial cells, and reveal that IECs respond to secretomes by activating defense-related 1727 

pathways. We found that IECs “listen in” on QS molecule AI-2, but modulate response at later 1728 

times. 1729 

We developed induced ‘controller cells’ that quench synthetic QS networks and applied these 1730 

induced ‘controller cells’ to modulate QS-dependent phenotypes, including biofilm formation and 1731 

chemotaxis. Through a mathematical model of our “controller cells’, we elucidated the 1732 

mechanisms of AI-2 processing in the lsr system.  1733 
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Using the mathematical model we generated in our induced controller cells, we set about 1734 

developing high-efficiency controller cells that uptake AI-2 at a fastest rate, without an inducing 1735 

agent. In this application, we encapsulated HE cells inside biocompatible capsules and illustrated 1736 

that it can quench and guide QS networks in discrete ‘quantized quorums’. Not only can this 1737 

method be used to quench QS and study QS dependent phenotypes such as antibiotic resistance, 1738 

but as the capsules hold in bacteria and most proteins, the effects of secretome on IECs may be 1739 

minimized in in vivo applications.  1740 

Lastly, we provide a quorum quenching platform that is self-directed.  This provides the first 1741 

quorum quenching application that is autonomous, and by rewiring the system, improve protein 1742 

production yield. This system may be used in W3110 cells to improve the autonomous protein 1743 

production system previously developed by our laboratory.  1744 

6.3 Future directions 1745 

 We feel there are many exciting new directions and applications from this work. One 1746 

application already mentioned is that the directed quantized quorums can be used to study 1747 

quorum sensing dependent phenotypes. Previously, we have shown that by adding discrete 1748 

quantities of AI-2, we can develop ‘self-assembled’ quorums using luxS knockout E. coli [151]. 1749 

However, this system requires knocking out the gene luxS, a vital gene in E. coli metabolism.  1750 

Studying QS by removing luxS confounds the conclusions that can be drawn [168].  The  HE-1751 

capsules allow a general platform to manipulate any lsr-autoinduction system, as well as possibly 1752 

any AI-2 producing bacterial species, which numbers over 80 different species. By allowing the 1753 

gradual reduction in QS population, we can determine answer QS questions, such as, “How many 1754 

QS cells are needed to defend the population against an antibiotic?” 1755 

 While we have already mentioned using the autoinduced quorum quenching cells for an 1756 

in vivo application, we could also use them as a rapid dynamic gene expression system. These 1757 

systems have been hypothesized for use in microfluidic chips, where they are combined in a plug 1758 
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and play application [161]. Further, these cells could be used in a breadboard like production 1759 

switchboard, where cells are localized [169] and respond rapidly to different intensities of the 1760 

‘universal’ AI-2 signal.   1761 

 1762 

  1763 
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