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ABSTRACT OF THE DISSERTATION

Communication and Coexistence: Engineering Tools for Synthetic Microbial

Ecosystems

by

Spencer R. Scott

Doctor of Philosophy in Bioengineering

University of California, San Diego, 2016

Professor Jeff Hasty, Chair

The power of a single engineered organism is limited by its capacity for genetic

modification. In order to circumvent the constraints of any singular microbe, a new fron-

tier in synthetic biology is emerging: synthetic ecology, or the engineering of microbial

consortia. In this thesis, we focus on engineering tools to facilitate communication and

coexistence of microbial species in a synthetic ecosystem. Engineered microbial con-

sortia are already being used to solve problems of waste recycling (Fulget et al., 1999),

industrial fermentation (Chen, 2011; Patle and Lal, 2007), bioremediation (Dejonghe

et al., 2003), and human health (Petrof et al., 2013; Khoruts et al., 2010; Shahinas et al.,

2012), and we believe our tools will continue to further these advances. In Chapter One,

I introduce the history and importance of synthetic biology and how engineering mi-

crobial ecosystems became the "second wave" of synthetic biology. In Chapter Two, I

discuss the quorum sensing communication systems I developed in an effort to allow for

complex social behavior across different members of a community. In Chapter Three, I

xvi



discuss several applications utilizing the myriad of described quorum sensing systems.

In Chapter Four, I discuss a method to stably co-culture two metabolically competi-

tive species using a recently developed population control circuit (Din et al., 2016) in

conjunction with my novel quorum sensing systems. We posit that such engineered mi-

crobial communities will outpace monocultures in their ability to perform complicated

tasks, and these chapters combine to enumerate the tools we’ve created to accelerate this

emerging effort.
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Chapter 1

Introduction

Personal Perspective

I started college as a Civil Engineer with the desire to become a sustainable or

"green" architect. I bring this up because I believe my journey from architect to synthetic

biologist stemmed from the same desire: to understand human’s place within, and not

apart from, Nature. And I believe this same desire is why so many young scientists are

gravitating toward this field.

I absolutely love nature, but there seems to be a prevailing suspicion that to

love nature inherently means to hate or distrust human activity. I, however, love human

creation with the same passion that I love nature. And, truly, they are one in the same.

Humans are no more apart from nature as chimpanzees or Mycoplasma are. The chasm

of separateness exists only in our minds.

To see the hexagons of a beehive as miraculous but the structure of a city as a

scar upon Earth, is to have lost hope in human creation. It is to believe that humans are

ultimately destructive. While I don’t think humans have perfected the art of creating

without consequence; I often catch glimpses of promise. The hope of seeing humans

as as a harmonious and miraculous part of an ecosystem, and the hope that we can see

humans are ultimately creative.

1
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This belief in human creativity within the bounds of ecological sustainability

started me in "green" architecture but was eventually the reason I changed majors to

Bioengineering. In college, I became enamored with biomimicry because it fascinated

me that something so unassuming as a butterfly wing could hide a secret as phenomenal

as structural color. It blew me away that our most sophisticated new tech was being

informed by nature: things like the antimicrobial properties of shark skin, the water-

repellant nature of a lotus leaf, or the magic grip of a gecko foot.

To me, the emergence of bio-informed design signaled the awakening of the

human mind to Nature’s calm ingenuity. It seemed there was so much to learn from

what millions of years of evolution had to teach, and as Richard Feynman once said, "I

cannot understand what I cannot build."

So, I sought to engineer biology to better understand it, and that’s when I de-

cided on the field of synthetic biology, and I presume many in the field have similar

motivations. We are fascinated by the power of biology, the intricacies of nanomachines

we call proteins, and the capacity of nanofactories we call microbes. We hope that by

tinkering with the insides of these machines we can potentially build a sustainable future

so that when we look at a city, we see human potential, not human destruction. So that

new inventions bring excitement of possibilities and not a yearning for the past.

The Purpose of Synthetic Biology

Since the first genetic toggle switch was created (Gardner et al., 2000), syn-

thetic biology has sought to understand life by engineering it from the bottom-up. This

"investigation by re-creation" quickly expanded synthetic biology’s toolkit to include

a panoply of logic gates, filters, switches, sensors, and oscillators (Tamsir et al., 2011;

Elowitz and Leibler, 2000; Gardner et al., 2000; Stricker et al., 2008; Tabor et al., 2009).

Eventually, as the development of synthetic biology continued, certain biological stan-

dards were created (Canton et al., 2008) to turn this field from a disjointed art into

an engineering discipline. The philosophy behind modular genetic parts (Voigt, 2006)
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would form the basis of future genetic tinkering.

Researchers eventually moved beyond re-creating and mimicking gene networks

to focus on real-world applications like engineering bacteria capable of invading cancer

cells (Anderson et al., 2006), modifying yeast cells to produce a potent antimalarial

precursor drug that could drastically expand its commercial availability (Paddon et al.,

2013), or tackling the energy crisis by engineering bacteria to produce biodiesel hy-

drocarbons (Steen et al., 2010). While synthetic biology will continue to be a useful

tool for deconstructing and understanding natural phenomena; much of the future of

synthetic biology will be focused on putting these nanofacotires to work in real-world

applications.

And although monoclonal synthetic biology has led to increased efficiency in

the production of important industrial chemicals and “high value” products (Khalil and

Collins, 2010; Ro et al., 2006; McDaniel and Weiss, 2005), the production capacity of

a single organism is limited by metabolic load and byproduct toxicity. As a way to

overcome this constraint, recent evidence suggests that engineered communities (syn-

thetic microbial ecosystems) will be able to pick up where monocultures have left off

(McMahon et al., 2007) and usher in the "second wave of synthetic biology" (Purnick

and Weiss, 2009).

The Promise of Synthetic Microbial Ecosystems

One of the more convincing arguments for synthetic microbial communities is

the advantage of a syntrophic artificial consortia whereby one species can metabolize

an otherwise toxic byproduct the other species produces (Figure 1.1). For example,

(Zhou et al., 2015), used S. cerevisiae to limit the toxic byproducts of an engineered

E. coli attempting to produce anti-cancer therapeutic precursors. Other groups have ac-

complished similar feats of mutualism using two related Geobacter species capable of

electron sharing (Summers et al., 2010), and a consortia of Methanococcus maripaludis

and Desulfovibrio vulgaris that were more metabolically productive together than they
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S X1 P

Goal Reality

Solution

S X1 P

S X1 P

Figure 1.1: The Limitations of Monocultures. Many goals in synthetic biology are based
on based on engineering a metabolic network to convert a feedstock substrate (S), through
one or more intermediates (X) to a final product chemical (P). However, reality often
presents challenges in the form of diauxic growth, low yields, or byproduct toxicity as
is there case here, making efficient product production unfeasible. One solution, as pre-
vious groups have demonstrated, is to introduce a second species that compliments the
deficiencies of the first species. This is an example of a synthetic microbial ecosystem.
Figure inspired by (Brenner et al., 2008).
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S X1 X2 P S X1 X2 P

Engineered Monoculture Synthetic Microbial Ecosystem

Figure 1.2: From Engineered Monoculture to Synthetic Microbial Ecosystem. On the left
is a schematic of an engineered "superbug" that is tasked with multiple metabolic steps that
could potentially dampen its fitness, slow its growth rate, or produce intermediates that
are directly toxic. On the right is a schematic for the concept of specializaiton and load
distribution via a synthetic microbial ecosystem that divides tasks amongst members of the
community for optimal performance. Figure inspired by (Ford and Silver, 2015)

were individually (Hillesland and Stahl, 2010). Together, these studies inform our un-

derstanding of how specialization of organisms will offer a solution to many problems

associated with conventional metabolic engineering.

Furthermore, the defining goal of an engineered “superbug” capable of high-

yield production (Brenner and Arnold, 2011) is discordant with established ecological

theory that the optimization of one trait occurs at the price of other necessary traits

(Carlson and Taffs, 2010; Kneitel and Chase, 2004). It therefore makes less sense to

engineer a single species that takes a substrate through multiple laborious metabolic

steps to reach the final product, when a microbial community composed of specialized

cells could accomplish the same metabolic steps with less stress on each individual and

therefore, a greater potential to create the product at higher efficiencies (Figure 1.2).

While the promise of engineering microbial consortia is high, the tools available

to build and control such communities are still few and far between. In an effort to

address this problem we identified two general mechanisms that need to be addressed in

order to successfully engineering such ecosystems: communication and coexistence.
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1. Sending2. Sensing

3. Actuating

Figure 1.3: Wild-type Quorum Sensing in Vibrio fischeri. (1.) Sending: Basal expres-
sion of LuxI allows slow accumulation and production of signal molecule, 3OC6HSL. (2.)
Sensing: At high cell-densities this molecule accumulates above a threshold concentration
at which point it can bind and activate LuxR. (3.) Actuating: AHL-bound LuxR is then
capable of binding to the lux-box upstream of the Plux promoter. It then recruits sigma
factor binding and transcriptional up-regulation of luxI and other proteins regulated by the
lux system. Since AHL-bound LuxR increases production of LuxI, the system as a whole
is a positive feedback mechanism.

Communication

Quorum Sensing

Communication as a means of regulation is essential for cooperative behavior in

microbial consortia. Quorum sensing (QS) is a common mechanism used by bacteria

to sense local cell density in order to coordinate gene expression and affect differential

behavior (Ng and Bassler, 2009), and can be coopted to accomplish general communi-

cation between and amongst members of a community.

Quorum sensing communication is accomplished through a three stage process

of sending, sensing, and actuating (Figure 1.3). The sending process consists of syn-

thesizing a small molecule, which in the case of Vibrio fischeri is a homoserine-lactone

(HSL) called 3-oxo-C6 HSL (C6HSL) produced by the LuxI enzyme. As individual
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members of the culture contribute to the aggregate concentration of C6HSL, the con-

centration eventually reaches the quorum threshold at which point HSL binding to the

constantly present receptor, LuxR, becomes increasingly favorable. When LuxR binds

its cognate HSL it becomes active and its DNA-binding domain attaches to the Plux

promoter and drives transcription of lux-regulated genes (Ng and Bassler, 2009).

Although this is only one major type of quorum sensing (Waters and Bassler,

2005), we focus on the LuxR/LuxI-type systems mediated by homoserine lactone (HSL)

ligands because of their simplicity and large natural diversity (Ng and Bassler, 2009;

Miller and Bassler, 2001; Davis et al., 2015). Furthermore, many naturally occurring

Lux-like quorum sensing systems have already been identified (Figure 1.4), and this

base-level characterization becomes useful when trying to engineer communication sys-

tems for microbial consortia.

Because of the richness in availability and diversity of lux-like quorum sensing

systems, we chose to engineer communication systems based on these modular systems.

We began by deconvoluting the possible ways in which two strains could theoretically

communicate using quorum sensing systems alone. Expanding from monocultures to

just two-strain ecosystems, a large set of possibilities emerge.

If a strain does not send a signal it is characterized as having no communication

(None). If a strain receives a signal it itself sends, it has intra-communication (Intra). If

a strain sends a signal that it does not receive itself, it has inter-communication (Inter),

if it sends a signal that is received by both it and another member of the community

it has both Intra and Inter-communication (Intra/Inter). Since both strains could be

capable of such a dynamic, there are a resulting sixteen different basic communication

motifs possible (Figure 1.5). Interestingly, there are certain combinations that, by nature,

require levels of signal orthogonality (or the absence of signal crosstalk; see Figure 2.1),

a reality not so easily achieved with real quorum sensing systems which we will discuss

in Chapter 2 and Chapter 4.

However, it also becomes clear that a small set of quorum sensing systems could

unlock many possibilities in both monoculture and microbial consortia dynamics. In
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'Rhodospirillum rubrum' Multiple Systems || 3-OH-6, 3-OH-8, C8, C10, 3-OH-10, 3-OH-12 

'Phaeobacter gallaeciensis' -- PgaIR -- 3-OH-10-HSL

'Rhodobacter sphaeroides' -- CerIR -- 7,8-cis-14-HSL

'Rhodobacter capsulatus' -- RRC03805 -- 16-HSL (14-HSL)

'Brucella melitensis' -- VjbIR -- 12-HSL

'Rhodopseudomonas palustris' -- RpaIR -- p-coumaroyl-HSL

'Bradyrhizobium sp.' -- BraIR -- cinnamoyl-HSL
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'Rhizobium etli' -- RaiIR -- C6, C8-HSL

'Rhizobium leguminosarum' -- CinIR -- 3-OH-7-cis-14-HSL

'Agrobacterium vitis' -- AvsIR -- 3-oxo-11Z-16-HSL

'Agrobacterium tumefaciens' -- TraIR -- 3-oxo-8-HSL

'Vibrio anguillarum' -- VanIR -- 3-oxo-10-HSL

'Aliivibrio fischeri' (vibrio fischeri) -- LuxIR -- 3-oxo-6-HSL

'Aeromonas salmonicida' -- AsaIR -- C4-HSL

'Aeromonas hydrophila' (aeromonas hydrophila) -- AhyIR -- C4-HSL

'Citrobacter rodentium' -- CroIR -- C4-HSL

'Salmonella enterica' -- SdiA -- 3-oxo-6, 3-oxo-8-HSL

'Yersinia pseudotuberculosis' -- YpsIR & YtbIR -- 3-oxo-6 & C8-HSL

'Yersinia enterocolitica' -- YenIR -- 3-oxo-6-HSL

'Serratia marcescens' -- SmaIR -- C4-HSL

'Escherichia coli' -- SdiA -- 3-oxo-6, 3-oxo-8-HSL

'Erwinia chrysanthemi' -- ExpIR -- 3-oxo-HSL

'Pectobacterium carotovorum' (erwinia carotovora) -- CarIR -- 3-oxo-6-HSL

'Pantoea stewartii' -- EsaIR -- 3-oxo-6-HSL

'Pantoea agglomerans' -- EagIR -- 3-oxo-6-HSL
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'Pseudomonas syringae syringae' -- AhlIR -- 3-oxo-6-HSL

'Pseudomonas syringae tabaci' -- PsyIR -- C6, 3-oxo-6-HSL

'Chromobacterium violaceum' -- CviIR -- C6-HSL

'Ralstonia solanacearum' -- SolIR -- C6, C8-HSL
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Figure 1.4: Evolutionary Tree of Selected Lux-like QS Systems. Systems selected for
initial analysis are highlighted in yellow. Each system’s HSL is written in red; the chemical
structure of the four HSL’s particular to the systems characterized in this study are shown
on the far right. Potential systems were chosen based on evolutionary distance, ligand
uniqueness, and available information in the literature on their potential for recombinant
expression
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Figure 1.5: Possible Communication Motifs of a Two-Species Synthetic Microbial
Ecosystem. There are 16 basic quorum-sensing motifs possible in a two-strain consor-
tia, with each strain capable of no, intra-, inter-, or both intra- and inter-communication.
Green arrows represent a quorum-sensing signal produced by the green strain, blue arrows
represent a quorum-sensing signal produced by the blue strain. Red dots next to a particular
motif indicate the possibility for signal orthogonal QS systems to be used. Blue dots next
to a particular motif indicate the need for two QS systems to have at least one-way signal
orthogonality. Yellow dots indicate the need for complete, both-way signal orthogonality
in order to achieve that particular motif.
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Chapter 3 we discuss several potential applications of our characterized quorum sensing

systems, and then transition into the specific application of engineering coexistence.

Coexistence

The second but ultimately most important aspect of building synthetic microbial

consortia is determining how they will coexist. Ecologically or metabolically speaking

there are six major ways in which two species can interact (Figure 1.6) (Großkopf and

Soyer, 2014). The trivial case of no interaction is highly unlikely, but if the two strains

were co-cultured they would still compete for space and the faster growing strain would

take over (this will be discussed in depth in Chapter 4). Of the more likely instances,

commensalism, amensalism, cooperation, predation, and competition, only cooperation

or "mutualism" will most readily result in a stable co-culture (Faust and Raes, 2012;

Großkopf and Soyer, 2014; De Roy et al., 2014). The exception being a predator-prey

situation where the predator depends on the prey as its food source, thereby allowing

oscillatory coexistence (Balagaddé et al., 2008; Kerr et al., 2002). Nevertheless, it is still

rare that two randomly selected strains will be naturally cooperative, or their coexistence

be mutually beneficial. More likely, as has been shown to be the case (Foster and Bell,

2012; Freilich et al., 2011), the engineering of microbial consortia will face a lot of

naturally competitive species and it will be up to researchers to engineer new ways to

co-culture such strains. In Chapter 4, we describe a system by which we accomplish

this goal of stably co-culturing two metabolically competitive strains.
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(+/-) Predation (-/-) Competition(+/+) Cooperation

(0/+) Commensalism (0/-) Amensalism(0/0) No Interaction

No common metabolites Food chain Waste product inhibition

Synthrophy Food chain with waste product inhibition Substrate competition

Figure 1.6: The Basic Coexistence Motifs of a Two-Species Synthetic Microbial Ecosys-
tem. On top is the ecological representation of interaction, and on bottom is the matching
metabolic interaction. Grey boxes represent different food sources and metabolic products.
Blue and green circles represent the blue and green strains, respectively. Stimulating, or
helpful, interactions and their direction are denoted with green arrows, while inhibitory, or
harmful, interactions and their direction are denoted with red arrows. Figure adapted from
(Großkopf and Soyer, 2014)



Chapter 2

Characterizing Communication

Modules for Microbial Consortia

Introduction

Monoclonal synthetic biology has led to increased efficiency in the production of

important industrial chemicals and “high value” products (Khalil and Collins, 2010; Ro

et al., 2006; McDaniel and Weiss, 2005). However, the production capacity of a single

organism is limited by metabolic load and byproduct toxicity, which are both difficult to

address with intracellular genetic optimization (Dueber et al., 2009; Kizer et al., 2008;

Zhu et al., 2002; Barbirato et al., 1996). Furthermore, the defining goal of an engineered

“superbug” capable of high-yield production (Brenner and Arnold, 2011) is discordant

with established ecological theory that the optimization of one trait occurs at the price of

other necessary traits (Carlson and Taffs, 2010; Kneitel and Chase, 2004). Due to recent

evidence that robust communities will out-perform optimized monocultures (McMahon

et al., 2007), a new frontier in synthetic biology is emerging: synthetic ecology, or

the engineering of microbial consortia (Brenner et al., 2008; Pandhal and Noirel, 2014;

De Roy et al., 2014; Dunham, 2007; Mee et al., 2014).

Engineered microbial communities have already demonstrated that the limita-

12
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tions imposed by metabolic load can be addressed through distribution and specializa-

tion across various members of a community (Arai et al., 2007; Vinuselvi and Lee,

2012). This allows consortia to produce higher yields (Bernstein et al., 2012; Minty

et al., 2013) and to optimally respond to diauxic growth (Eiteman et al., 2008) or harsh

environmental fluctuations (Burmolle et al., 2006; LaPara et al., 2002; Fay, 1992). Im-

portantly, the engineering of microbial consortia will also facilitate a systematic under-

standing of native communities that are of increasing importance in the context of the

human microbiome and significant environmental challenges (Shou et al., 2007; Bala-

gaddé et al., 2008; West et al., 2006).

Regulatory processes are essential for cooperative behavior in microbial consor-

tia. Quorum sensing (QS) is a common mechanism used by bacteria to sense local cell

density in order to coordinate gene expression and affect differential behavior (Ng and

Bassler, 2009). Species capable of such sensing harbor regulator proteins that, when

bound to a particular ligand, modulate transcription from various QS promoters (Ng

and Bassler, 2009). Although there are several different QS mechanisms (Waters and

Bassler, 2005), the LuxR/LuxI-type systems mediated by homoserine lactone (HSL) lig-

ands are the most promising due to their simplicity and large natural diversity (Ng and

Bassler, 2009; Miller and Bassler, 2001; Davis et al., 2015). QS is a reliable and well-

characterized tool synthetic biologists have used for a variety of applications including

triggering biofilm formation (Hong et al., 2012; Kobayashi et al., 2004), constructing

synchronized oscillators (Prindle et al., 2014; Danino et al., 2010), generating patterns

(Basu et al., 2005; Payne et al., 2013), sensing pathogens (Saeidi et al., 2011), and

developing synthetic ecosystems (Balagaddé et al., 2008; Brenner et al., 2007). Further-

more, QS has proved to be a powerful tool for metabolic engineering, by allowing timed

production of chemicals to commence at optimal cell-densities (Brockman and Prather,

2015; Srimani and You, 2014; Pai et al., 2012; Tsao et al., 2010).

Taken collectively, these studies have established a foundation for the use of

quorum sensing in microbial consortia. However, until recently (Wu et al., 2014), the

cross-interactions between QS systems have received little attention. If multiple sys-
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Figure 2.1: Potential Sources of Crosstalk Between Quorum Sensing Systems. Top left:
R-protein (LuxR) binds its cognate ligand (3OC6HSL) to become active and drive tran-
scription from the Plux promoter. Top right: Signal crosstalk occurs when the R-protein
can become active through binding of an HSL other than its cognate ligand, such as LuxR
binding 3OC12HSL, common to the las system. Bottom left: Promoter crosstalk occurs
when the QS promoter of one system can be activated by the active R-protein of another
system, such as Plux being activated by LasR bound to 3OC12HSL. Bottom right: Mix-
tures of both signal and promoter crosstalk can occur, allowing a R-protein from one system
to bind an off-target ligand and activate a non-canonical promoter.
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tems are to be used in the same environment, it is important to know how they will

interact with one another. Two QS systems in the same population can harbor either

signal crosstalk, promoter crosstalk, or a mixture of both (Figure 2.1). Signal crosstalk

occurs when a receptor can bind a non-canonical HSL, such as LuxR binding 3-oxo-

C12-HSL (3OC12) which is native to the las system. Promoter crosstalk occurs when

an activated receptor can bind a non-canonical promoter, demonstrated by an activated

LasR being capable of driving transcription off the Plux promoter. Covering all possible

combinations reveals that a mixture of these two crosstalks is possible, whereby a re-

ceptor is activated by a non-canonical HSL and then activates a non-canonical promoter

(Figure 2.1).

Through promoter and protein engineering, the rpa and tra quorum sensing sys-

tems were modified to allow functionality in E. coli, adding two more systems to the

previously characterized lux and las systems. To the best of our knowledge the rpa

system has never been described in E. coli before, and the tra system, although well-

characterized in A. tumefaciens and in vitro, (Zhu and Winans, 1999; Fuqua and Winans,

1996; White and Winans, 2007) has otherwise been previously shown to exhibit poor

activity in whole E. coli cells (Zhu and Winans, 1999). All possible cross-interactions

between these systems’ components were then tested to understand how they could be

used in an engineered community.

Most systems exhibited varying levels of crosstalk, and while unexpected inter-

ference between components can cause a loss of circuit function (Brophy and Voigt,

2014; Wu et al., 2014), if the parts are well-characterized the crosstalk can be har-

nessed to create unique dynamical circuits. In other cases it can be advantageous to

have communication systems that function orthogonally. For the purposes of this study,

we defined orthogonality as such: system A is said to be “signal orthogonal" to system

B if Receptor A cannot be activated by Signal B, “promoter orthogonal" to system B if

Promoter A cannot be activated by an HSL-bound Receptor B, and “completely orthog-

onal" if both cases are true. Orthogonality can therefore only be defined under a given

concentration range of the signal and also depends on the definition of “activated". We
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considered a system activated if it exhibited a maximum fold-change greater than 2, or

an Area Under the Curve (AUC) greater than 2% of the canonical AUC response, as

defined for Figure 2.5.

Several groups have pointed out the utility of complete orthogonality (Chuang,

2012) and even used different classes of QS systems (Marchand and Collins, 2013;

Quan et al., 2016; Shong and Collins, 2013) in concert with Lux-like QS systems to

accomplish such orthogonality. Here we demonstrate that different combinations of

our Lux-like QS systems can achieve signal, promoter, and complete orthogonality. By

characterizing the varying degrees of cross-talk and orthogonality between all four sys-

tems and their components, we hope to facilitate the development of synthetic microbial

communities with well-controlled functionality.

Results

Screening Lux-like QS Systems

Lux-like quorum sensing systems are widely dispersed throughout the proteobac-

teria phyla, each with a unique LuxR-like receptor and HSL homolog (Gray and Garey,

2001; Waters and Bassler, 2005). Taking advantage of the natural diversity of these re-

ceptors and ligands, several systems were chosen based on their “evolutionary distance”

and ligand uniqueness (Fuqua et al., 1996; Gray and Garey, 2001) (see Figure 1.6). The

systems that were chosen include the lux system from Vibrio fischeri with ligand 3-oxo-

C6-HSL (3OC6) (Gray and Garey, 2001), the las and rhl system from Pseduomonas

aeruginosa with ligand 3OC12 and C4-HSL respectively (Fuqua et al., 1996), the tra

system from Agrobacterium tumefaciens with ligand 3-oxo-C8-HSL (3OC8) (White

and Winans, 2007), the rpa system from Rhodopseudomonas palustris with ligand p-

coumaroyl-HSL (pC) (Schaefer et al., 2008; Hirakawa et al., 2011), the ahy system from

Aeromonas hydrophilia (Swift et al., 1997), the sma system from Serratia marcescens

(Thomson et al., 2000), the cer system from Rhodobacter sphaeroides (Puskas et al.,



17

1997), and the exp system from Sinorhizobium meliloti (Charoenpanich et al., 2013).

To assure reliable gene expression, each LuxR-like protein from the selected sys-

tems was GFP tagged to gauge translational output. After all of the R-protein-fusions

were shown to express well (Figure 2.2A), each R-protein was tested for native function-

ality by co-transforming it with a GFP reporter plasmid harboring its native promoter

(see Table C.1 (Fuqua and Winans, 1996; Hirakawa et al., 2011; Garde et al., 2010;

Slater et al., 2003; Karig and Weiss, 2005; Puskas et al., 1997; Charoenpanich et al.,

2013)). Despite evidence of successful expression of R-proteins, none of the systems

other than the extensively characterized lux and las systems showed GFP induction in

the presence of its HSL ligand. Several possible points of failure were identified; for ex-

ample, protein misfolding may impede proper ligand or DNA binding, or recruitment of

E. coli’s sigma factor may necessitate a slightly different protein location/conformation

than the system’s native chassis. In order to address these issues, we rationally designed

and tested new promoters and proteins.

Rational Design of QS Systems

Using the lux-system as a point of reference for a QS system that functions in

E. coli, hybrid promoters, Ptra* and Prpa*, were created by replacing the lux-box in the

commonly used PluxI promoter with the tra-box (White and Winans, 2007) and rpa-box

(Hirakawa et al., 2011), respectively. This drastically improved the fold change of the

rpa system from no-significant induction to nearly a 25x fold change in the presence

of its cognate ligand (Figure 2.2B). The tra system was also improved from no signifi-

cant induction, but its fold change was still rather low (Figure 2.2C). Observing protein

alignment across several LuxR-homologs, it was noted TraR was missing a conserved

tryptophan amino acid (Vannini et al., 2002), which in LuxR is known to be impor-

tant for sigma factor recruitment (Fuqua and Greenberg, 2002). Engineered receptor

TraR(W) was created by substituting a tryptophan into the correct amino acid position.

When combined with the Ptra* promoter and the native signal, the fold change was dou-
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bled compared to the wild-type TraR protein and hybrid Ptra* promoter (Figure 2.2C).

Figure 2.2: Engineering New QS Systems in E. coli (A) Mean fluorescence of GFP-LuxR-
like protein fusions. Positive control is constiutively expressed GFP, and negative control
is the E. coli strain with no GFP plasmid. (B) Wild-type rpa-promoter is non-functional
in E.coli, however an engineered Plux-rpa promtoer functions well. (C) Wild type tra-
promoter is also non-functional, but an engineered Plux-tra promoter shows significant
fold-change in the presence of cognate ligand. Also, an engineered TraR with a point
mutation to increase sigma factor binding increases fold change of the tra system. (B),(C)
Mean values are normalized by lowest expression in each panel. Error bars represent S.E.M
(n=3).

Quorum Sensing Circuit Multiplexing

In order to fully characterize the utility of these QS-responsive strains, a modular

two plasmid system was constructed such that an actuator plasmid constitutively pro-

duced the LuxR-like protein, while a reporter plasmid harbored a single QS-promoter

expressing sfGFP (Figure 2.4A). With the four functional systems (lux, tra, las, and rpa),

all sixteen possible actuator/reporter two-plasmid strains were created. Each receptor

protein, without any HSL ligand, has an inherent affinity for each promoter, giving each

of these sixteen combinations a unique basal expression level or “leakiness” (Table 2.1),
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Figure 2.3: Promoter/Receptor Pairs Exhibit Differential Basal Expression Levels. Mean
fluorescence of Receptor/Reporter two-plasmid systems in the absence of any HSL signal.
All values are normalized by the auto-fluorescence of the same E. coli strain with no GFP
plasmid. Error bars represent S.E.M (n=3).

defined as the GFP expression in the absence of any HSL ligand, normalized by the

observed fluorescence of the same E. coli strain without a GFP plasmid (Figure 2.3).

Leakiness can negatively affect genetic circuit functionality, or it can be harnessed to

direct the rates of transient protein expression, making basal expression an important

characteristic. Interestingly, the canonical R-protein and its respective promoter were

seen to always harbor the highest leakiness for each promoter/receptor set. This finding

suggests that if leakiness is an undesirable trait for a potential genetic circuit, a non-

canonical yet functional R-protein could be used instead.

Each of these sixteen strains were exogenously subjected to a wide concentration

range of the four characteristic HSLs, and the resulting GFP production after three hours

of incubation was measured (Figure 2.4B). The concentration maximum (100uM) was

limited by physiologically relevant numbers (Miller and Bassler, 2001), while the mini-

mum (1E-10 or 1E-14M) by previously observed response thresholds (data not shown).

Only promoter/receptor pairs that showed a 2-fold induction or more in the presence

of at least one HSL were shown in Figure 2.4, for all combinations not shown it can

be inferred they exhibited no significant response under any conditions. QS constructs
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Figure 2.4: Dose-Response from Multiplexed Quorum Sensing Circuits (A) Genetic
schematic of a single construct in the presence of a particular HSL ligand. With four
R-proteins and four promoters there are 16 two-plasmid combinations each induced with
four different HSLs giving 64 promoter/R-protein/HSL combinations measured at 8 ligand
concentrations (or 12 for LasR). (B) Heat map showing GFP abundance for all QS com-
binations and HSL concentrations. Each column denotes a unique combination of signal
(HSL), receptor (R-protein), and reporter (QS promoter), with rows denoting the concen-
tration of ligand. Only Promoter/R-protein combinations that resulted in at least a 2-fold
increase for one or more HSL are shown. Each value corresponds to the mean fluores-
cence value measured from a cell population normalized by the population’s cell-density;
all combinations and concentrations were done in triplicate.
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are denoted by a three letter system where “L” refers to the lux system, “T” to the tra

system, “A” to the las system, and “R” to the rpa system; the first letter denotes the

promoter used, the second letter the R-protein used, and the third letter the HSL used

(Plux+LasR+3OC8= “LRT”). This fully comprehensive assay elucidated all three poten-

tial crosstalk dynamics, as well as extensively characterized many new inducible genetic

circuits. Each construct’s relevant behavior was quantified by fitting its expression data

to the typical dose-response function:

GFP = b+
a−b

1+10log(EC50−X)∗h

Where a is the maximum response, b is the basal expression, X is the concentra-

tion of ligand, and GFP is the response at that concentration. In order to assure mean-

ingful fitted dose-response curves, only the QS pairs that showed significant activation

before 100uM were analyzed. From this equation, four important attributes of each dose

response curve were calculated: fold change, EC50, hill slope (h), and area under curve

(AUC) or “activity area” (Yadav et al., 2014; Huang and Pang, 2012) (Table 2.1). Fold

change is defined as the maximum observed expression divided by the basal expression

in the absence of ligand (a/b). The EC50 is defined as the concentration of ligand that

results in half-maximum activation of the QS construct. The hill slope is defined as the

steepest slope along the dose response curve, and is indicative of how responsive the

promoter/receptor pair is to the ligand. Lastly, the fitted curve was integrated using a

trapezoidal function to calculate the area under the curve minus the area of the leaki-

ness to give the activity area (Figure 2.5C). Generally, the Las system demonstrates the

highest fold change and has a relatively low (strong) EC50, the Tra system has the low-

est fold change and weakest EC50 but is also the least leaky. The Rpa system has the

strongest EC50 and the highest leakiness, and the Lux system has mid-range values for

all characteristics.

Fold change is a very important aspect of genetic circuits, and this multiplex

assay allowed the identification of systems with a wide range of induction curves rang-



22

Figure 2.5: Activity Area of Dose-Response Curve as Performance Standard. (A) The
maximum fold-change of a diverse subset of the QS constructs after 3 hours of induction.
(B) Normalized dose-response curves of a subset of QS constructs that demonstrate a vari-
ety of EC50s. Each curve is normalized by its own maximum value, such that each curve
converges to 1. (C) Fitted dose-response curves to the experimental data and their calcu-
lated activity areas. The red dot indicates the mean expression in the absence of HSL. Grey
box under the curve represents the inherent leakiness of the circuit. Where the dotted lines
meet the x-axis gives the EC50 value. Error bars indicate the standard error of the mean
(n=3).

ing from 2-fold to almost 100-fold in batch culture after three hours of induction (Fig-

ure 2.5A). However, the use of fold change as a standard to compare QS circuit perfor-

mance was obfuscated by unexpected expression dynamics. For example, TTA shows

a greater fold change than the canonical TTT, yet is much less sensitive to the exoge-

nous ligand with an EC50 almost two orders of magnitude higher (Figure 2.5C). This

phenomena may be the result of different HSL stabilities, but is more likely due to the

receptor having a slightly different conformation when bound to the off-target HSL, al-

lowing it to bind tighter to the DNA or recruit the sigma factor more strongly. Such a

unique crosstalk dynamic may have implications in natural systems that would benefit

from a strong response to high levels of a foreign species. Fold change was further de-

termined to be misleading because many systems showed steep increases in induction

at 100uM, while at 10uM they still exhibited near-background expression (Figure 2.6).

AAL, for instance, has a fold change of 15, yet its activity area is about 1% that of

the canonical (AAA). The normalized activity area of 1% gives a much more accurate

account of its relative performance than the normalized fold change (15% of the max
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Figure 2.6: Large Increase in Expression at 100uM Distorts Relative Performance of Con-
structs. Fluorescence value at 10uM and 100uM divided by basal expression rate in absence
of HSL to give Fold Change, error bars denote SEM (n=3). Many systems still show lit-
tle to no expression at the already very high ligand concentration of 10uM, but exhibit a
large jump in expression at 100uM. Since this concentration value is thought to be phys-
iologically irrelevant, fold change based off that concentration can inaccurately describe
promoter performance.

fold change) (Figure 2.5A).

Selection of constructs based on EC50 could help create circuits with specific

expression dynamics such as sequentially firing promoters based on cell density (Fig-

ure 2.5B). Additionally, systems in which the R-protein is completely orthogonal to a

ligand until 100uM - since that concentration would be difficult to reach without exoge-

nously provided signal - could be used as a master control of certain systems, allowing

for circuits to be triggered only by external input. In general, the EC50 is useful for pre-

dicting relative performances of a particular R-protein across ligands. However, it tells

you nothing about the raw expression levels, so it isn’t the best metric as a standard of

performance. For instance, RRR is the most sensitive of all constructs with an EC50 of

0.5nM (Figure 2.5B) but only has a fold change of 28 (Figure 2.5A), meanwhile RLL

is three orders of magnitude less sensitive (Figure 2.5B) yet has a fold change of nearly

65 (Figure 2.5A).

The hill slope provides information about how sensitive the R-protein is to its

ligand and whether the binding appears cooperative. It is common to attribute digital,

or near-digital, responses to QS circuits, but this is inconsistent with the reality of bio-
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logical systems, as most canonical QS systems have hill slopes around one (Table 2.1).

Nevertheless, synthetic biologists may still want to choose the most digital construct

possible (RRR) when constructing their circuit, or possibly the most linear (RLT). In or-

der to quantify and compare the performance of these various QS circuits, activity area

was found to be the most useful characteristic. This is consistent with a recent study,

which reported AUC to be a better comparison method than EC50 (Huang and Pang,

2012). Activity area includes all aspects of the response curve; that is, less leakiness,

greater fold change, higher sensitivity, and lower EC50s all contribute to increasing the

activity area (Figure 2.5C, Table 2.1), making it an especially informative performance

standard.

Therefore, activity area was used to compare the performances of all of the dif-

ferent systems. As an example, the activity area of LuxR and Plux with an off-target

HSL (LLT) was divided by the canonical response (LLL), and it was seen that 3OC8

activated LuxR at 96% of its max efficiency (Figure 2.7A). Similarly, the activity area

of RpaR with pC-HSL and the Plux promoter (LRR) was normalized by the response of

the canonical lux system (LLL), and it was observed that, at its best, RpaR activated the

Plux promoter at 87% of the promoter’s maximum observed output over the concentra-

tion range in this study (Figure 2.7A). This allows quick evaluation of general proper-

ties of these components. For instance, the Plux and Prpa* promoters are promiscuous,

while Plas and Ptra* are very specific to their particular R-protein. Unsurprisingly, since

the acyl-HSL’s of lux, tra, and las are so similar (Figure 1.6), there is a large amount of

signal crosstalk between their R-proteins. Conversely, since p-coumaroyl, an aryl-HSL,

has a much different structure (Figure 1.1) than the others, it is recognizable by only

RpaR, and RpaR cannot recognize the other signals.

The result of this multiplex assay offers insight into many unexpected pairings

of receptor, ligand, and promoter that synthetic biologists can utilize for various cir-

cuit functions. Since the lux system is widely used, it is important to note that using

RpaR with pC-HSL in conjunction with Plux gives an almost identical fold change and

hill slope but with higher sensitivity and lower leakiness, making this hybrid system a
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Figure 2.7: Identifying Crosstalk and Orthogonality Between QS Circuits. (A) Activity
area of the fitted curve, across all HSL concentration values, is used to graphically repre-
sent every R-protein’s affinity for each HSL ligand and each QS-promoter’s ability to be
activated by an off-target receptor. Left column: Signal crosstalk as demonstrated by each
canonical promoter/R- protein pair’s ability to be activated by non-specific ligands. In each
box, values are normalized by the maximum performance of that R-protein/Promoter pair
(e.g. LLT/LLL = 96%). Right column: Activation of each promoter by each canonical R-
protein/ligand pair, representing promoter crosstalk. In each box, values are normalized by
the maximum performance of that promoter (e.g. LRR/LLL = 87%). (B-E) Comparisons of
two sets of QS systems and all possible cross-interactions. Activity area of each column’s
fitted curve is normalized by the maximum activity area of the promoter corresponding to
that particular column (e.g. LLA/LLL or AAL/AAA). (B) The lux system demonstrates
both signal and promoter crosstalk to the las system, while the las is orthogonal to the
lux system. (C) The lux and rpa systems are signal orthogonal but demonstrate two-way
promoter crosstalk. (D) The las and tra systems are promoter orthogonal but demonstrate
two-way signal crosstalk. (E) The rpa and tra systems are completely orthogonal.

desirable alternative to the canonical lux circuit. Similarly, LasR with 3OC12 driving

transcription off the Prpa* promoter is almost half as leaky as the canonical las circuit,

while still giving a large fold change and low sensitivity (Table 2.1). Furthermore, com-

paring the activity area of two QS systems was found to be a useful method to quickly

identify crosstalk and orthogonality.

Toward Microbial Consortia

Individual constructs have intrinsic value, however, circuits were evaluated for

potential use in multi-system consortia by grouping their cross-interactions (Figure 2.7).

Although lux and las have been used in numerous circuits before, they do exhibit a sig-
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nificant amount of crosstalk. Specifically, LuxR can become active by binding las’s

3OC12, and an activated LasR protein can activate the Plux promoter. However, the

Plas promoter is completely orthogonal to the lux system (with the caveat that LasR

can become somewhat active at 100uM 3OC6). Taken together the lux/las system ex-

hibits one-way orthogonality (Figure 2.7B) in the physiologically relevant concentration

range.

Interestingly, although the lux and the rpa systems exhibited promoter crosstalk,

they were signal orthogonal: they could not bind each other’s ligand. This crosstalk

dynamic implies that they could function independently as long as their promoters are

physically compartmentalized (e.g. contained within different cell types, Figure 2.7C).

Therefore, a co-culture of lux-responsive and rpa-responsive cells could be orthogonally

controlled by their diffusible signal into the 100uM concentration range. The las and rpa

systems also exhibited signal orthogonality, with even less crosstalk at 100uM.

There were two system pairs that exhibited signal crosstalk but were promoter

orthogonal: the lux/tra pair and the tra/las pair (Figure 2.7D). LuxR and LasR could

not activate Ptra*, and TraR could not activate Plux or Plas, however with such similar

HSLs, either of the systems’ ligand worked to activate both R-proteins to a significant

degree. Although signal crosstalk with promoter orthogonality won’t explicitly allow

for differential control of specific strains, these systems could be used for OR-gates or

competitive-inhibition-based circuits (Chickarmane et al., 2007).

Additionally, the tra and rpa systems exhibited both signal and promoter or-

thogonality, characterizing them as completely orthogonal (Figure 2.7E). These systems

would allow for the control of two quorum sensing systems not only in the same culture

but within the same cell or compartment. Both R-proteins are incapable of binding to

either the non-specific promoter or the non-specific ligand. While signal-orthogonality

is sufficient for creating complex population dynamics, assuming each cell is controlled

by one system, complete orthogonality can accomplish population dynamics as well as

more advanced internal signaling such as the maintenance of two asynchronous, non-

interfering oscillators.
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Figure 2.8: Side-by-side Comparison of Raw Fluorescence Expression Between 2-plasmid
and 3-plasmid Orthogonality Strains. (A-D) Raw expression from promoter orthogonal
strains 718, 717, and 720. (E-H) Raw expression fro complete orthogonal strains 717, 716,
and 702. Expression from Strain 717 with C6 and Both is almost identical, however from
Strain 702, Both HSLs result in significantly less GFP which is likely a result of growth
defects caused by metabolic load of producing RFP at the same time. Error bars represent
S.E.M (n=4).

In order to validate the characterization of our constructs and verify their poten-

tial for synthetic ecologies, we tested these three communication modules in the same

culture or cell (Figure 2.10 and Figure 2.8). Signal orthogonal strains (Figure 2.10A)

were co-cultured and exposed to 3OC6HSL (C6), pC, or both HSLs. Their dose-

response profiles (Figure 2.10C-D) were used to generate AUC ratios which were com-

pared to response predictions based on the individual constructs previous characteriza-

tion (Figure 2.10B). The same was done for promoter orthogonal strains (Figure 2.10E-

H), and complete orthogonal strains (Figure 2.10I-L) with their respective HSLs.

In all cases, the components behaved very similarly to their predicted response,

suggesting these components will translate well into applied circuits. It’s important to

note that the apparent cross-talk in the GFP-702 column (Figure 2.10J) is due to growth

defects. The basal level of GFP remains the same (Figure 2.10K), however the OD

decreases with increased pC-HSL (Figure 2.9C) due to the heavy metabolic load of pro-

ducing RFP and harboring three relatively high-copy plasmids. Since all fluorescence
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Figure 2.9: Growth Defects Skew Fluorescence Data. Growth defects in the 3-plasmid
"Complete Orthogonality" strain 702 compared to the 2-plasmid complete orthogonality
strains of 716 and 717. (A-B) OD of strain 716 and 717 3 hours after induction with
HSLs. No apparent change in OD due to HSL concentration. (C) Base level OD of Strain
702 is less, likely due to harboring three relative high-copy plasmids. Furthermore, OD
decreases with increased concentrations of pC-HSL, likely due to growth defects caused
by the production of RFP. These growth defects can distort the meaning of OD-normalized
dose-responses. Error bars represent S.E.M (n=4).

data is OD normalized, the subsequent AUC calculations misrepresent a decrease in

OD as an increase in OD-normalized fluorescence. These growth defects are likely also

responsible for the decrease in GFP production under both HSLs (Figure 2.10K). The

complete orthogonality of the rpa/tra systems is further confirmed by Strain 717 which

would show the same GFP-AUC ratios as 702 if the cross-talk were real, but having

normal growth under all conditions (Figure 2.9B), it more accurately demonstrates tra’s

unresponsiveness to pC-HSL and RpaR (Figure 2.10J and Figure 2.8E).

Lastly, to further the case for rpa’s utility to synthetic biology, we recognize the

importance of being able to produce pC-HSL in vivo. Preliminary data appears to show

that the native sequence from R. palustris can be expressed in E. coli and activate the

Rpa system (Figure 2.11). Further tests are needed to thoroughly prove its functionality,

but our data suggests RpaI and the rpa components have potential to be used in future

dynamical QS systems.

Characterizing the interactions of just four different quorum sensing systems

resulted in the identification of many potential circuit components for use in a variety

of synthetic biology applications. Our study demonstrates that because of the natural
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Figure 2.10: Verification of QS Component Orthogonality (A) Genetic schematic of sig-
nal orthogonal strains 708 and 709. (B) A 1:1 co-culture of 708 and 709 was subjected
to the full range of HSLs and the AUC of the dose-response was compared to predictions
based on their original characterization in Figure 2.4 and Table 2.1. For all predictions,
it was assumed the canonical HSL would give the maximum response, so it was assumed
providing both HSLs would still give an AUC of 100. Each experiment is normalized by
the canonical response, such that the AUC of the GFP dose-response to C6-HSL is set to
100, making the ratio between columns in a set the point of comparison. For example, the
708/709 GFP column set follows this formula: (AUC-C6/AUC- C6), (AUC-pC/AUC-C6),
(AUC-Both/AUC-C6). (C-D) Raw fluorescence expression of the 708/709 co-culture. Er-
ror bars represent S.E.M (n=4). (E) Genetic schematic of promoter orthogonal strains 718,
719, and 720. (F) Normalized Dose-Response AUC showing similarity between predic-
tions and in vivo results. (G-H) Raw fluorescence expression of 720. Raw expression of
718 and 719 available in Figure 2.8. (I) Genetic schematic of complete orthogonal strains
716, 717, and 702. (J) Normalized Dose-Response AUC of predictions and in vivo results.
(K-L) Raw fluorescebce expression of 702. Raw expression of 716 and 717 available in
Figure 2.8. Error bars represent S.E.M (n=4).
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Figure 2.11: Functional Characterization of LuxI-homolog RpaI (A) Genetic schematic of
plasmids used, with a a combination of the plasmids a, b, c and d. (B) Inclusion of an RpaI
expressing plasmid causes increased GFP expression in an RpaR-expressing strain with
GFP driven by the Prpa* promoter. Error bars represent S.D. (n=4). (C) Exogenously pro-
viding HSL to the strain with RpaI shows little induction at even the highest concentration
of 100uM, hinting that RpaI alone saturates the production capabilities. Raw expression is
likely less in the 3-plasmid systems for the same metabolic reasons previously described.
Error bars represent S.D. (n=4).

abundance of quorum sensing systems and their ease of engineering, due to protein and

promoter modularity, QS is a very attractive tool for the development of next generation

genetic circuits and the programming of microbial consortia.

Although completely orthogonal systems have straightforward use cases, we hy-

pothesize that promoter-orthogonal and signal-orthogonal pairs offer their own unique

advantages as certain levels of crosstalk may be desirable in creating more interesting

circuits with complex dynamics. We anticipate that the unique crosstalk interactions and

affinities of the different QS-combinations characterized in this study can be used to this

advantage. Furthermore, the possibilities unlocked by QS-circuitry will only grow as

more QS systems are characterized and created. Given the ease of promoter and protein

engineering of QS components, it is clear that these systems could be further optimized

by modifying either the ligand binding, DNA-binding, or sigma-factor-recruiting do-

mains. As more novel QS systems are engineered, the various types and strengths of

cross-interaction will be a very useful tool set for real-world applications in synthetic
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biology.

Methods

Plasmids and Strains

The plasmids used in this study are described in Table C.2. All studies were done in

the “EK” E. coli DIAL strain provided by Josh Kittelson (Kittleson et al., 2011); this

strain is necessary for proper propagation of plasmids due to R6K and ColE2 origins

of replication used in all plasmids. Promoters and UTRs described by Mutalik et al

(Mutalik et al., 2013a,b) were synthesized de novo from IDT. Genomes of Rhodopseu-

domonas palustris (RpaR), Rhodobacter sphaeroides (CerR), Sinorhizobium meliloti

(SinR, ExpR), Serratia marcescens (SmaR) were obtained from ATCC. Lux, Las and

Rhl were obtained in lab and Tra was taken from iGEM pSB1C3-BBa-K916000 found

in Distribution Plate 2, Well 9J.

Fluorescence Expression Measurements

Cells were prepared for plate reader experiments as follows: strains were grown overnight

and then re-seeded in a 1:1000 dilution into fresh media containing ampicillin and

spectinomycin resistance. The dilution was allowed to grow for about 4 hours until

it reached OD ∼0.1. Then, the cell culture were distributed into a 96-well plate (180ul

final volume per well) and induced with a range of AHL concentrations (1:10 serial di-

lutions were done from 1E-4M to 1E-10M or 1E-14M). AHLs stocks were dissolved in

DMSO, resulting in a max DMSO concentration of 1% in LB. After induction, the cells

were allowed to grow for 3 hours until OD ∼0.5 at which point they were measured with

a Tecan infinite M200Pro for OD600 as well as GFP fluorescence with the following

fixed settings: no top, fixed gain of 61, excitation of 485nm, emission of 520nm, and

Z-position of 19500. All GFP measurements were normalized by dividing their raw

values by the OD of that well to give a “per-cell” measurement and account for slight

differences in growth rates. For Figure 2.6, the same methods were used, except gain

regulation was used to find an optimal gain for each individual experiment, and RFP
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Table 2.1: Characteristics of QS Circuit Dose-Responses. Each promoter-R-protein pair
has the same leakiness regardless of HSL, so it is only listed once. EC50 was not estimated
for constructs with fold changes lower than 2, and any construct that exhibited a greater
than 2-fold change only at 100uM was assumed to have an EC50 greater than or equal to
50uM. Hill slopes were only calculated for constructs that showed significant activation
before 100uM.

Dose-Response Curve PropertiesConstruct
Leakiness Fold Change EC50 Hill Slope Area

LLL 3.2 ± 0.01 31.5 ± 0.36 4.54E-09 1.15 150800
LLT 32.5 ± 0.12 1.1E-8 0.78 144340
LLA 29.3 ± 0.03 4.75E-7 0.62 81113
LLR 1.3 ± 0.01 – – 180
LAL 2.08 ± 0.02 3.6 ± 0.45 ≥5E-5 – 644
LAT 26.9 ± 0.26 2.08E-06 1.13 35200
LAA 28.6 ± 0.42 1.34E-08 0.69 83782
LAR 2.5 ± 0.28 ≥5E-5 – 425
LRL 2.52 ± 0.01 3.1 ± 0.40 ≥5E-5 – 402
LRT 2.7 ± 0.07 ≥5E-5 – 546
LRA 1.1 ± 0.01 – – 18
LRR 29.9 ± 0.22 1.37E-09 1.14 131890
TTL 1.74 ± 0.01 5.1 ± 0.06 5.89E-08 1.01 8235
TTT 5.4 ± 0.06 3.16E-08 1.19 9390
TTA 7.1 ± 0.05 9.65E-7 0.86 8067
TTR 1.1 ± 0.01 – – 43
AAL 3.93 ± 0.01 15.4 ± 2.35 ≥5E-5 – 5003
AAT 90.3 ± 0.52 5.95E-7 1.29 279910
AAA 98.7 ± 1.11 1.18E-09 0.94 689740
AAR 8.1 ± 1.55 ≥5E-5 – 2639
RLL 2.40 ± 0.01 64.5 ± 0.51 3.15E-7 0.45 156500
RLT 63.0 ± 0.17 2.57E-06 0.41 122680
RLA 19.6 ± 0.16 2.00E-03 0.41 20147
RLR 1.0 ± 0.0 – – 53
RAL 2.28 ± 0.04 6.6 ± 0.94 ≥5E-5 – 1223
RAT 59.8 ± 0.43 1.03E-06 1.12 93241
RAA 62.6 ± 1.45 8.39E-10 0.58 241590
RAR 3.7 ± 0.54 ≥5E-5 – 641
RRL 5.71 ± 0.07 7.0 ± 0.73 ≥5E-5 – 3551
RRT 6.7 ± 0.11 ≥5E-5 – 3839
RRA 1.9 ± 0.20 ≥5E-5 – 1036
RRR 27.7 ± 0.12 4.99E-10 1.299 306560
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levels were measured with an excitation of 580nm and an emission of 620nm.

Dose-Response Fitting

A Matlab script utilizing nonlinear regression was used to fit the plate reader measure-

ments to the described dose-response equation. The script by Ritchie Smith was ob-

tained here via mathworks.com and was slightly modified for this study. The script

takes the dose and response matrices as inputs, fits the curve, and outputs the Min, Max,

Hill Coefficient, EC50, and AUC of the curve.
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Chapter 3

Applications of Multiple Quorum

Sensing Systems

Metabolic Distribution

To explore the utility of these systems for industrial applications we took into

consideration that attempting to induce strong protein production at an early stage of

growth puts a strong selective pressure on a population to foster growth of a mutant with

a broken circuit. In order to see if distributing the load across members of a community

would alleviate this load-driven mutation problem, we created three strains based on

our completely orthogonal QS systems, tra and rpa (Fig. 2.7). One strain (808) only

produces RFP in the presence of pC-HSL, the second strain (809) only produces GFP in

the presence of 3OC8-HSL, and the third strain (810) produces RFP in the presence of

pC-HSL and GFP in the presence of 3OC8-HSL (Figure 3.1A). Each individual strain

as well as a co-culture of 808 and 809 was tested under the full concentration of both

HSLs to observe growth and expression dynamics. When the

cells are induced right after they are re-seeded (T=0hrs), it causes growth delay

that increases with HSL concentration, i.e. induction strength (Figure 3.1B, left col-

umn). However, 810 suffers the most as it tries to produce both GFP and RFP while
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Figure 3.1: Metabolic Load Distribution of QS-Controlled Protein Production. (A) Circuit
Diagram for all three strains. In Strain 810, Plux is used in place of Prpa for its preferable
dynamics with RpaR - it is also completely orthogonal to the Tra system. (B) For each
condition, growth curves were plotted and the resulting time to OD=0.5 was measured. For
each strain, the minimum time to OD=0.5 was used as the optimal growth time. Any time
greater than that to reach mid-log was considered time of Delayed Growth. Left column:
AHL is added right after the cells were re-seeded. Right Column: Cells were grown for
3 hours before being induced. (C) For each strain the GFP signal at each timepoint was
summed to give a total GFP production value. That value was then normalized by that
strain’s uninduced production value (Concentration = 0M). (D) For each strain the RFP
signal at each timepoint was added to give a total RFP production value. That value was
then normalized by that strain’s uninduced production value (Concentration = 0M). For all
experiments, n=3 and error bars represent standard deviation from the mean.
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the co-culture that demonstrates similar or greater induction values of RFP and GFP

grows with much less delay at all concentrations of HSL (Figure 3.1B,C,D, left col-

umn). In fact because of this selective pressure, for concentrations higher than 1E-8M,

the RFP circuit in the 810 strain is mutated out as demonstrated by the RFP production

being lower than the basal non-induced levels (Figure 3.1D, left column). Since one of

the advantages of Quorum Sensing is to allow timed production of products at optimal

cell-densities (Brockman and Prather, 2015; Srimani and You, 2014; Pai et al., 2012;

Tsao et al., 2010), a simulated delayed induction was used to further demonstrate how

QS-controlled distributed load would be particularly useful. The growth discrepancies

between a co-culture and an overloaded monoculture become even more apparent when

the cells are allowed to recover for 3 hours after re-seeding before being induced with

HSL. In this case, 810 still exhibits strong growth delays for all concentrations above

1E-9M while none of the other strains are delayed in a comparable way (Figure 3.1B,

right column). Interestingly, the co-culture that is grown in the same volume of 810,

which therefore has roughly half the number of GFP and RFP producing cells, outper-

forms 810 in fold induction of RFP in almost all cases (Figure 3.1D, right column), and

demonstrates comparable induction of GFP (Figure 3.1C, right column).

Global Toggle Switch

One of the original projects I attempted was to create a toggle switch that syn-

chronizes decision on both the local community level, and "global" population level

as was similarly done with synchronous oscillations (Prindle et al., 2012). However,

any significant amount of promoter or signal cross-talk would cause both states to be

favored at a given time. Therefore, it became clear that complete orthogonality was

a prerequisite for creating such a global, quorum-sensing based toggle switch. After

identifying the rpa and tra systems as completely orthogonality, the hypothetical toggle

switch became much more of an actual possibility. The suggested genotype is described

in Figure 3.2, whereby a Plux promoter is controlled by the rpa system and the hybrid
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Figure 3.2: Global Toggle Switch Necessitates a Complete Orthogonal Quorum Sensing
Pair. Circuit diagram of a globally synched toggle switch. Local, QS-mediated positive
feedback achieved with the completely orthogonal rpa and tra systems. Each state is con-
trolled by a hybrid promoter capable of activation by a QS-receptor and a redox-responsive
protein. Negative feedback is provided by well-described Lac and Tet repressors.

Plux-tra promoter is controlled by the tra system. Each system also is controlled by a

repressor such that while one state favors itself in a positive feedback loop it simultane-

ously represses the other state.

In situ Multiple, Timed Drug Delivery

In one of the earlier, speculative papers on the advent of microbial consortia,

Brenner, You, and Arnold imagined a "healthcare technology requiring the delivery of

two therapeutic components in succession with a defined time-offset" that they imag-

ined could use a engineered consortia governed by oscillatory dynamics (Brenner et al.,

2008). The first half of this vision was accomplished by Din and colleagues (Din et al.,

2016) in their successful use of attenuated Salmonella to colonize tumors and adminis-

ter anti-cancer agents from within in an oscillatory fashion. This bacterial therapeutic

utilized the lux quorum sensing system to time periodic lysing events that released an
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1. Growth 2. Green Overgrowth 3. Self-Regulation

4. Growth 5. Blue Overgrowth 6. Self-Regulation

Figure 3.3: Hypothetical Dynamic of a Bacterial Dual Drug Delivery System. Two strains
would alternate delivering therapeutic through self-mediated lysis. The first strain would
grow to quorum, fire and self-limit. Then the second strain would have space and time to
grow until it reached quorum. It would then fire and self-limit. Then the cycle would repeat
releasing two therapeutics in succession with an encoded time-offset.

anti-tumor payload. We imagined that if this system were doubled, we could create a

two-strain dynamic that delivered two therapeutics with a "defined time-offset", or at

least in a successive, periodic manner (Figure 3.3).

The underlying chassis for this hypothetical system were created using two self-

lysing strains controlled by the signal orthogonal lux and rpa QS systems an dis de-

scribed in Chapter 4. While the use of this system could be applied specifically for

in situ drug delivery, we focus, instead, on its dynamic as a general phenomenon to

co-culture two strains that are inherently competitive.



Chapter 4

Engineering Coexistence for

competitive strains in a microbial

consortia

Introduction

Utilizing reductionism to understand intricate biological systems, ecologists build

synthetic microbial ecosystems to study microbial communities (Gravel et al., 2011;

De Roy et al., 2013; Tanouchi et al., 2012; Wintermute and Silver, 2010; Klitgord and

Segre, 2010), while synthetic biologists use individual genetic "parts" to wire gene net-

works (Endy, 2005). These interests merge as synthetic biologists and ecologists apply

engineered microbial consortia to problems of waste recycling (Fulget et al., 1999),

industrial fermentation (Chen, 2011; Patle and Lal, 2007), bioremediation (Dejonghe

et al., 2003), and human health (Petrof et al., 2013; Khoruts et al., 2010; Shahinas et al.,

2012). However, the progress of engineering microbial consortia has been hindered by

the limited ability to co-culture multiple species for long periods of time due to stability

issues (De Roy et al., 2014). Here we use a recently developed population control cir-

cuit (Din et al., 2016) with novel quorum sensing signaling systems (Scott and Hasty,

39
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2016) to stably co-culture metabolically competitive strains in a microfluidic bioreactor.

Previous studies have relied on the ecological regimes of predation (Balagaddé et al.,

2008; Kerr et al., 2002) and mutualism (Shou et al., 2007; Kerner et al., 2012; Hilles-

land and Stahl, 2010; Summers et al., 2010) to stabilize populations; yet recent evidence

suggests competition is the most prevalent ecological relation in natural communities

(Foster and Bell, 2012; Freilich et al., 2011). Although competitive co-cultures are

inherently unstable (Gause, 2003; Faust and Raes, 2012), we found that by using two

signal orthogonal quorum sensing systems to direct each strain’s self-lysis we drastically

improve the residence time of two engineered Salmonella strains, compared to the same

strains lacking the lysis gene. Agent-based and deterministic modeling of self-limiting

bacteria in a microbial consortia demonstrate unique dynamics depending on selected

circuit parameters but generally a robust ability to co-culture two competitive species.

This system is immediately applicable for further expansion on the periodic in situ drug

delivery system (Din et al., 2016), but we believe it will be useful for many other aspects

of synthetic microbial consortia, from industrial fermentation to understanding natural

ecological dynamics.

Results

Exploring the Communication Space of Microbial Consortia

When engineering microbial communities controlled by quorum sensing (QS),

the selected receptors and signals will define the communication architecture and de-

termine how the members interact. Generally, a single strain (Green) can either exhibit

no communication, inter-communication, intra-communication, or both inter- and intra-

communication (Figure 4.1A). The other strain, capable of the same, gives a total of

16 possible communication motifs in a two strain consortia (Figure 1.5). Interestingly,

there are certain motifs that require degrees of signal orthogonality such as when each
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population only senses its own signal (Figure 4.1A, panel 3). Other motifs can harness

cross-talk to their advantage, but still necessitate at least one-way signal orthogonality

(Figure 4.1A, panel 4), such as is the case with the canonical lux and las QS systems.

In consideration of these constraints, a representation of previously described

quorum sensing systems (Scott and Hasty, 2016) was devised to quickly identify suit-

able quorum sensing genes for the communication motif of interest. Provided the dose-

response curves of a set of quorum sensing receptors to an array of signals (Figure 4.1B),

a heat map of the Area Under the Curve (AUC) of their dose-responses can be used to

quantify their general behavior (Figure 4.1C). Lumping a receptor-promoter pair as a

single receiver and plotting it on one axis, with the signal (HSL) on the other axis cre-

ates a heat map with easily extractable information. For instance, taking a 2x2 block

from the heat-map will provide a qualitative definition of the signaling properties of a

potential two-strain consortia. If all blocks are significantly green then the two systems

have two-way crosstalk (Figure 4.1D, left); if all blocks are significantly green except

one off-diagonal block, then the systems only have one-way crosstalk (Figure 4.1D,

middle). Lastly, if the heat map is a diagonal matrix, then the two systems are signal

orthogonal (Figure 4.1D, right). Using this methodology allows quick mapping of real

genetic parts to potential communication motifs necessitated by desired community dy-

namics.

Expanding Self-Lysis Circuit

In an effort to co-culture two strains with possible applications in dual drug deliv-

ery, we sought to expand on a recently described synchronized lysis oscillator (Din et al.,

2016) and explore its properties in a microbial consortia. The synchronized lysis circuit

(SLC) consists of three main modules: the activator module, the lysis module, and the

reporter module (Figure 4.1A). All modules are regulated by the luxI promoter which is
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Figure 4.1: Communication Motifs and Quorum Sensing Signaling for Synthetic Micro-
bial Consortia. (A) Schematic showing some of the QS communication possibilities be-
tween two members of a microbial consortia. (Far left) With each strain capable of either
sending, receiving, both or neither, there are generally 16 possible communication motifs.
Many of the possible combinations (See Figure 1.5) either necessitate signal orthogonal-
ity (middle right) or could take advantage of such systems (middle left and far right). (B)
Schematic showing how QS systems can be tested and characterized for easy categoriza-
tion. A strain containing one QS promoter and one QS receptor is subjected toS a range
of signals and its dose response curve is quantified by the area under its curve (AUC),
which becomes the heat map parameter in C. Signaling homoserine lactones represented
as pentagons color-coded to their native QS system. (C) Example heat map of aggregated
QS systems and their AUC responses to different signals. (D) This methodology allows
for quick identification of signal orthogonal strains classified by their diagonal matrices.
Square matrices with significant induction in all squares indicates two-way signal cross-
talk, while one-way signal cross-talk will only have one square not on the diagonal with a
significant value.
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transcriptionally activated by AHL-bound LuxR. Production of C6-HSL by LuxI thus

drives production of the LuxI activator (positive-feedback), the sfGFP reporter, and the

bacteriophage lysis gene, ΦX174 E (negative feedback).

Depending on certain parameters of the circuit and chassis, such as growth rate

or activator degradation, the lysis circuit can exhibit a variety of lysing dynamics (Figure

4.2B). Scanning through the parameter of activator degradation, the circuit with high

degradation (low αq) exists in the oscillatory phase where the steady-state max and

min populations differ from the mean population. As the degradation decreases (αq

increases), the max and min approach the mean, and the circuit enters the constant lysis

regime, where the population density settles into a steady-state value.

Conceptually, in the oscillatory lysis regime, a slow build-up of the AHL sig-

nalling molecule eventually reaches a threshold level at which point the positive feed-

back loop activates, and a lysis event reduces the population dramatically. In microflu-

idic devices, the fluorescent protein sfGFP reports the activation state of the circuit in

attenuated Salmonella enterica subsp. Enterica serovar Typhimurium (Figure 4.2C).

After lysis, a certain number of survivors re-populate the trap, restart the production of

AHL, and the process continues in a cyclical fashion (Supplementary Video 1). This

dynamic only happens if the degradation is high enough to reset the survivors into the

off-state. However, if the degradation is too low, the survivors remain close enough to

the AHL concentration threshold that they can never escape the on-state and instead en-

ter the constant lysis regime marked by constant production of sfGFP and simultaneous

growth and lysis (Figure 4.2D, Supplementary Video 2).

These dynamics are tunable and relatively predictable by a deterministic model.

A model with high degradation (αq=0.4) shows periodic lysing events (Figure 4.2E, left

panel), and the lysis circuit with an LAA-tagged LuxI shows similar lysing dynamics

marked by bursts of sfGFP right before and during lysis (Figure 4.2E, right panel). In

both cases, the maximum population fills or come close to filling the entire container.

Decreasing the degradation (αq=1.1), the model predicts dampened oscillations, and a

LuxI with a TS-linker and an LAA-tag shows a similar dynamic (Figure 4.2F). The
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Figure 4.2: Experimental Investigation Into the Space of Population Dynamics of a Self-
Communicating Synchronized Lysis Circuit. (A) Genetic diagram of the synchronized
lysis circuit. (B) Parameter scan of LuxI degradation (αq) plotted against the minimum,
maximum, and mean population of bacteria, after a long period of time. (C) Video stills
depicting the SLC with strong degradation and oscillations. Repeated cycles of growth,
quorum threshold reached, and self-limitation by lysis activation. (D) Video stills depicting
the SLC with weaker degradation and constant lysis. Constant activation of the lysis circuit
results in persistent GFP production and a continual balance of growth and death. (E-G)
Changing certain properties, such as the degradation tag of the SLC will result in different
population dynamics. (E) Fluorescence (green) and population (black) over time for cells
harboring the SLC with αq=0.4 for the deterministic model and LAA-tagged LuxI for a
typical experimental run, as seen in Figure 4.2C. (F) Fluorescence (green) and population
(black) over time for cells harboring the SLC with αq=1.1 for the deterministic model
and TS-LAA-tagged LuxI for a typical experimental run. (G) Fluorescence (green) and
population (black) over time for cells harboring the SLC with αq=2 for the deterministic
model and untagged LuxI for a typical experimental run, as seen in Figure 4.2D.



45

model predicts the maximum population to be significantly less than the full container,

and the experimental data’s lower cell count matches this prediction. Finally, low degra-

dation (αq=2) exhibits heavily dampened oscillations and the cells decidedly enter the

constant lysis regime. Experimental results from the circuit with an untagged LuxI re-

sults in the same dynamics and a maximum population significantly below the size of

the container (Figure 4.2G).

These different states are important in establishing how consortia made with this

circuit can be altered to change dynamics of a community. More importantly, they show-

case that different behaviors can be tuned by easy genetic changes.

Dual-Lysis Population Stabilizing Consortia

To make the consortia of two self-lysing strains, we chose the Lux and Rpa QS

systems due to their signal orthogonality demonstrated in Figure 4.1. We used the same

lux strain in Figure 4.2 with a CFP reporter and a LAA-tagged LuxI (Figure 4.3A). We

then created a similar strain with RpaR in place of LuxR, a LAA-tagged RpaI in place

of LuxI, and a sfGFP reporter (Figure 4.3A). These strains are called "Lux-CFP" and

"Rpa-GFP", respectively, for convenience. Both strains’ gene expression is controlled

by the pluxI promoter for consistency, considering pC-bound RpaR can activate pLuxI

at about 90% the efficiency of C6-bound LuxR (Figure 4.1C) (Scott and Hasty, 2016).

Although these strains are in the same Salmonella chassis, when started from

equal densities, Rpa-GFP shows a significant growth advantage over Lux-CFP (Figure

4.3B). Because of this growth advantage, a 1:1 mixture of these strains in a batch culture

(with or without the lysis gene), is primarily taken over by the faster growing Rpa-

GFP strain by the time the strains reached stationary phase (Figure 4.3C). However, if

the slower growing Lux-CFP strain is enriched 100x the green strain, the population

stabilizing effects of the lysis circuit becomes evident. Without the lysis gene, the 1:100

mixture is taken over by the blue strain, however with the lysis gene, the population
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ratio over the initial 10 hours keeps to around a 50/50 share.

This dynamic becomes evident in the OD curves of the lysis mixtures, whereby

the 1:1 mixture only shows the lysis peak of the Rpa-GFP strain, but the 1:100 curve

shows both of the lysis peaks (Figure 4.3B). After evidence of the viability of this pop-

ulation stability method, we grew the strains in a microfluidics bioreactor for long-term

studies. While each strain alone does nothing out of the expected (Figure 4.6), the co-

cultured strains demonstrate unique dynamics. With a seeding ratio of 1:10 (Rpa-GFP to

Lux-CFP) the microfluidic trap harboring the two strains without the lysis gene quickly

lost its co-culture and was taken over by the Rpa-GFP strain alone (Figure 4.3D) (Sup-

plementary Video 3). This process was repeated for 60 traps, and the time duration of

the co-culture was measured over two days. All traps eventually completely lost their

co-culture with an average co-residence time of 6.5 hours (Figure 4.3D, bottom panel).

However, when the two lysis strains were grown together, most of the 60 traps

maintained a co-culture for the duration of the two-day experiment (Figure 4.3E) (Sup-

plementary Video 4). The addition of the self-lysis module allows the two metabolically

competitive strains to cohabit the same container because any "overgrowth" causes a

self-limiting lysis event, which gives the other strain space to grow into until it over-

extends itself and lyses. Due to inherent differences in the kinetics of the genetic cir-

cuits, the Rpa-GFP strain remains in the constant lysis regime and is therefore perpet-

ually producing sfGFP. However, the Lux-CFP strain is in the oscillatory regime and

remains dark until it reaches quorum threshold and its lysis events are characterized by

a short burst of CFP production (Figure 4.3E).

As such, in the fluorescence traces, GFP more or less correlates with the Rpa-

GFP population, however, CFP only correlates with the lysis events and not the actual

population of the Lux-CFP strain. However, growth of the Lux-CFP strain, as it pushes

out the Rpa-GFP strain can be seen by a decrease in the GFP trace, and usually precedes

a CFP lysis burst. Experimentally this method seems to stabilize co-cultures strikingly

well, especially considering that for the traps that lose their co-culture unfavorable ini-

tial conditions caused by the uneven manner of vacuum loading might have caused the
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Figure 4.3: Long-Term Co-Culture of Competitive Species with Unequal Growth Rates
Using Signal Orthogonal Self-Lysis. (A) Genetic diagram of a two-strain consortia of self-
lysing Salmonella constructed with two signal orthogonal quorum sensing systems, rpa and
lux. (B) Batch culture growth curves of the Lux-CFP strain alone (blue), Rpa-GFP strain
alone (green), a 1:1 mixture (black), and a 1:100 (Rpa-GFP:Lux-CFP) mixture (gray), both
without the lysis gene (top) and with the lysis gene (bottom). Width of lines represent s.d.
(C) Batch culture population estimates of Lux-CFP and Rpa-GFP co-cultures estimated
by fluorescence curve normalization, described in detail in the methods section. Error
bars represent s.d. (D)Video stills of a co-culture of non-lysing Lux-CFP and Rpa-GFP
strains showing the eventual takeover by the green strain. Time trace of the GFP and CFP
Fluorescence of the trap in the video shown in the middle panel. Sixty traps were monitored
over time and their length of co-culture is indicated in the bottom graph. (E) Video stills of
a co-culture of the Lux-CFP and Rpa-GFP strains with the lysis plasmid. The addition of
the lysis plasmid prevents either strain from taking over for the duration of the experiment.
Time trace of the GFP and CFP Fluorescence of the trap in the video shown in the middle
panel. Sixty traps were monitored over time and their length of co-culture is indicated in
the bottom graph.
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short residence times. The bimodality of the co-residence time (either lost in the first

couple hours, or maintained through the end of the experiment) suggests, given the right

initial conditions, this method is rather robust at co-culturing even competitive strains

for long periods of time.

Exploring Possibilities with Modeling - Agent-Based

By engineering RpaI with an LAA-tag, we expected oscillations similar to the

Lux-CFP strain, however the strain, instead, exhibited constant lysis. We used agent-

based modeling to visualize how a co-culture of two orthogonal self-lysis strains in the

oscillatory phase would have behaved. In consideration of our experimental parame-

ters, the Rpa-GFP strain grows at 110% the growth rate of the Lux-CFP strain, and the

Lux-CFP strain is seeded in a 10:1 ratio to the Rpa-GFP strain. Otherwise, the two

strains are identical in the properties of their quorum sensing controlled lysis (Figure

4.4A, Supplementary Video 5). Seemingly due to volume exclusion, as shown by their

fluorescence time series, the populations enter an anti-phase pattern where the strains

switch off growing and lysing (Figure 4.4C).

Since this dynamic is visually very different than our experimental videos, de-

spite having the expected genotype to create such a dynamic, we modified our agent-

based model to demonstrate how the experimental dynamics might have arose. In the

second version of the model, several of the Rpa-GFP strain’s quorum sensing parame-

ters are changed and the probability of lysing is reduced by 10-fold which allows more

HSL to build up and a constant lysis dynamic to develop (Figure 4.4B, Supplementary

Video 6). The resulting dynamics were almost identical to the experiment, with a con-

stantly lysing Rpa-GFP strain maintaining the majority of the population share, and the

Lux-CFP strain intermittently firing and lysing (Figure 4.4D). In the virtual experiment,

GFP "Fluorescence" tracks the population of the Rpa-GFP strain almost exactly since

it is constantly green (Figure 4.4D). CFP does not track the population, but only bursts
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Figure 4.4: Agent-Based Model Elucidating Experimental Dynamics. A, Video stills of a
virtual co-culture of two self-lysing strains both in the oscillatory regime of the lysis circuit.
B, Video Stills of model-generated video recreating experimental dynamics. C, Time trace
of the GFP (green) and CFP (blue) "Fluorescence" of the trap in B over time. D, Time trace
of the GFP (green) and CFP (blue) "Fluorescence" of the trap in A, as well as population
of the "Lux-CFP" strain (black, dashed line). E, From left to right: (1) green in constant
lysis phase, blue in the oscillatory phase in a trap with size 20. (2) green in constant lysis
phase, blue in the oscillatory phase in a trap with size 40. (3) green in constant lysis phase,
blue in the oscillatory phase in a trap with size 60. Video in B is in this size trap with these
lysing conditions. (4) Both strains in oscillatory phase with trap size 60. Video in A is in
this size trap with these lysing conditions.
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when the population reaches high density. Therefore, a decrease in GFP fluorescence,

as in the experimental videos, suggests an increase in the Lux-CFP population and will

preface a CFP lysis event.

In order to understand how these dynamics, as well as the size of the growth

container affects stability the agent-based model was run many times under different

conditions. For the experimental-related conditions where Lux-CFP is oscillating and

Rpa-GFP is in constant lysis (lys/osc), ten virtual experiments were done in volumes of

20, 40 and 60 each. As the size of the space increases, so does the average residence

time of the co-culture (Figure 4.4E), suggesting larger bioreactors will have fewer issues

with losing co-culture to stochastic events. Lastly, the dual-oscillating circuit (osc/osc)

seems to be extremely robust in its ability to co-culture two strains with all modeling

runs maintaining a co-culture for the length of the virtual experiment (Figure 4.4E).

Due to the tunability of the quorum sensing systems and lysis circuit we suspect

additional modifications to the real Rpa-GFP strain could push it into the oscillating

regime and the resulting dynamics would look like Figure 4.4C, increasing the stability

of the co-culture. Envisioning self-lysis as a generalizable control circuit for population

stability, further parameters were assessed.

Exploring Possibilities with Modeling - Deterministic

As evidenced by the agent-based model, our strains demonstrate only one par-

ticular dynamic of a wide-range of possibilities facilitated by quorum sensing controlled

self-lysing microbes. As engineered microbial ecosystems are built with different chas-

sis for specialization purposes, the desired dynamics will change. As such, we created

a deterministic model to explore a wider space of possible dynamics achieved through

differences in growth rates, QS systems, and lysis circuit regimes (Figure 4.5). For each

case, communication motifs as well as real candidate QS systems are distinguished to

achieve the displayed dynamic. Furthermore the lysis circuit regime, either Non-lysing,
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Lysing, or Weak Lysing is assigned for each strain.

With two non-lysing strains, the faster growing strain will always dominate the

population after a certain amount of time (Figure 4.5A). However, if even one of the

strains has a self-limiting lysis circuit, a long-term co-culture is possible (Figure 4.5B).

In order for this to happen, the non-lysing strain must have a lower growth rate than

the lysing strain, but the lysing strain must still be in a regime where activation of lysis

causes it to periodically have an effective growth rate lower than the non-lysing strain.

In this way, the slow growing non-lysing strain makes up the majority of the population

but is periodically displaced by the quicker growing lysing strain before it self-limits

with a lysing event.

In cases where both strains harbor a SLC, but there is one-way cross-talk, the

strain that responds to both signals becomes entrained to the strain that only responds

to its own (Figure 4.5C, 4.5D). The strength of the cross-talk determines the strength

and delay of the entrainment, with strong cross-talk (Figure 4.5C) exhibiting strong

entrainment, and weak cross-talk (Figure 4.5D) showing time-delayed entrainment.

In cases where each SLC operates independently, by using signal orthogonal

QS systems, the most robust co-culturing is achieved (Figure 4.5E). For large ranges

of growth rates, the time-averaged population ratio remains around 50/50, making it an

especially useful strategy for equally co-culturing two different strains. When growth

rates are similar and both strains exhibit oscillatory lysis the dynamics naturally fall into

an anti-phase pattern due to volume exclusion as seen in Figure 4.5A. These particu-

lar parameters lend themselves most readily to a "healthcare technology requiring the

delivery of two therapeutic components in succession with a defined time-offset" imag-

ined by Brenner, You, and Arnold (Brenner et al., 2008) and made realistic by Din and

colleagues(Din et al., 2016).

Lastly, the experimental system described in Figure 4.3 and Figure 4.4B was

deterministically modeled. It uses two orthogonal self-lysing strains, as in Figure 4.5E,

however one of the strains exhibits weaker lysing dynamics, in that it has a lower proba-

bility of lysing given a quorum threshold. As seen in the experiment, the Rpa-GFP strain
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Figure 4.5: Quantitative Prediction of Synchronized Lysis Circuit Dynamics in a Dual
Strain Population Using Various Communication Motifs. Model-generated heat map de-
picting time-averaged population ratio of green and blue strains in a well-mixed, constant
flow co-culture, as function of green’s growth rate α1 against blue’s growth rate α2. Each
panel has a particular combination of lysis regimes, either non-lysing (Non-Lysing), capa-
ble of oscillatory lysing (Lysis), or stuck in constant lysing (Weak Lysis). On the left of
each heat-map is the communication motif it exhibits and candidate QS systems to achieve
the desired signaling characteristic. These traits determine the behavior and composition of
the co-culture. The white dot on the heat map indicates the growth rate parameters selected
for the time-series plots. Time series plots show population of the green and blue strains as
a function of time. A, Two non-lysing strains. B, One non-lysing strain and one oscillatory
lysing strain. White, dashed lines indicate the growth rate at which one strain’s growth rate
exceeds that of the other one even for maximum lysis activation. C, Two oscillatory lysing
strains with one strain having a strong response to the other’s QS signal. Cyan dashed lines
indicate the region where both strains are in the oscillatory regime, black dashed lines mark
the area in which strains are self-limiting. D, Two oscillatory lysing strains with one strain
having a weak response to the other’s QS signal. E, Two completely orthogonal oscillatory
lysing strains. The rpa and lux systems could be used for this dynamic as they are signal
orthogonal. F, Two completely orthogonal strains with the Green strain in the constant
lysis regime, and the blue strain in the oscillatory lysis regime. This is the regime our ex-
perimental system exists.
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Figure 4.6: Phenotypes of Lysis and Non-Lysis Monocultures. a Fluorescence intensity
heat map of individual traps plotted against time and raw CFP fluorescence time-series
of non-lysis Lux-CFP cells grown alone. b Fluorescence intensity heat map of individual
traps plotted against time and raw GFP fluorescence time-series of non-lysis Rpa-GFP cells
grown alone. c Fluorescence intensity heat map of individual traps plotted against time
and raw CFP fluorescence time-series of oscillatory lysing Lux-CFP cells grown alone.
d Fluorescence intensity heat map of individual traps plotted against time and raw GFP
fluorescence time-series of constantly lysing Rpa-GFP cells grown alone.
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inhabits most of the space, with blue periodically displacing it until it reaches quorum

and self-limits its population. This dynamic, as each dynamic does, offers a distinct

advantage for certain purposes. A system requiring a constant production of a particular

chemical and periodic bursts of a second chemical could appropriate this system to its

advantage.

Discussion

Synthetic biologists have used lysis to control populations before (You et al.,

2004), but not until recently (Din et al., 2016) have populations been engineered to

control their own population without exogenous input. Moreover, recent evidence has

identified quorum-sensing controlled self-lysis as a naturally occurring phenomenon in

Pseudomonas aeruginosa (Zemke and Bomberger, 2016), which is a perfect example

of how the interests of synthetic biologists and microbial ecologists are merging in the

field of engineered microbial ecosystems. This duality suggests that not only will this

dynamic be useful for synthetic biology applications, it may help studies into the dy-

namics of natural ecosystems.

With the additional modeling of our circuit it becomes clear that the transition

from monoculture synthetic biology to synthetic engineered ecosystems will be marked

by an explosion of possibilities. A circuit designed for monocultures, such as the SLC,

can have drastically broadened use-cases when expanded into the setting of a commu-

nity. This phenomenon of stably co-culturing two metabolically competitive strains

through orthogonal self-lysing offers many unique applications in itself but also repre-

sents the complexity communities are capable of achieving beyond their monoculture

predecessors.
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Supplementary Movies

Supplementary Videos are available through ProQuest and will be available through

Nature or other publisher in the eventuality of the work in Chapter 4 being published.

Materials and Methods

Plasmids and Strains

Our circuit strains without the lysis plasmid were cultured in LB media with 50 µg ml−1

kanamycin, in a 37 ◦C incubator. Our circuit strains with the lysis plasmid were cultured

in the same way but with 34 µg ml−1 of chloramphenicol as well along with 0.2% glu-

cose. For microscopy and plate reader experiments 1nM of 3-oxo-C6-HSL was added

to all media. Plasmids were constructed using the CPEC method of cloning or using

standard restriction digest/ligation cloning. The lux activator plasmid (Kan, ColE1) and

lux-lysis plasmid (Chlor, p15A) were used in previous work from our group (Prindle

et al., 2012; Din et al., 2016). The RpaR and RpaI genes were obtained via PCR off

the Rhodopseudomonas palustris genome obtained through ATCC to create the rpa-

activator and rpa-lysis plasmids. The lux-lysis circuit alone was characterized in E. coli.

Co-culturing was performed with non-motile S. typhimurium, SL1344 (Table C.3).

The Lysis circuit, in both the Lux and Rpa case, is composed of an activator plasmid

and a lysis plasmid. For the circuit characterization experiments there were three vari-

ations of the activator plasmid. The first is pTD103LuxI-sfGFP which was used in

previous work from our group (Prindle et al., 2012). This plasmid contains a LuxI with

the ssrA-LAA degradation tag (amino-acid sequence of AANDENYALAA) and sfGFP,

a superfolding green fluorescent protein variant (Pédelacq et al., 2006). pTD103LuxI

(TS) sfGFP was constructed by adding the TS-linker (amino acid sequence of TS) be-

tween the ssrA-LAA tag and LuxI. pTD103LuxI (-LAA) sfGFP was constructed by

removing the ssrA-LAA tag from LuxI. For the dual lysis experiments, the Lux-CFP

strain used the activator plasmid with the ssrA-LAA tagged LuxI but with a CFP in
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place of the sfGFP. The Rpa-GFP strain’s activator plasmid was created by replacing

LuxR with RpaR and the LuxI with an ssrA-LAA tagged RpaI.

The lysis plasmid have a p15a origin of replication and a chloramphenicol resistance

marker (Lutz and Bujard, 1997) and have been previously described by our group (Din

et al., 2016). The lysis gene, E from the bacteriophage φX174, was kindly provided

by Lingchong You and was taken from the previously reported ePop plasmid via PCR

(Marguet et al., 2010). The E gene was placed under the expression of the LuxR-AHL

activatable luxI promoter for both the Lux-CFP and Rpa-GFP strains. Most of the con-

struction was done using the CPEC method of cloning (Quan and Tian, 2009). See

Extended Data Fig. 5 for maps of the the plasmids used in this study.

Microfluidics and Microscopy

The microfluidic devices and experiment preparation protocols used in this study are

similar to those previously reported from our group (Prindle et al., 2012). The bacteria

growth chambers were 100µm wide 85µm deep and approximately 1.6µm in height.

For single strain experiments on the chip, mid-log cultures were spun down in a micro

centrifuge and loaded via vacuum pressure. For co-culture experiments on the chip,

strains were seeded from -80 cultures and grown until an OD ∼0.2, spun down, mixed

at a 10:1 ratio (Lux-CFP:Rpa:GFP) and loaded via vacuum pressure. Acquisition of

images was performed with a Nikon TI2 using a Photometrics CoolSnap cooled CCD

camera. The scope and accessories were programmed using the Nikon Elements soft-

ware. Co-culture was determined to be lost if the fluorescence of either CFP or GFP

went below background fluorescence, and then was checked manually in cases of the

oscillatory lysing CFP strain which can go below threshold between lysis events. Addi-

tional information on microfluidics and microscopy can be found in Appendix A.

Our group has previously described in depth the microscopy and microfluidics tech-

niques used in this study (Danino et al., 2010). In short, micron-scale features are baked

onto silicon wafers using cross-linked photoresist. The microfluidic device resin, PDMS

(polydimethysiloxane), is then poured over the wafers and solidified by baking. The
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PDMS, whcih contains numerous devices, is peeled off and individual devices are cut

out from the whole. Holes are then punched into the device at their input and output

where the fluid lines will eventually plug in. After puncturing, the devices are bonded

onto glass coverslips via plasma-activation. The devices were then put in a vacuum and

the outlet was loaded with cells and the inlet with media. Vacuum pressure loads cells

into the traps and media lines are plugged in before the cells can contaminate the up-

stream section of the device. The flow was then adjusted by changing the relative heights

of the syringes, which for all experiments the meniscus of the media was set to one inch

above the meniscus of the waste, resulting in a low, constant hydrostatic pressure driven

flow.

All microfluidic experiments were done in a side-trap array device as previously de-

scribed(Danino et al., 2010), and in all cases 0.075% Tween20 was added to the media

to deter cells from sticking to the channels and the ports of the device.

For lysis characterization (figure 2): Cells were cultured until they reached an optical

density of approximately 0.1 (Plastibrand 1.5mL cuvettes were used) at which point

they were spun-down and loaded into the chip. Media was LB with Kanamycin and

Chloramphenicol.

For dual lysis and co-culturing experiments (figure 3): Cells were cultured until they

reached an optical density of approximately 0.1 (Plastibrand 1.5mL cuvettes were used

to test OD) and 1.5mL was spun down and resuspended in 50ul of media. This concen-

trate was used to vacuum load the cells for single strain experiments, or it was mixed

together before loading in the co-culturing experiments. Media was LB with Kanamycin

(and Chloramphenicol for lysis experiments) with 1nM 3OC6 HSL added.

The microscope system used has also been previously described by our group (Prindle

et al., 2012). In short, a Nikon Eclipse TI epifluorescent microscope with phase-contrast

based imaging was used. Our camera is a Photometrics CoolSNAP HQ2 CCD.

The acquisition software used is Nikon Elements. Our microfluidic devices are housed

in a plexiglass incubation chamber that is maintained at 37C by a heating unit.

For dual lysis and co-culturing experiments: Phase-contrast images were taken at 20x
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magnification with 50-200ms exposure times. Fluorescent imaging at 20x was per-

formed at 300ms for GFP, 30% setting on the Lumencor SOLA light source, and 300ms

and 35% for CFP. Images were taken every 3 minutes for the course of the experiment

(∼2 days). The Data Analysis section below discussed the analysis of these images fur-

ther.

Plate Reader Fluorescence and Population Estimates

For the well-plate experiments the strains were grown in a standard Falcon tissue culture

96-well flat bottom plate with appropriate antibiotics (kanamycin only for non-lysis and

kanamycin and chloramphenicol for lysis strains). For consistency with microfluidic

experiments, 1nM of 3OC6-HSL was added to all media. We grew the bacterial strains

listed in Fig. 3b in 4mL cultures to an optical density of 0.15 before adding 10uL of

this culture to 10mL of fresh LB with appropriate antibiotics and added HSL. For single

strain tests, 200ul of the dilution was distributed into the well-plate. For the 1:1 mix-

tures, 100ul of each dilution was added to the same well. For the 1:100 mixtures 200ul

of the Lux-CFP dilution was added with 2ul of the Rpa-GFP dilution. For all cases there

were four technical replicates.

These dilutions were then grown for 10 hours (non-lysing), or 19 hours (with lysis) and

their OD600nm, GFP, and CFP levels were measured every 10 minutes in a Tecan Infi-

nite M200 Pro. GFP readings had an excitation of 485nm and emission of 520nm. CFP

readings had a an excitation of 433nm and emission of 475nm.

Data Analysis: Well-plate Experiments

Population estimates in the co-culture mixtures was estimated in the following way. The

GFP fluorescence time-series trace of Rpa-GFP alone was integrated and used as a stan-

dard for accumulated fluorescence of a culture with 100% of the Rpa-GFP strain. In

the same way, the CFP fluorescence time-series trace of Lux-CFP alone was integrated

and used as a standard for accumulated fluorescence of a culture with 100% of the

Lux-CFP strain. The integrated GFP and CFP fluorescence curves of the mixtures was
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then divided by the standards to give a population estimate of Rpa-GFP and Lux-CFP,

respectively. For all cases, the area of the background fluorescence was subtracted. Ad-

ditionally, the GFP fluorescence required extra signal normalization because the Tecan’s

GFP sensor reads into the CFP emission profile (but not the other way around).

Here are the equations used to calculate the population estimates with appropriate filter-

ing and normalization:

PopulationLux =
Area(CFPmix)−Area(BGCFP)

Area(CFPLux)−Area(BGCFP)

η =
Area(GFPLux)−Area(BGGFP)

Area(CFPLux)−Area(BGCFP)

GFPCrosstalk = [Area(GFPmix)−Area(BGGFP)]

GFPReal = GFPCrosstalk− [Area(CFPmix)−Area(BGCFP)]η

PopulationRpa =
GFPReal

Area(GFPRpa)−Area(BGGFP)

PopulationLux is the population estimate of the Lux-CFP strain in a co-culture.

Area(CFPmix) is the area of the CFP fluorescence time-series curve of a given co-

culture. Area(BGCFP) is the area of the background CFP fluorescence time-series line.

Area(CFPLux) is the average area of the CFP fluorescence time-series curve in the wells

with only the Lux-CFP strain. Area(GFPLux) is the average area of the GFP fluores-

cence time-series curve in the wells with only the Lux-CFP strain (For this strain the

GFP fluorescence should technically be at background, further normalization is done

because the Tecan’s GFP sensor reads into the CFP emission profile). Area(BGGFP)

is the area of the background GFP fluorescence time-series line. η is the calculated

fluorescence emission cross-talk scalar, and is only needed to scale GFP values as the

CFP sensor does not read any GFP. The normalized, filtered, GFP value is thus given

by GFPReal . Area(GFPmix) is the area of the GFP fluorescence time-series curve of a

given co-culture. Area(GFPRpa) is the average area of the GFP fluorescence time-series
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curve in the wells with only the Rpa-GFP strain. Finally, PopulationRpa is the popula-

tion estimate of the Lux-CFP strain in a co-culture.

Data Analysis: Microfluidics

We counted cells using the following strategies: For experiments where the cell pop-

ulation was mostly aggregated together (non-sparse population), we first estimated the

average area of an individual bacterial cell and the average void fraction (open space

between bacteria in the trap). Taking into account the pixel density of the image, we

measured the area of the trap taken up by cells using ImageJ and divided by the average

area of a bacterial cell. This value was then multiplied by (1 - void fraction) to yield

the total estimated number of cells in the trap. Bacteria that were not close to the main

group of cells were counted individually and added to the final number. For experiments

where the growing population was sparse (due to the constant lysis regime), we utilized

the Trainable Weka Segmentation plug-in for ImageJ to count cells. Plots were gener-

ated by using MATLAB.

For co-culture experiments: Co-culture was determined to be lost if the fluorescence of

either CFP or GFP went below background fluorescence, and then images were checked

manually in cases of the oscillatory lysing CFP strain which can go below threshold

between lysis events.

Agent-Based Modeling

Images and data in Fig. 4.4 were generated using an agent-based model which combines

the ordinary differential equation model from (Din et al., 2016) that describes the intra-

cellular dynamic behavior of the synchronized lysis circuit with the agent-based model

(Volfson et al., 2008)(Mather et al., 2010) describing the division and motion of cells.

More information and the governing equations can be found in Appendix A.

Deterministic Modeling

For the parameter scan of a single strain in Figure 4.2, the model equations (see Ap-
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pendix A for details) were simulated for 2000 time units for different values of the model

parameter αq. The last 160 time units were used to determine the minimum, mean and

maximum population density. For all parameter scans of two strains, the model equa-

tions were simulated for 500 time units and the last 100 time units were analyzed to

determine the average cell densities n̄1 and n̄2 of the two strains. The “steady-state pop-

ulation ratio” shown in Figure 4.5 was then calculated as (n̄1− n̄2)/(n̄1 + n̄2), ranging

from−1 (strain 2 dominates) to 1 (strain 1 dominates). For non-lysing strains, the model

parameter qc was set to infinity. Cross-talk parameters in Figure 4.5C and D, are ξ = 0.6

and ξ = 0.12, respectively. Weak lysis (strain 1, Figure 4.5F) was achieved by reducing

the lysis rate of the strain to γ = 0.5. More information and the governing equations can

be found in Appendix B.
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Chapter 5

Summary and Conclusion

As synthetic biologists, we seek to uncover and reimagine the inherent power

of natural systems. Evolution has encoded powerful capabilities into the DNA of di-

verse organisms, and it’s synthetic biology’s job to both understand those capabilities

and re-purpose them to build sustainable technologies and next-generation therapeutics.

In this thesis I describe why further advancements in the field will require the use of a

community or synthetic ecosystem of organisms working together to accomplish more

complex tasks. These communities will rely on well-defined communication systems,

and the quorum sensing systems we developed and described are designed to meet that

need. We also were careful to find the most useful way to present the characteristics of

QS system sin the context of a microbial consortia, deciding on the AUC heatmap as the

quickest way to label pairwise QS systems with their paradigm or communication mod-

ule. We explained why these modules are important by highlighting that certain commu-

nication motifs require a particular orthogonality characteristic. This became important

when applying these systems for the real-world application of creating a dual-delivery

bacterial therapeutic. Finally, in creating this therapeutic, we described a dual-lysis sys-

tem that allow for the long-term coexistence of competitive strains. Looking forward

into the future of synthetic biology, we imagine that increased coexistence methods and

communication systems will allow for the construction of synthetic ecosystems capable

62
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of tackling the worlds most complex problems of sustainability and health.



Appendix A

Agent Based Modeling

For the agent-based model, to simulate bacterial motion, we adapted the me-

chanical agent-based model developed in our earlier work(Volfson et al., 2008)(Mather

et al., 2010). Each cell is modeled as a spherocylinder of unit diameter that grows lin-

early along its axis and divides equally after reaching a critical length ld = 4. It can

also move along the plane due to forces and torques produced by interactions with other

cells. The slightly inelastic cell-cell normal contact forces are computed via the standard

spring-dashpot model, and the tangential forces are computed as velocity-dependent

friction.

To describe the intracellular dynamics of each cell, we adapted the ordinary dif-

ferential equation model from(Din et al., 2016). Specifically, the intracellular dynamics

are

Plux = α0 +αH
( Hi

H0
)m

1+( Hi
H0
)m

dHi

dt
= b

Ii

KI + Ii
+Dm(He(xi, t)−Hi)

dIi

dt
= CIPlux− γIIi

dLi

dt
= CLPlux− γLLi

64
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Here the variables Plux,Hi, Ii and Li are the activity of luxI promoter, intracellular AHL,

LuxI and lysis protein of the i-th cell. He(xi, t) is the extracellular concentration of AHL

at the location of the i-th cell. luxI promoter is induced by AHL. b Ii
KI+Ii

is the production

term for AHL. Dm(He(xi, t)−Hi) describes the exchange of intra- and extra-celluar AHL

across the cell membrane. CIPlux and γIIi are the production and degradation terms for

LuxI. CLPlux and γLLi are the production and degradation terms for lysis protein.

The extracellular AHL concentration He(x, t) is governed by linear diffusion

equation

∂He(x, t)
∂ t

= Dm(∑Hiδ (x−xi)−He(x, t))−δHHe(x, t)+DH∇
2He(x, t)

In the simulation, we use 2D finite difference methods to describe the diffusion of AHL.

We implement the model in traps with diffrent side lengths (20, 40 and 60). To

simulate the lysis of each cell, we assume that when the concentration of lysis protein Li

is above a threshold Lth, the cell has a probability of Pr = pL(Li−Lth) per unit of time

to lyse and once a cell lyses, it is removed from the trap.

We chose model parameters to qualitatively fit the experimental results and the

parameters H0,m,b, pL were chosen to account for the differences of experimental mea-

surements and dynamic behaviors between Lux-CFP and Rpa-GFP strains. The pa-

rameter values for the Lux-CFP strain are α0 = 0.1 (Lux promoter basal production);

αH = 2 (Lux promoter AHL induced production); H0 = 1 (AHL binding affinity to

Lux promoter); m = 4 (Hill coefficient of AHL induced production of Lux promoter);

b = 1.5 (AHL production rate); KI (Conc. of LuxI resulting half maximum production

of AHL); Dm = 10 (Diffusion constant of AHL across cell membrane); CI = 1 (LuxI

copy number); γI = 1 (Degradation rate of LuxI); CL = 1 (Lysis gene copy number);

γL = 0.5 (Degradation rate of lysis protein); δH = 0.1 (Dilution rate of extracellular

AHL); DH = 65 (Diffusion constant of extracellular AHL); pL = 0.3 (Probability of

lysing); Łth = 1.6 (Threshold of lysis protein for lysis).

To simulate the constant-lysis Rpa-GFP strain, these parameters have different

values: H0 = 0.2,m = 1,b = 0.8, pL = 0.03. Besides, Rpa-GFP strain’s growth rate is
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10% larger than Lux-CFP strain.



Appendix B

Deterministic Modeling

Single lysis oscillator strain

We describe the population level mechanisms that lead to oscillations in pop-

ulation size as observed with the synchronized lysis circuit. To gain an intuitive un-

derstanding, we use a reduced model that aims to reproduce the observed population

level behavior using only the fundamental ingredients of the circuit: Autocatalytic pro-

duction of quorum sensing agent and quorum sensing agent-induced lysis of cells. The

basic equations for a single strain equipped with the lysis circuit are as follows:

dn
dt

= αn− f (q)γn (B.1a)

dq
dt

= [αq +α
∗
q f (q)]n− γqq (B.1b)

The cell density is denoted by n. Cells divide with a rate α and die with a maximal

rate γ due to lysis. 0 ≤ f (q) ≤ 1 characterizes the promoter under which the QS and

lysis proteins are expressed, so it determines the dependence of the death rate on q and

the auto-catalyzed production of the QS agent q. αq is the basal production rate of QS

agent, which can be increased by the presence of q to a maximum production rate of

αq +α∗q . q is diluted in the environment with a rate γq. We use a standard Hill function

67
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Figure B.1: Dynamics of the model equation B.1.

for f (q):

f (q) =
qm

qm
c +qm , (B.2)

where qc is the concentration of q that induces results in the half-maximum death rate

(and auto-catalyzed production of q) and m is the Hill coefficient.

A linear stability analysis shows that the system (1a) has a stable fixed point when

m
(

1− α

γ

)
< 1+

αqγ

α∗q α
. (B.3)

The border of this stability region corresponds to the onset of oscillations. Basal param-

eters are, unless otherwise mentioned: α = 1, γ = 4, αq = 0.4, α∗q = 8, γq = 1, qc = 1,

m = 2. These parameters lead to oscillations according to equation B.3. All simulations

are carried out using the Runge-Kutta-Fehlberg (RKF45) method. An example trajec-

tory is depicted in Figure B.1.

While we do not explicitly model individual proteins or enzymes, we can gain an

understanding for the influence of LuxI degradation by ClpXP with the model equation

B.1 using the following logic: When there is very little LuxI (i.e. the positive feedback

loop has not been activated), fast degradation by ClpXP will have a strong influence on

the steady-state level of LuxI. LuxI with a strong degradation tag will experience fast
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degradation by ClpXP leading to a low basal production rate of QS agent (αq), whereas

LuxI with a weak degradation tag will have a higher steady-state level and therefore a

higher basal procution rate αq. In contrast, once the positive feedback has been acti-

vated, the concentration of LuxI (and consequently the parameter α∗q of the model) have

a much weaker dependence on its degradataion tag since an abundance of LuxI produced

from a fully activated promoter saturates the limited enzymatic processing capacity of

ClpXP and therefore the level of LuxI will be determined mainly by dilution due to cell

growth. As seen from equation B.3, decreasing αq by a larger factor than α∗q generally

brings the system closer to oscillations, which is consistent with the requirement of a

strong degradation tag for sustained oscillations demonstrated in Figure 4.2.

Microfluidic traps and multiple strains

A microfluidic trap is clearly a finite environment, but because nutrients are con-

stantly replenished by diffusion from fresh media in the channel, logistic growth (as is

often assumed in other scenarios with finite carrying capacities) would be an unrealistic

description of the population dynamics. Instead, we assume that growth is unaffected

as long as the population density is below the carrying capacity c of the trap. We then

cap the cell density at c, corresponding to any extra cells being washed away by the

flow in the main channel (“spillover”). Numerically, we reset the cell density to c after

every time step of the simulation if it exceeds c. In all our simulations c = 1. Figure 1

shows that the system with standard parameters lyses just before it reaches the carrying

capacity of the trap, so it is truly self-limiting.

For simulations of multiple strains, we simulate two copies of the system equa-

tion B.1 with variables {n1,q1} and {n2,q2}. Again, we let the system evolve freely as

long as n1 +n2 < c. If n1 +n2 exceeds c after any time step, we set n1 and n2 according
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to

n1 =
n′1

n′1 +n′2
c n1 =

n′2
n′1 +n′2

c if n′1 +n′2 > c, (B.4)

where n′1 and n′2 correspond to the population densities before the reset. More specifi-

cally, this way of limiting the total population density to the carrying capacity c corre-

sponds to assuming a well-mixed environment, such that the relative population densi-

ties of the two strains remain unchanged upon spillover.

Consequently, two oscillating strains in one trap that use completely orthogonal

quorum sensing systems only interact if the total population density hits the carrying

capacity c. As shown in the main text, the strains will eventually lock into an anti-phase

pattern where they avoid reaching their peak density at the same time. In order to model

cross-talk, we modify the equation of the “receiver” strain (strain 2 in this case) to read

dn2

dt
= α2n2− f (q2 +ξ q1)γ2n2 (B.5a)

dq2

dt
= [αq,2 +α

∗
q,2 f (q2 +ξ q1)]n2− γq,2q2 (B.5b)

where ξ determines how much strain 2 responds to the QS agent of strain 1, i.e. the

strength of the cross-talk.



Appendix C

Plasmid Tables

Table C.1: Promoter Sequences Used in Chapter 2. Palindromic lux-box-like receptor-
binding sequences in boldface when known.

Name Sequence Organism Reference 
Plux ACTATTGTATCGCTGGGAATACAATTACTTAACATAA

GCACCTGTAGGATCGTACAGGTTTACGCAAGAAAA
TGGTTTGTTATAGTCGAATAT 

Aliivibrio fischeri (Hasty Lab) 

Ptra 
(pCF370) 

CTACGTGCAGATCTGCACATAGCCACACCCTGAAT
GAGATGTTTTCTCTCCGCTA 

Agrobacterium 
tumefaciens 

White 2007, 
Fuqua 1996 

Plas TTCGAGCCTAGCAAGGGTCCGGGTTCACCGAAATC
TATCTCATTTGCTAGTTATAAAATTATGAAATTTGCG
TAAATTCTTCA 

Pseudomonas 
aeruginosa 

(Hasty Lab) 

Prpa ACCTGTCCGATCGGACAGTAGTTAGGTTCCCGTTC
GCACCTGCACTGTTCCCGCCTGCA 

Rhodopseudomona
s palustris 

Hirakawa 
2011 

Pahy ACCGAAGTGAAATGTTCGAGGTACTCAAGCAGTTG
GTCTTGTTTCATATGCTAGCCCCCCTGGCCAGGGC
CTCGATTATA 

Aeromonas 
hydrophila 

Garde 2010 

Psma ATAATCTTGTCATGGGTTTTAAATTTACTTGTCACAT
AGGCTCTGATACAATTACTCGCCG 

Serratia 
marcescens 

Slater 2003 

Prhl 
(qscrhlA) 

TCCTGTGAAATCTGGCAGTTACCGTTAGCTTTCGAA
TTGGCTAAAAAGTGTTC 

Pseudomonas 
aeruginosa 

Karig 2005 

Pcer 
(PopgG) 

GCTGGACGATGCGAATCTTGGAATTGCGCTCTGCA
AGCCATTGAAAAACGGACGTCGTCTCTCTGATATGC
CCGCTCCTGCCGCCCCCTCCGCCCGCCTGAACCG
GCGCCTGCTGCTCAGCGCGGCAAGTTCGTCGCTCG
CCCTCGCTGCAAGCGGGCTC 

Rhodobacter 
sphaeroides 

Puskas 1997 
 

Pexp 
(PwgeA) 

TGCCTGCATTTCCGTCAGAATTACTCCTAAAATTAT
ATTGTACCAATATTGGCACAGCATGGAGATATGTTT
CGGGCACCCTCTTTCTATCAAAATATCGCCGTTTTA
TTTTATGCATCTGTGTTGCGTTCGTAATTATTGCAGT
GCACACTCCGGCACG 

Sinorhizobium 
meliloti 

Charoenpanic
h 2013 

Ptra* GCACGTGCAGATCTGCACATTTACGCAAGAAAATG
GTTTGTTATAGTCGAATAT 

Synthetic This Study 

Prpa* GCACCTGTCCGATCGGACAGTATTACGCAAGAAAA
TGGTTTGTTATAGTCGAATAT 

Synthetic This Study 

71
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Table C.2: Plasmids Used in Chapter 2. All constructs were expressed in E. coli DIAL
Strain "EK" cells.

Plasmid Genotype Vector 

Bsrs079-LuxR R6K; Spec; 5’ Insulation Unit; BCD7; LuxR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs079-LasR R6K; Spec; 5’ Insulation Unit; BCD7; LasR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs079-TraR R6K; Spec; 5’ Insulation Unit; BCD7; TraR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs079-RpaR R6K; Spec; 5’ Insulation Unit; BCD7; RpaR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs079-RhlR R6K; Spec; 5’ Insulation Unit; BCD7; RhlR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs079-SinR R6K; Spec; 5’ Insulation Unit; BCD7; SinR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs079-CerR R6K; Spec; 5’ Insulation Unit; BCD7; CerR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs079-SmaR R6K; Spec; 5’ Insulation Unit; BCD7; SmaR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs079-AhyR R6K; Spec; 5’ Insulation Unit; BCD7; AhyR-GFP; 3’ Insulation Unit pBjk2807 

Bsrs078-LuxR R6K; Spec; 5’ Insulation Unit; BCD7; LuxR; 3’ Insulation Unit pBjk2807 

Bsrs078-TraR R6K; Spec; 5’ Insulation Unit; BCD7; TraR; 3’ Insulation Unit pBjk2807 

Bsrs078-TraR(W) R6K; Spec; 5’ Insulation Unit; BCD7; TraR(W); 3’ Insulation Unit pBjk2807 

Bsrs078-LasR R6K; Spec; 5’ Insulation Unit; BCD7; LasR; 3’ Insulation Unit pBjk2807 

Bsrs078-RpaR R6K; Spec; 5’ Insulation Unit; BCD7; RpaR; 3’ Insulation Unit pBjk2807 

Bsrs074-Plux ColE2; AmpR; Plux; u6; sfGFP pBjk2992 

Bsrs074-Ptra ColE2; AmpR; Ptra; u6; sfGFP pBjk2992 

Bsrs074-Ptra* ColE2; AmpR; Ptra*; u6; sfGFP pBjk2992 

Bsrs074-Plas ColE2; AmpR; Plas; u6; sfGFP pBjk2992 

Bsrs074-Prpa ColE2; AmpR; Prpa; u6; sfGFP pBjk2992 

Bsrs074-Prpa* ColE2; AmpR; Prpa*; u6; sfGFP pBjk2992 

Bsrs074-Pahy ColE2; AmpR; Pahy; u6; sfGFP pBjk2992 

Bsrs074-Psma ColE2; AmpR; Psma; u6; sfGFP pBjk2992 

Bsrs074-Prhl ColE2; AmpR; Prhl; u6; sfGFP pBjk2992 

Bsrs074-Pcer ColE2; AmpR; Pcer; u6; sfGFP pBjk2992 

Bsrs074-Pexp ColE2; AmpR; Pexp; u6; sfGFP pBjk2992 

Bsrs074-Plux-mKate2 ColE2; Cm; Plux; u6; mKate2 pBjk2992 

Bsrs074-Plas-mKate2 ColE2; Cm; Plux; u6; mKate2 pBjk2992 

pZA35-Bsrs074-Plux-tra P15A; Cm; Ptra; u6; sfGFP pZA35 

Bsrs112-TraR-RpaR R6K; Spec; 5’ Insulation Unit; BCD7; TraR(W); mevB-rbs; RpaR; 3’ Insulation Unit pBjk2807 

Bsrs112-TraR-LasR R6K; Spec; 5’ Insulation Unit; BCD7; TraR(W); mevB-rbs; LasR; 3’ Insulation Unit pBjk2807 

Bsrs103-RpaR-RpaI ColE1; Kan; RpaR; PluxI; RpaI; T1 pTD103 

Bsrs103-RpaR-LasI ColE1; Kan; RpaR; PluxI; LasI; T1 pTD103 
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Figure C.1: Plasmid Maps Used in Chapter 4.
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Table C.3: Strains Used in Chapter 4. All constructs were expressed in attenuated
Salmonella SL1344.

 

Strain # Strain Name Host Bacterium Plasmid(s) 

1 MOD47 SL1344 pTD103luxI(-LAA)sfGFP + pZA35 X174E (+LuxR) 

2 MOD46a SL1344 pTD103luxI sfGFP + pZA35 X174E (+LuxR) 

3 MOD46b SL1344 pTD103luxI(TS) sfGFP + pZA35 X174E (+LuxR) 

4 SRS732 SL1344 pTD103-LuxI-CFP 

5 SRS800 SL1344 pTD103-LuxI-CFP + pZA35-X174E (+LuxR) 

6 SRS840 SL1344 pTD103-RpaR-RPaI-LAA-sfGFP 

7 SRS841 SL1344 pTD103-RpaR-RPaI-LAA-sfGFP + pZA35-X174E (+RpaR) 
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