


 

 

ABSTRACT 

Engineering genetically controlled microbial consortia  

by 

Chen Ye 

To date, the majority of synthetic gene circuits have been constructed to 

operate within single, isogenic cellular populations. Two of the toughest challenges 

for synthetic biologists to achieve complicated multi-strain systems are the limited 

choice of inducible signals and tuning regulatory components within a gene circuit 

to elicit desired outputs. Here, we describe a method that allows one to tune the 

dynamic range in a motif based construction of promoters with regulatory elements. 

To do this, we first assembled and then tested a library of promoters using different 

-10 and -35 sites taken from endogenous promoters within Escherichia coli. By 

mixing and matching the -10 and -35 sites, we were able to create a large number of 

ligand-inducible promoters exhibiting a wide variety of dynamic ranges. Using this 

method, we developed an orthogonal, tightly controlled two-signaling system. Then, 

we used two genetically distinct populations of Escherichia coli and this signaling 

system to engineer a bacterial consortium that exhibits robust oscillations in gene 

transcription. When co-cultured in a microfluidic device, the two strains form 



 

 

coupled positive and negative feedback loops at the population-level. The 

interacting strains exhibit robust, synchronized oscillations that are absent if either 

strain is cultured in isolation. We further used a combination of mathematical 

modeling and targeted genetic perturbations to better understand the roles of 

circuit topology and regulatory promoter strengths in generating and maintaining 

these oscillations. We found that the dual-feedback topology was robust to changes 

in promoter strengths and fluctuations in the population ratio of the two strains. 

These findings demonstrate that one can program population-level dynamics 

through the genetic engineering of multiple cooperative strains and point the way 

towards engineering complex synthetic tissues and organs with multiple cell types. 
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Chapter 1 

Introduction 

1.1.  Engineering of biological systems 

Biological systems are highly complex. Scientifically, we often divide such 

systems into different levels of complexity, from low to high. For biology, the basic 

level comprises genes and their DNA sequences, which are the primary elements 

that help us understand the composition of these systems. The second level consists 

of proteins that are encoded by different genes and interact with each other to form 

networks. A cell contains multiple genetic networks which have unique phenotypes 

associated with them. In some instances, a cell by itself is found to function as a 

whole biological system, such as Escherichia coli. However, in a multicellular 

organism or in a population of single cells, interactions between cells, including 

intercellular signaling, cooperation, and competition, are key factors in producing 

various biological systems in nature. The final phenotype of a biological system may 
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be determined by a single gene, a genetic network, or multicellular networks. In 

traditional research, we usually study biological systems by following these steps: 

starting from one gene; looking for an interaction with other genes; determining the 

whole network of the pathway; and finally explaining the phenotype.  

Synthetic biology, an interdisciplinary branch of biology and engineering, 

uses a different strategy to understand biological systems. Here we start from the 

behavior of a system. Then, we derive a theoretical model system, a genetic circuit, 

which can produce this behavior. Based on the model, we then use the biological 

language, i.e. the DNA sequence, to encode the target networks. Based on the 

different levels of composition of these biological systems, this engineering strategy 

consists of engineering gene expression, genetic circuits, and cell-cell 

communication. 

1.2. Engineering gene expression systems in E. coli 

Escherichia coli is a Gram-negative bacteria widely used for various purposes, 

including as a model microorganism, as a host of recombinant DNA, as a host for the 

production of heterologous proteins, as a fermentation platform, etc. (1). To achieve 

these purposes, the gene expression system of E. coli has been extensively studied 

and developed in the past decades. 

Gene expression in E. coli contains two main steps namely transcription and 

translation. Two main elements, the target promoter and the related transcription 

factors (TFs), determine the transcription rate of a gene. In the 1970s, biologists 
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found that there were AT rich sequences in promoter regions (2). Later, the 

consensus sequences of the -35 and -10 hexamer promoter elements were 

recognized from genomic sequence data (3, 4). Meanwhile, researchers randomly 

mutated the base pairs in these core sites to modify promoter strength (2, 5). 

Besides sequence research, other studies also identified TFs such as LacI (6), AraC 

(7, 8), and TetR (9) that can regulate the transcription rate by binding to target 

promoters. After finding these basic components of transcription, synthetic 

biologists tried to rationally engineer the promoter region by methods including the 

addition of TFs’ binding sites (10), modular engineering of promoters (11), using 

tandem input promoters (12), and creating novel TFs through protein engineering 

(13). However, most of these methods focused only on the strength or the 

regulatory behavior of a promoter. An engineering method comprised of both these 

features would allow us to control transcription of a gene in detail.  

Biologists have also looked for rules that control translation. After mRNA has 

been transcribed, ribosomes bind to the 5’ untranslated region (5’UTR) to initiate 

peptide synthesis. The Shine–Dalgarno sequence, or the ribosomal binding site 

(RBS), was discovered in the 1970s (14). Biologists also found several RBSs of 

different strengths in certain constructs (10). However, when these RBSs were used 

in novel constructs, the expression levels were not always as predicted. This 

challenging issue was preliminarily solved by the RBS calculator (15), which 

provides an algorithm to predict the interaction among ribosomes, RBSs, 5’UTRs, 

and protein coding sequences. Later, several studies (16, 17) used an enzymatic 

process in order to remove the upstream sequence of the RBS which shows 
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potential interaction with the binding of the ribosome. Another group found the bi-

cistron design (BCD) of the RBS structure which had a consistent strength for 

different proteins  (18). In this design, there are two RBSs. The upstream RBS can 

initiate transcriptions that will go through the second RBS to unwind any secondary 

RNA structure between second RBS and target protein coding sequence.  

Generally, synthetic biologists have been able to control the overall strength of 

gene expression, both at the transcriptional and translational level. However, we 

still need to develop a method for engineering promoters with novel regulatory 

properties. 

1.3. Engineering gene circuits in E. coli  

Electronic devices that are built upon simple electronic modules and circuits 

are able to perform complicated functions. Organisms are built in a similar way. 

There are thousands of genes in the genome of E. coli. Some behaviors are 

determined by only a single gene, e.g., a kanR gene can encode an aminoglycoside 

phosphotransferase to confer kanamycin resistance. However, in nature, many 

behaviors, including circadian clocks (19), cell-fate decision (20), and pattern 

formation (21, 22) are controlled by complex gene networks. As there are many 

elements in these networks, it is difficult for researchers to investigate the 

mechanisms in detail. In the past decades, theoretical biologists have illustrated how 

simple gene networks can function to create oscillations (23), bistability (24), and 
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patterns (25). Engineering gene circuits based on these hypotheses is helpful to 

build solid connections from theories to real behaviors.  

Since the end of the 1970s, researchers have been able to engineer the DNA of E. 

coli to synthesize products like insulin (26). However, for a long time, most genetic 

engineering was focused on manipulating single genes or multiple genes without 

interactions. The main barriers were the limited methods in DNA recombinant 

technology and in engineering expression systems. With the development of several 

genetic tools, including the polymerase chain reaction (PCR) (27), λ attp integration 

(28), and λ-red recombination (29, 30), synthetic biologists were able to more easily 

construct gene circuits containing multiple parts.  

Several hypothesis driven constructions, like the “repressilator” and the toggle 

switch, were successfully built around the year 2000 (31, 32). Over the past decade, 

scientists have introduced various regulatory modules and elements to achieve 

different functions. There have been many successes, including the construction of 

variable oscillators (33, 34), pulse counters (35), image detectors (36), and 

biological memory devices (37). 

Synthetic biologists have been able to construct gene circuits with predicted 

behaviors, but there are still many challenges. First, until now, most synthetic 

circuits have been very simple, containing just a few genes. There is still a long way 

to go from constructing synthetic gene circuits with predicted behaviors to the 

complicated and accurately regulated behavior of multicellular systems. To achieve 

this, there are several things that must be developed to improve the construction of 
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promoters. A possible way to integrate regulatory elements is to use multiple input 

promoters, which occurs in nature as well as in previous gene circuit constructions 

(10, 33, 38). Second, in previous synthetic networks, the elements in each expression 

system, such as the 5’UTR, RBS and the sequence between each part are different 

from case to case. This set up a high barrier to extrapolating past results to new 

circuits. Even though there have been some attempts to provide a method for 

standardizing and modularizing construction of gene circuits (39), these methods 

are not optimal because they were based on incorrect assumptions about gene 

expression (40). Third, in nature, organisms can sense a wide variety of signals and 

respond to regulate downstream gene expression. In current synthetic circuits, 

researchers have preferred the use of well-studied expression systems, such as TetR, 

LacI, and AraC. There was no standard method to follow for constructing gene 

circuits if novel input signals and receptors were desired. This limitation prevents 

us from engineering gene circuits that can be easily adapted for practical 

applications. In summary, a standard method of promoter engineering, which 

includes integration of regulatory elements and modular construction of 

transcription systems, would provide a powerful toolbox in engineering gene 

circuits. 

1.4. Synthetic cell-cell communication systems 

Cooperation between cells is a key mechanism for adapting to the environment 

and for achieving complex structures. Different cells in the population have their 

own responsibilities for the specific production of molecules or other specific 
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functions. This division of work is often achieved by intercellular signaling, which 

allows the distribution of labor, coordinated developmental decisions, and stable 

ecological interactions. To date, most synthetic gene networks have been 

constructed in single microbial strains (usually E. coli) using transcription factors to 

create the same regulatory network within each cell. In nature, however, the gene 

networks of individual cells often receive and transmit signals with their neighbors. 

There are several circuits that use multiple strains simultaneously in combination 

with intercellular signaling mechanisms to achieve population-level phenotypes that 

are impossible in isogenic populations  (41, 42). However, the creation of complex 

population-level phenotypes is limited by crosstalk and insufficient regulation by 

the various signaling molecules (43). It is therefore important to find the principles 

behind designing and engineering cell-cell communication system. 
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Chapter 2 

 Modular construction of tunable 

multi-input promoters in E. coli 

2.1. Transcription in E.coli 

In E. coli, the most commonly operated promoters belong to the class of σ70 

promoters. σ70 is a housekeeping transcription factor (44) of E. coli that has two 

main DNA binding domains, σ4 and σ2 (44). These two domains bind to the -35 site 

(from -35 to -30) and the -10 site (from -12 to -7) in the promoter region (Fig. 2.1). 

The consensus sequences of these two regions, “TTGACA” for the -35 site and 

“TATAAT” for the -10 site, were discovered in the 1980s (3, 4). However, there are 

four subunits in σ70, from σ1 to σ4. σ1 interacts with the +1 to +20 region, or initial 

transcribed region (ITR); and σ3 interacts with the -15, -14 site, especially if the 

sequence here is “TG”.  
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In the absence of operator (activator or repressor) binding sites, promoter 

output (i.e., expression of the gene) can be described by one parameter, the strength 

of the promoter, which is varied by sequence differences among alternative -10 and 

-35 sites. This parameter has been extensively explored for both natural and 

synthetic promoters (45). However, in the presence of even one operator, several 

terms are required to describe promoter function: leakiness, maximal activity, and 

response range. “Leakiness” is the level of transcription that occurs in the “OFF” 

state. This parameter is determined by how well RNA polymerase (RNAP) interacts 

with the promoter in the absence of an activator and/or how tightly a repressor 

Figure 2.1 Structure of σ70 promoters. 

The up-elements (around the -42 site) can interact with the α unit of RNAP II 

directly. Most activators will recognize the target sequence in this region to 

recruit α unit binding in order to enhance promoter activity. The -35 site and the 

-10 site are the core parts of σ70 promoters that are recognized by the σ4 and σ2 

domains of σ70 independently. The σ3 and σ1.1 domains interact with either the 

spacer region or the ITR region, but the relationship between these interactions 

and the promoter activity is not clear. Figure adapted from Osterberg et al. (44) 
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shuts down the promoter. All repressors leak, even those with very tight DNA 

binding such as E. coli LacI (46).  “Maximal activity” is the level of transcription that 

occurs in the “ON” state. This parameter is dictated by how well the activator 

enhances RNAP activity (which can, in turn, be altered by the presence of a signal 

ligand) and/or how well a repressor is induced by its signal ligand. “Response range” 

is the difference between the first two parameters, and requires a change in the 

concentration of the signaling ligand. Many have considered the response range in 

terms of the effects of these ligands on their transcription factors. 

In bacteria, promoters regulate gene expression by binding transcription  

factors (TFs) that either up- or down-regulate the transcription rate (46–48). 

Synthetic biologists have used both native and engineered promoters to, for 

example, manipulate gene expression (40), alter enzyme levels for metabolic 

engineering (49), and construct genetic circuits (31, 32). However, the construction 

of effective promoters requires engineering various properties, such as leakiness 

(46, 50), induced activity (10, 11), affinity of transcription factors for their 

respective operator site (46, 51), and the presence of multiple operator sites to 

allow multiple inputs (10, 11, 38, 52). E. coli is the most widely used bacterial system, 

but native E. coli promoters and simple engineered promoters generally are not able 

to fulfill different requirements due to their limited strength and tunability (Fig. 2.2).  

Natural promoters in E. coli can differ in many ways. These differences 

include: 1)  multiple operator binding sites for different transcription factors, which 
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increases the number of regulatory inputs; and 2) variations in the sequences of the 

-10 and -35 regions, which alter the binding energy of RNAP and can be varied to 

tune the basal promoter “strength (53, 54),” i.e., the rate of transcription. A lot of 

attempts have been made to recapitulate these features in synthetic promoters over 

the past decades. 

Figure 2.2 Strength of current regulatory promoters 

The green columns show promoter activity in the full-induced condition. The 

red columns show the leaky activities of these inducible promoters. The 

activities of different promoters vary wildly. The induced activity of Pcin 

promoter has an even lower activity than the basal activity of Plux. The 

promoter activity is reported in arbitrary units (A.U.). 
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The earliest case of successful promoter engineering was the LacUV5 (2) and 

Iq (5)  promoter in 1970s. The mutations appeared in the -10 site (LacUV5) and the 

-35 site (Iq) and increased these promoters’ strengths. Later, after the consensus 

sequences in the two main binding sites were discovered, scientists tried to mutate 

the -35 and -10 sites and the spacing between them into the consensus sequence in 

variable promoters to increase promoter strength (38, 55). But when biologists tried 

to predict the promoter strength based on sequence (56), this method did not work 

well (57, 58). There are several reasons for this: 1) the binding affinity of each bp is 

not equal to the preference of genomic choice, 2) the binding affinity may be not 

controlled by a single bp, but a combination of bps (57), and 3) bps at different sites 

may have different contributions to the final promoter strength. As the prediction is 

inaccurate for the full promoter sequence, scientists tried to predict promoter 

strength with fewer variables, e.g. a study that only modified bps in the -35 and -10 

sites in order to predict the strength change (54). Practically, in some cases, the only 

requirement is to construct a promoter of a particular strength. To address this, 

some constitutive promoter libraries have been created that provide a wide range of 

strengths for different applications (18).  

Besides engineering the σ factor binding site (the -35 and -10 sites), 

biologists have also tried to introduce regulatory elements into the transcription 

system. At the beginning, most of this research focused on repressors, such as LacI, 

TetR, and CI (46). The binding affinity of different types of binding sites were 

exploited in order to alter repression affinity (46). In addition, scientists integrated 
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binding sites at different regions of the promoters (upstream, spacer, ITR, and some 

distal sites) (Fig. 2.1), to achieve better repression (11, 46). Meanwhile, several 

activators, including AraC (induced by arabinose) (7), XylR (induced by xylose) (59), 

and LuxR (induced by 3-OC6-homoserine lactone, 3-OC6HSL) (60) have been found 

in different bacteria. Based on these regulatory elements, Lutz et al. were able to 

create a synthetic, inducible and repressible promoter Para/lac (Fig. 2.2) (10), which is 

induced by both arabinose and lactose. Rox et al. (11) tried to engineer hybrid 

promoters by randomly composing the activator binding sites, repressor binding 

sites, the -35 site, and the -10 site. They formulated certain rules: 1) in a hybrid 

promoter, activator shows almost no function when repressor exists, which 

produces asymmetric logic; 2) the activity of a repressible promoter is in the same 

ranking with the activity of the promoter in non-repressing conditions; and 3) there 

is a maximum activity for activatable and constitutive promoters. However, they 

failed to find a general way for engineering an inducible or hybrid promoter. This 

issue has been partly solved by Tamsir et al. (12) by integrating one inducible 

promoter and one repressible promoter tandemly. In this construction, two 

promoters together can achieve multi-input logic in a single transcriptional unit. 

However, there are still several issues with this kind of construction. First, there are 

two ITR sites in one promoter. As a result, the 5’UTRs may differ in different 

transcriptional events. Thus, to control the translation initiation rate, it is necessary 

to add an insulator element before the RBS (16, 17). Second, this method is based on 

existing promoters. Therefore, the strength of the synthetic promoter is limited. 
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Above all, there is no method for controlling the responsiveness of existing synthetic 

inducible or hybrid promoters. In other words, the outputs from these promoters 

often show only a small difference between the “OFF” and “ON” states in response to 

signal ligands that bind to the transcription factors. Further, the current strategy for 

developing improved synthetic promoters is labor intensive and involves iterative 

processes. Here, we provide a general method for constructing E. coli promoters 

that achieve target regulatory requirements. 

2.2. Modular promoter library design 

2.2.1. Predictable promoter behaviors in motif-based construction 

In growing E. coli cells, most promoters are regulated by σ70, a housekeeping 

transcription factor that binds to the -10 and -35 sites of a promoter and enables 

RNA polymerase (RNAP) to bind and initiate transcription (Fig. 2.1) (58). For 

promoters regulated by σ24 (a σ70 homolog that only contains the -10 and -35 site 

binding domains), it has been shown that transcription rates are highly correlated 

with the upstream sequence -55 to -36, which binds to the α subunit of RNAP, and 

the -10 and -35 sites (61, 62). Similarly, we hypothesized that the strength of σ70 

promoters could be predicted based on the sequences of these three parts. However, 

unlike σ24, σ70 also interacts with the promoter spacer region (-29 to -13) and the 

initial transcribed region (ITR, Fig. 2.1). To address this, we divided σ70 promoters 
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into the following parts: upstream, -35, spacer, -10, discriminator (Disc), and ITR 

(Fig. 2.1 Table 2.1).  

Based on the study of σ24 promoters, we first wanted to determine how the 

transcriptional activator binding site, the -10 site, and the -35 site together 

determine the transcription rate in both the presence and absence of an inducer. To 

explore the relationship between these three parts and the promoter activity, we 

Motifs Region Construction 

Distal To -56 Distal repressor (a distal LacO1 site at ~-400 region 

Proximal -55 to -36 Activator binding site (AraI1+I2, LasO) 

-35 site -35 to -30 -35 hexamer from library (Table 2.2) 

Spacer -29 to -13 Defined non-functional sequence, or repressor (LacO1) 

-10 site -12 to -7 -10 hexamer from library (Table 2.3) 

Disc+start -6 to +2 Defined Disc (GAGCAC from PL)+(CAT) 

ITR to +20 (Repressor) + restriction site + RBS (BCD*2)  

Reporter  sYFP gene 

Table 2.1 Library construction of regulatable σ70 promoters 

Construction of the promoter library. The library promoters are divided into two 

parts, the activator binding site and the -35 and -10 sites. Each part is subjected 

to PCR individually and then ligated into the backbone in different combinations. 

The library promoters drive an sYFP gene in the backbone plasmid to test 

activity. 
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constructed a library of promoters that contained all possible combinations of two 

transcriptional activator binding sites (for AraC and LasR), six -35 sites, and eight -

10 sites (Table 2.1-2.3). The gene encoding a yellow fluorescent protein (YFP) was 

then placed downstream of each promoter to provide a quantifiable measure of 

transcription. AraC and LasR were chosen because they are from two different 

Table 2.2 Library of -35 sites  

Label Sequence Source 

a CCCGGG A deoptimized sequence 

b TTTACA Plac Para/lac (10) Plux 

c TAGACA Previous research(11) 

d TTGTGA “T” and first 5bp “TGTGA” of LacO1 

e CTGACA Pbad derivative, change the last “G” to “A” 

f TTGACA Consensus -35 hexamer sequence 

Table 2.3 Library of -10 sites 

Label Sequence Source 

A CCAGTC A deoptimized sequence 

B TATGTT Plac 

C TATAGT Plux 

D GATACT PL 

E TAAATT Plas 

F TACTGT PBAD 

G GATAAT Strengthen “D”, change the fifth “C” to “A” 

H TATAAT Consensus -10 hexamer sequence 

Underline indicates the bp different from consensus sequence 
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transcription factor families (60, 63), and the -10 and -35 sites were chosen from 

consensus sequences, native promoters, previous  studies (10, 11), and arbitrary 

sequences. In addition, a LacI binding site (LacO1) was coded into the spacer region 

for two reasons: 1) to ensure that these promoters will not have additional 

interactions with the σ3 domain of σ70, and 2) to explore the role of repressors on 

inducible promoter behavior.  

 

Figure 2.3 Activity of Las/Ara library. 

Rows correspond to different -35 sites; columns correspond to different -10 sites. 

The left two figures are the uninduced and induced activity of LasR regulated 

promoters. Similarly, the right two figures are for AraC regulated promoters. To 

test induced activities, we added 0.1μM 3-OC12HSL/5mM arabinose for full 

induction. Each -35 and -10 site has a label, as shown in Tables 2.2 and 2.3. Reporter 

promoter strength is calculated by Log2A.U. (Fluo./OD600). The heat map indicates 

the log2 A. U. (promoter)  −  12. 



 18 

 

The promoter library was first tested in the ΔlacI E. coli strain (CY015) that 

contained constitutively expressed AraC and LasR. Hence, the promoters will be 

activated when the corresponding inducer (arabinose for AraC and 3-OC12-HSL for 

LasR) are added. After measuring the fluorescence in each of the 96 promoters in 

the library with and without the inducer, we generated a map of promoter activity 

(Fig. 2.3). When we ranked the -10 and -35 sites by the resulting mean fluorescence 

of each row and column, respectively, the activity was found to either increase or 

decrease consistently depending on the ranking of -10 and -35 sites. This is true for 

both induced and leaky activities (Fig. 2.3). Additionally, promoters achieved a 

maximum expression level (~16–17 log2 A.U.) for certain combinations of -10 and -

35 sites. This ceiling in the activity of a promoter has been reported in previous 

research (11).  

As the repressor binding site is already added to the library of promoters, we 

further explored the behavior of hybrid promoters. To do this, we tested our 

promoter library in the strain CY021, which is the same as CY015 (see section 2.5.4), 

but with constitutively expressed LacI and TetR knocked into the genome. We then 

characterized these promoters in four different conditions, no inducer, arabinose/3-

OC12-HSL only, isopropyl β-D-1-thiogalactopyranoside (IPTG) which can eliminate 

LacI function, and both inducers. The results are similar to that of inducible 

promoters. As a function of the -10 and -35 sites, the promoter rankings based on 

fluorescence were consistent in all four conditions (Fig. 2.4).  
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Figure 2.4 Activity of Las/Ara library with repressor. 

Same to Fig. 2.3, rows correspond to different -35 sites; columns correspond to 

different -10 sites. We added 1mM IPTG to inhibit repressor (LacI) function in 

(IPTG+) experiments. Reporter promoter strength is calculated by Log2A.U. 

(Fluo./OD600). The heat map indicates the  log2 A. U. (promoter)  −  12. 
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2.2.2. Mathematical model of modular promoter construction 

We derived the model following the methods of previous research (54, 64). We 

assumed that promoter activity is roughly proportional to the concentration of σ 

factor bound promoter [Pσ]. To calculate that, we assume the concentration of all 

components except promoter, including the activator ([A]) and σ factor ([σ]) are 

constant within the system. We start with the σ factor binding to the target 

promoter, we have: 

                                   𝑃 +  𝜎
𝐾𝑝𝜎
⇔  𝑃𝜎 . 

The equilibrium constant Kpσ  is related to the Gibbs free energy changing from the 

separated parts P and σ to the final binding complex Pσ. For this reaction, we have: 

                 𝛥𝐺𝑝𝜎 = 𝐺𝑝𝜎 − 𝐺𝑝 − 𝐺𝜎                 (1) 

    𝐾𝑝𝜎 = 
[𝑃𝜎]

[𝑃][𝜎]
= 𝑒

−
𝛥𝐺𝑝𝜎

𝑘𝐵𝑇  .                 (2) 

Here, kB is Boltzmann’s constant; T is the temperature in Kelvin, and Gstate is the 

Gibbs free energy of a given state. 

Since [σ] is a constant in our assumption ([𝜎] ≫ [𝑃𝜎]), the ratio of [Pσ]/ [P] is 

only determined by the binding energy in the reaction. To simplify the equations, we 

define the scaled Δg to be, for example: 

                𝛥𝑔𝑝𝜎 = 
𝛥𝐺𝑝𝜎

𝑘𝐵𝑇
 ln[𝜎] ; 
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[𝑃𝜎]

[𝑃]
= 𝑒−𝛥𝑔𝑝𝜎.                               (3) 

Now, we introduce the partition function to calculate the ratio of any promoter 

states.  

                                                     𝑍 = ∑ 𝑒
−
𝐸𝑖
𝑘𝐵𝑇𝑖  

We know the possibility of a state Ps equals,  

𝑃𝑠 =
𝑒
−
𝐸𝑠
𝑘𝐵𝑇

𝑍
=

𝑒
−
𝐸𝑠
𝑘𝐵𝑇

∑ 𝑒
−
𝐸𝑖
𝑘𝐵𝑇𝑖

 .                 (4) 

Here, Ei is the energy of state; Es is the energy of the target state. We can use the 

defined energy g to rewrite this equation to, 

𝑃𝑠 =
𝑒−𝑔𝑠

∑ 𝑒−𝑔𝑖𝑖
 .                                (5) 

In the case of activator only, we can define all energies relative to the ground state. 

The basic hypothesis is that the contributions to binding energy from the -10 site, 

the -35 site, and the activator to the σ-factor are independent of each other. In the 

case of no repressor, we have four possible binding states: 00, A0, 0σ, and Aσ, 

corresponding to the empty state, activator bound, σ-factor bound, and activator 

and σ-factor bound to DNA. This gives us the following energies, (Fig. 2.5a) 

   𝑔𝐴0 = {
𝛽𝐴               𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑖𝑛𝑑𝑢𝑐𝑒𝑟
𝛽𝐴 + 𝛽𝐴,𝑖𝑛𝑑      𝑤𝑖𝑡ℎ 𝑖𝑛𝑑𝑢𝑐𝑒𝑟

;           (6) 
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   𝑔0𝜎 = 𝛽𝜎 + 𝛽−35,𝑖 + 𝛽−10,𝑗;                                     (7) 

   𝑔𝐴𝜎 = 𝑔𝐴0 + 𝛽𝜎 + 𝛽−35,𝑖 + 𝛽−10,𝑗 + 𝛽𝐴𝜎 .               (8) 

 

Here, g00 is the energy of the ground state (promoter without binding); βA,ind 

is the difference in energy due to the presence of the inducer, which makes it more 

probable that the activator binds to the DNA. Similarly, β-10,i and β-35,j correspond to 

the changes in the binding energy due to changes in sequences in the library of these 

two sites. The constant βAσ is the drop in energy for binding the σ factor when the 

activator is bound. In addition, the concentration of activator is a constant equal to 0 

(no inducer) or 1 (full induction). Thus, from (5), given these energies of promoter 

a b 

Figure 2.5 Promoter binding model. 

a. Binding model of σ factor. We divide the binding energy from σ factor and 

RNAP complex to promoter into three parts, β-10, β-35 and βσ (from all 

interaction indicated by dashed line). βA is the binding energy from 

activator to upstream operator site (full induction). βAσ indicates the 

interaction from activator to RNAP complex. 

b. Binding model of repressor. βR  is the binding energy from repressor 

binding (full repression without inducer). βaR indicates the interaction from 

activator to repressor. 
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binding states, the probability of transcription, which is the probability of σ factor 

bound to the target promoter, equals,  

𝑃(𝜎) =
𝑒−𝑔0𝜎+𝑒−𝑔𝐴𝜎

𝑒−𝑔00+𝑒−𝑔𝐴0+ 𝑒−𝑔0𝜎+𝑒−𝑔𝐴𝜎
.                (9) 

To simplify the equation, we calculate the energy change from the 00 state: 

                                    𝛥𝑔𝑠 = 𝑔𝑠 − 𝑔00;                                             (10) 

                      𝑃(𝜎) =
𝑒−𝛥𝑔0𝜎+𝑒−𝛥𝑔𝐴𝜎

1+𝑒−𝛥𝑔𝐴0+ 𝑒−𝛥𝑔0𝜎+𝑒−𝛥𝑔𝐴𝜎
.                              (11) 

In our system, the binding affinity of inducer to the activator is very high, which 

means that the 𝑒−𝛥𝑔𝐴𝜎 ≫ 𝑒−𝛥𝑔𝐴0 .  

Thus, 1 + 𝑒−𝛥𝑔𝐴0+ 𝑒−𝛥𝑔0𝜎 + 𝑒−𝛥𝑔𝐴𝜎 ≈ 1 + 𝑒−𝛥𝑔0𝜎 + 𝑒−𝛥𝑔𝐴𝜎. 

In an ideal induced system, the events of activator induced transcription will not 

happen without inducer, which means that 𝑒−𝛥𝑔0𝜎 ≫ 𝑒−𝛥𝑔𝐴𝜎  if inducer = 0. 

Therefore, 

𝑃(𝜎, 𝑖𝑛𝑑 = 0) =
𝑒−𝛥𝑔0𝜎

1+𝑒−𝛥𝑔0𝜎
 .                         (12) 

When inducer = 1 (full induction),  

               𝑃(𝜎, 𝑖𝑛𝑑 = 1) =
𝑒−𝛥𝑔0𝜎+𝑒−𝛥𝑔𝐴𝜎

1+𝑒−𝛥𝑔0𝜎+𝑒−𝛥𝑔𝐴𝜎
 .               (13) 

However, in our inducible system, the maxim response range is more than 100 fold, 

which means that the 𝑒−𝛥𝑔0𝜎 + 𝑒−𝛥𝑔𝐴𝜎 > 100 𝑒−𝛥𝑔0𝜎  for any -35 and -10 
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combination. In addition, 
𝑒−𝛥𝑔𝐴𝜎

𝑒−𝛥𝑔0𝜎
= 𝑒−(𝛽𝐴+𝛽𝐴,𝑖𝑛𝑑+𝛽𝐴𝜎) is a constant if the concentration 

of inducer is a constant. Thus, if the inducible promoter could show high induction 

in any cases, 𝑒−𝛥𝑔𝐴𝜎 ≫ 𝑒−𝛥𝑔0𝜎 , 

𝑃(𝜎, 𝑖𝑛𝑑 = 1) =
𝑒−𝛥𝑔𝐴𝜎

1+𝑒−𝛥𝑔𝐴𝜎
 .                              (14) 

We next introduced repressor into our mathematical model. Based on 

previous research (11, 54), we assumed that the repressor would bind competitively 

with the σ factor. In the presence of a repressor, the derivation is largely the same, 

except that we now have six possible states: 000, A00, 0R0, AR0, 00σ, and A0σ., 

corresponding to the empty state, activator bound, repressor bound, both activator 

and repressor bound, σ-factor bound, and activator and σ-factor bound to DNA.  The 

states with both R and σ do not occur (competitive binding). We now have the 

following energies in repressor binding states (Fig. 2.5b): 

   𝑔0𝑅0 = {
𝑔000 + 𝛽𝑅                        𝑤𝑖𝑡ℎ 𝐼𝑃𝑇𝐺
𝑔000 + 𝛽𝑅 + 𝛽𝑅,𝑟     𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐼𝑃𝑇𝐺

;        (15) 

   𝑔𝐴𝑅0 = 𝑔0𝑅0 + 𝛥𝑔𝐴00 + 𝛽𝐴𝑅 .                                 (16) 

The other four statuses of 000, A00, 00σ, and A0σ are same as the 00, A0, 0σ, and Aσ 

statuses present in a non-repressor system. We again have the probability that the 

σ-factor is bound to DNA to be 

𝑃(𝜎) =
𝑒−𝑔00𝜎+𝑒−𝑔𝐴0𝜎

𝑒−𝑔000+𝑒−𝑔𝐴00+ 𝑒−𝑔00𝜎+𝑒−𝑔𝐴0𝜎+ 𝑒−𝑔0𝑅0+𝑒−𝑔𝐴𝑅0
 .       (17) 
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Similar to equations (12) and (14), we can neglect the item that contains A when the 

inducer is not in system; and neglect 𝑒−𝛥𝐺00𝜎 when inducer is added. Thus, 

𝑃(𝜎, 𝑖𝑛𝑑 = 0, 𝑟 = 1) =
𝑒−𝛥𝑔0𝜎

1+𝑒−𝛥𝑔0𝜎+ 𝑒−𝛥𝑔0𝑅0
;                          (18) 

𝑃(𝜎, 𝑖𝑛𝑑 = 1, 𝑟 = 1) =
𝑒−𝛥𝑔𝐴𝜎

1+𝑒−𝛥𝑔𝐴𝜎+ 𝑒−𝛥𝑔0𝑅0+𝑒−𝛥𝑔𝐴𝑅0
.             (19) 

Finally, we assume that fluorescence is proportional to  𝑃(𝜎) with a random 

offset ε, which indicates off-target transcription events, 

 𝐹𝑙𝑢𝑜.= α𝑃(𝜎) +  𝜀.                                                 (20) 

Now, we already have the models of promoter activity in all the four 

conditions, (12), (14), (18), (19). Comparing the basal expression (12) and inducible 

expression (14), we found that the ΔgAσ can be written as 

 𝛥𝑔𝐴𝜎 = 𝛽𝐴 + 𝛽𝐴,𝑖𝑛𝑑 + 𝛽𝜎 + 𝛽−35,𝑖 + 𝛽−10,𝑗 + 𝛽𝐴𝜎 .    (21) 

So, if we focused on one activator, the 𝛽𝐴,  𝛽𝐴,𝑖𝑛𝑑and 𝛽𝐴𝜎  are constant. The 

promoter activity is only determined by the selection of -35 and -10 sites. We fit the 

data to the model by minimizing the error in fold change (min∑(
ln 𝐹𝑙𝑢𝑜.(𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛)

ln𝐹𝑙𝑢𝑜.
)2). 

This model fits the data well (Fig. 2.6a). Moreover, we tested the binding energy of 

every -35 and -10 site with different activators (Ara/Las). We found that the 

variances in -10 sites were less than that in -35 sites. The interaction from activator 

to -35 site may be more significant to -10 site as they are closer in proximity. 
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Figure 2.6 Model prediction for activity of Las promoters. 

a. The model fitting of a LasR inducible promoter. The x axis is the sum of binding 

energies (scaled) from the -35 and -10 sites. The y axis is the promoter strength 

Log2A.U. Red circles are the basal expression level of Las promoters from 

experiments. Blue squares are the full induced activity of Las promoters from 

experiments. Blue and black curves are model predictions of basal and full 

induced activity of Las promoters. The regions of yellow, red and green dashed 

lines show the ceiling expression region, linear increase region, and non-

activity region respectively. Purple arrow showeds the “b”+“D” of -35 and -10 

sites promoter position. Error bars represent the standard derivation (SD) of 

triplicates. 

b. Regulatory range of Las promoters. The x axis is the same as panel (a). The y 

axis is calculated by Fluo.(full induced)/ Fluo.(basal). Red circles are 

experimental data. Blue squares are the model prediction. Error bars represent 

the SD. 
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2.2.3. Model guided promoter engineering 

From the model, we know that the log promoter strength is proportional to 

equations (10) and (12) when ε is negligible. So, when 1 >> 𝑒−𝛥𝑔𝑡𝑜𝑡𝑎𝑙 (ΔGtotal 

indicates Δg0σ or ΔgAσ), the ln (Fluo.) ∝ Δgtotal. That means, in the linear region (see 

Fig. 2.6a), we can predict the fold difference of the different promoters by simply 

comparing the relative -35 and -10 sites’ strength. When the binding is very strong, 

equations (10) and (12) will reach the maximum value α. This gives a potential 

explanation for the expression ceiling. 

In addition, we found that the regulatory range (induced activity/uninduced 

activity) was large when the binding strength of 𝛽(−35) + 𝛽(−10) site in a medium 

area (20 to 25, Fig. 2.6b). This is also predicted by our model. If Δgtotal is small, ε 

contributes a lot for both induced activity and uninduced activity. If Δg0σ is very 

large, the uninduced activity can almost achieve the maximum expression level. As a 

result, if we need a maximum regulatory range, the induced activity should be in the 

approximate linear region (red area in Fig. 2.6a) to minimize the ceiling and non-

inducible leaky affects.  
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2.3. Engineering multi-input AND gate promoters through 

modular construction 

2.3.1. Two-way input AND gate promoters 

To demonstrate the predictability and modularity of our library method for 

constructing tunable ligand-inducible promoters, we assembled and tested other 

hybrid promoters that are tightly controlled by multiple ligand inputs (Fig. 2.7a). 

Specifically, we created promoters that contain operator sequences upstream of the 

-35 site that bind a variety of ligand inducible transcriptional activators: XylR 

(induced by xylose), RhlR (C4-HSL), LuxR (3-OC6HSL), CinR (3-OHC14HSL), and 

NarL (nitrate). We also slightly modified the tag “b” -35 site from “TTTACA” to 

“TTTACT,” which creates a 1bp overlap with LacOs/TetO2, the possible repressor 

binding sites in the spacer region. For the -10 site, we chose tags “D” (GATACT) and 

“G” (GATAAT), which have a 2bp overlap with the TetO2 binding site while providing 

different strengths. Two additional LacO1/TetO2 sites can be added downstream of 

the +1 site and ~-400 upstream site to achieve further repression (10). Thus, this 

new set of promoters contained every possible combination of 1) the 5 activator 

binding sites mentioned above, 2) the modified “b” -35 site, 3) either a LacOs or 

TetO2 binding site in the spacer region, and 4) either the “D” or “G” -10 sequence. In 

our previous library, the full inducible activity of bD and bG were in the annotated 

range as shown in Fig. 2.6. After increasing the repression affinity in this standard  
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Figure 2.7 Construction and activity of hybrid promoters. 

a. Standard construction of hybrid promoters. LacOs is an ideal LacI binding site that is 
able to fully inhibit promoter activity when LacI is present. A distal (~-400) 
LacO1/TetO2 binding site can recruit LacI tetramer/ TetR dimer simultaneously 
with the downstream operator site to form a DNA loop. This construction is 
optimized for tight regulation. 

b. The activity and regulatory behavior of two way AND hybrid promoters. The 
columns are inactivated+repressed, activated+repressed, inactivated+unrepressed, 
and activated+ unrepressed. An ideal AND promoter will be only induced in the 
fourth condition.  
Letters in brackets show the combination of -35 and -10. E.g. (bD) is a “b” -35 + “D” -
10. “*” indicates a different activator binding site. 

c. The activity and regulatory behavior of three-way AND hybrid promoters. 
The labels are same as in (b). ECF38 Tet Lac is an engineered LasR inducible, TetR 
and LacI repressible σECF38 promoter. 
The heat map indicates the Log2A.U.(promoter)-12. 
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construction, most bD and bG promoters showed good AND gate (output is true only 

when both inputs are true) behavior (Fig. 2.7b). The target promoter was activated 

only when both the inducers for activator and repressor (IPTG for LacI; 

anhydrotetracycline/aTc for TetR) were added. In addition, the inducible strengths 

of Ara/Las promoters were similar to those in the library. 

2.3.2. Three-way input AND gate promoters 

After we engineered 2-way AND gate promoter, we added other regulatory 

elements into the system. There are two possible constructions, one activator with 

two repressors and two activators with one repressor. The latter construction is 

similar to the native CRP + cAMP inducible promoters (65). However, we do not 

have a good choice for distal activation from our current activators. Therefore, we 

decided to add two repressors simultaneously. We used one LacOs binding site in 

the spacer region and two TetO2 sites at the +1 and upstream (~-400bp) region to 

achieve a 3-way input hybrid promoter. We tried most activators in 2-way AND gate 

promoters, including AraC, XylR, LasR, LuxR and RhlR. As we expected, the 3-way 

AND gate promoter worked only when all the three inducers were added (Fig. 2.7c). 

2.3.3. Engineering promoters for heterologous σ factors 

We demonstrated that the construction of σ70 promoters is possible with 

predicted behavior in motif based construction. We next wanted to see if this 

method worked on different expression systems. In E. coli, there are several σ 
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factors in the same family of σ70, such as σ24. But, these σ factors have low activity 

in our current experimental setting (growing in exponential phase) (44, 61). In 

addition, we are more interested in finding some external expression systems that 

have little interaction to the E. coli system. Thus, we chose several σE promoters, 

which are σ24 homolog promoters, from other Gram negative bacteria that are 

functional in E. coli (66). We integrated activator binding sites and two repressor 

binding sites into the upstream region, spacer, and ITR as the same structure of 3-

way input σ70 promoters. After several attempts with different σE factors, one σE 

promoter, ECF38 Tet Lac, showed AND behavior (Fig. 2.7c). We therefore showed 

that the method is functional on different expression systems. However, the unclear 

annotation and unknown interaction sites increase the complexity of constructing a 

promoter with external σ factors. 

2.4. Summary 

In this study, we developed a standard method to engineer 

inducible/repressible σ70 promoters with predictable and tunable features. The 

activator, -35 site and -10 site are the main factors that determine the promoter 

strength from our library test and mathematical model. The model helps in 

predicting the leakiness, inducible activity, and regulatory range from well 

characterized motifs. Even if some motifs have unknown strength in engineering 

novel promoters, we have provided a systematic method to characterize them. 

Although we have already provided several samples of activators, -35 and -10 sites 
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with a wide range of strengths, our method is expandable to novel activators and -

35 /-10 binding sites. From the model guiding, we were able to introduce more 

transcription factors into our construction. We have generated a number of novel 2-

way and 3-way input hybrid promoters. By tuning the activator binding site and -10 

sites, we are able to engineer these hybrid promoters to achieve AND gate behavior 

or leakier but stronger promoters.  

In previous research, scientists focused on standardizing an expression 

system in the 5’UTR region (16–18). To achieve target expression levels, a 

constitutive promoter library was constructed and characterized (18). All these 

efforts help us to control gene expression precisely. Additionally, novel transcription 

factors were introduced in order to manipulate gene expression (13), but with little 

research in tuning. Here, our research illustrates the quantitative relationship 

between transcription factors and other expression elements. To construct 

biological circuits, we must manipulate both regulatory network and expression 

strength of every part. The motif-based construction method provides a toolbox to 

encode many genes together (67). 

2.5. Methods 

2.5.1. Strains 

We started with E. coli strain MG1655. To test inducible activity, we needed a 

LacI- strain in order to avoid any additional interactions from the secondary 
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transcription factor. Therefore, we first knocked out LacI from the genome by λ-red 

recombination (see section 4.2.1) to create CY011 (E. coli strain MG1655 ΔlacI). 

However, a LuxR homolog, sdiA, can partially activate Prhl (68). Therefore, we 

knocked out sdiA from CY011 to create CY013 (CY011 ΔsdiA). We integrated three 

activator genes, AraC, LasR (ATCC #47085), and RhlR (ATCC #47085) into the 

genome. For that, we constructed a plasmid pCH035 that contains wild type araC, 

Ptrc*-rhlR, and PIq-lasR. We integrated all three genes into the genome by λ 

integration system (28, 29) to get CY015 (CY013 wt-araC, Ptrc*-rhlR, and PIq-lasR). 4) 

To test repressor function, we further integrated PIq-LacI PN25-TetR (10) into the 

original LacI site by λ-red recombination. We performed this integration on CY013 

and CY015 to get CY019 (CY013 PIq-LacI PN25-TetR) and CY021 (CY015 PIq-LacI PN25-

TetR), respectively. Each antibiotic marker was eliminated after each operation by 

Flt-FRT recombination (29).  

2.5.2. Promoter library and reporter plasmids 

To construct the promoter library, we use a modified Golden Gate strategy 

(69). We used BsaI to create a specific restriction site in the spacer region. The first 

part contains the activator binding site and the -35 site; the second part contains the 

-10 site and a modified BCD2* (18) for the RBS and a YFP (T203Y mutant of sfGFP 

(70)) reporter gene. After creating all parts by PCR, we ligated them into the 

backbone (kanR and pMB1+rop origin) in all possible combinations. We also used a 

similar strategy to construct the 2-way, and 3-way input promoters. As XylR 
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(genomic), NarL (genomic), AraC, LasR, and RhlR are already in the genome of 

CY019, each of other activators or TFs is carried on a separated plasmid (Table 2.5), 

respectively. The activators include Piq-CinR (ATCC #10004), Piq-LuxR (60), and 

Pxyl/tet(bD)-ECF38 (66) etc (Table 2.5). 

2.5.3. Promoter strength assay 

To test the libraries, we first transformed Pbad, Plas*, Prhl, and all library 

reporter plasmids into the CY013 strain. We used Pbad, Plas*, and Prhl reporters as 

corresponding reference promoters for each activator. To compare the promoter 

data in different tests, we standardized the strength of each promoter to the 

reference promoter. To test repressor function, we changed the host strain from 

CY013 to CY015, a LacI and TetR knock-in strain. In the 2-way and 3-way input 

promoter tests, we transformed the target promoter plasmid and the corresponded 

activator carrying plasmid (CinR, LuxR, and ECF38) to CY015. 

Strains were cultured overnight in LB media with 50 μg/ml kanamycin (25 

μg/ml chloramphenicol if needed). The overnight cultures were inoculated into 100 

μl M9 media (0.4% glycerol as carbon source) + 0.2% casamino acids at 1% v/v into 

a 96-well plate. After growth for 2 hours, 100 μl M9 media with 2X inducer was 

added to the cultures. The final concentrations of all inducers were as follows: C4-

HSL (10μM), 3-OC6HSL (0.1μM), 3-OC12HSL (0.1μM), 3-OHC14HSL (1μM), 

arabinose (5mM), xylose (5mM), nitrate (50mM), IPTG (1mM), and aTc (100ng/ml). 

The culture was always set at 37℃, 800rpm. The fluorescence of YFP was measured 
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by plate reader after 2 hours and reported as Fluo.test = (fluorescence4hr- 

fluorescence2hr)/OD600 (45). In each test, or every 96-well plate, there were 

reference tests for the testing promoters (wt plasmids in Table 2.7). The final 

promoter strength was calculated by A.U. (target promoter) = Fluo.test (target 

promoter) * Fluo.test (reference promoter)/ Fluo.standard (reference promoter). All 

standard promoters were tested in a separate experiment.  

2.5.4. Strains and plasmids list 

Table 2.4 Strains used in the promoter study 

Strain Name    Genotype 

MG1655 E. coli K12 MG1655 (wild type) 

CY011 MG1655 ΔlacI 

CY013 MG1655 ΔlacI ΔsdiA 

CY015 MG1655 ΔlacI ΔsdiA + Pwt-araC, Ptrc*-rhlR, PIq-lasR 

CY019 MG1655 ΔlacI ΔsdiA+ PIq-lacI, PN25-tetR 

CY021 MG1655 ΔlacI ΔsdiA + PIq-lacI, PN25-tetR, Pwt-araC, Ptrc*-rhlR, 

PIq-lasR 

 

 Table 2.5 General plasmids used in the promoter study 

Plasmid Open Reading 

Frame 

Origin/Resistance Note 

pCH1 flt-CmR-flt pSC101, CmR Gene KO 

pCH35 Pwt-araC, Ptrc*-

rhlR, PIq-lasR 

pSC101, CmR araC, rhlR, lasR KI 
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pCH104 PIq-cinR pSC101, CmR cinR carrier 

pCH161 PIq-lacI, PN25-

tetR 

pSC101, CmR lacI, tetR KI 

pCH192 PIq-luxR pSC101, CmR luxR carrier 

pCH247 PIq-ECF22 pSC101, CmR ECF22 carrier 

pCH284 PIq-ECF38 pSC101, CmR ECF38 carrier 

pCHxxxϯ Pxxx-BCD2*sYFP pMB1+ROP, 

KanR 

Promoters 

Ϯ This is a batch of reporter plasmids of engineered promoters (see Table 2.6 2.7 

2.8). 

Table 2.6 Elements in promoter construction  

Motifs Name Sequence 

Activator AraI1+I2 catagcatttttatccataagattagcggatcctacct 

(proximal) XylI1+I2 gaaataaaccaaaaatcgtaatcgaaagataaaaatctgtaa 

 RhlO tcctgtgaaatctggcagt 

 RhlO* tcctgtgaaatctggcag 

 NarL taaccaataaatggta 

 NarL* tacccattaaggggta 

 LasO aatctatctcatttgctagt 

 LasO* ttcgagcctagcaagggtccgggttcaccgaaatctatctcatttgctag 

 LuxO acctgtaggatcgtacagt 

 LuxO* acctgtaggatcgtacag 

 CinO (ga)gggggcctatctgagggaa 

 CinO* ggcgcatgtcgttatcgcaaaaccgctgcacacttttgcgcgacatgctctgatccc

cctcatctgggggggcctatctgagggaa 

Repressor LacOs ttgtgagcgctcacaatt 

(Spacer) LacO1 ttgtgagcggataacaa 
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 TetO2 tccctatcagtgatagaga 

Repressor LacO1 aattgtgagcggataacaatt 

(ITR,distal) TetO2 tccctatcagtgatagaga 

Disc to +1  gagcaca 

Sequence in red shows the overlap to -35 site and -10 site. Yellow indicates the +1 

site if the sequence in ITR region. The construction of AND promoters are proximal 

+ -35 site (TTTACT) + spacer + -10 site (“D” or “G” see Table 2.1) + Disc + ITR 

Table 2.7Ara/Las library plasmids 

 A B C D E F G H 

a 133 137 141 144 122 126 142 145 150 154 178 182 158 159 112 113 

b 61 65 17 27 123 127 46 51 62 72 63 73 134 138 47 52 

c 151 155 48 57 162 165 18 58 69 139 179 183 172 175 168 170 

d 152 156 64 66 163 166 50 74 41 59 180 184 173 176 169 171 

e 135 44 54 67 124 75 70 53 71 68 55 42 110 111 125 43 

f 78 76 79 60 164 167 143 146 153 157 181 185 174 177 136 140 

The number in shading is Para library plasmids; no shading is Plas library plasmids. 

The name of these plasmids are pCHxxx (xxx = number in table) in Table 2.3. The 

labels on each column and row show the -35 site and -10 site combinations. 

 

Table 2.8 Reporter plasmids of AND promoters  

Plasmid Activator -35 and -10 Repressor 

pCH9 AraI1+I2 wt N/A 

pCH28ϯ AraI1+I2 b+C (18bp Spacer) LacOs+LacO1 

pCH114 AraI1+I2 b+D LacOs+LacO1 

pCH115 AraI1+I2 b+D TetO2 

pCH118 AraI1+I2 b+D N/A 
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pCH221 AraI1+I2 b+G LacOs+LacO1 

pCH222 AraI1+I2 b+G TetO2 

pCH223 AraI1+I2 b+G LacOs+ TetO2 

pCH225 AraI1+I2 b+D LacOs+ TetO2 

pCH197 XylI1+I2 wt N/A 

pCH198 XylI1+I2 b+D LacOs+LacO1 

pCH199 XylI1+I2 b+G LacOs+LacO1 

pCH230 XylI1+I2 b+D TetO2 

pCH231 XylI1+I2 b+G TetO2 

pCH232 XylI1+I2 b+D LacOs+ TetO2 

pCH233 XylI1+I2 b+G LacOs+ TetO2 

pCH10 RhlO wt N/A 

pCH101 RhlO b+D LacOs+LacO1 

pCH102 RhlO b+D TetO2 

pCH107 RhlO  b+D LacOs+ TetO2 

pCH186 RhlO  b+G LacOs+ LacO1 

pCH187 RhlO b+G TetO2 

pCH194 RhlO* b+G LacOs+ LacO1 

pCH224 RhlO  b+G LacOs+ TetO2 

pCH200 NarL* b+D LacOs+ LacO1 

pCH201 NarL b+D LacOs+ LacO1 

pCH11 LasO*  wt N/A 

pCH31 LasO  wt N/A 

pCH195 LasO* b+G LacOs+ LacO1 

pCH226 LasO b+D LacOs+ LacO1 

pCH227 LasO b+G LacOs+ LacO1 

pCH228 LasO b+D TetO2 

pCH229 LasO b+D TetO2 

pCH244 LasO b+D LacOs+ TetO2 
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pCH245 LasO b+D LacOs+ TetO2 

pCH292 LasO* ECF22 TetO2+ LacO1 

pCH293 LasO* ECF38 TetO2+ LacO1 

pCH193 LuxO* wt N/A 

pCH234 LuxO* b+D LacOs+ LacO1 

pCH235 LuxO* b+G LacOs+ LacO1 

pCH236 LuxO b+D LacOs+ LacO1 

pCH237 LuxO b+G LacOs+ LacO1 

pCH238 LuxO* b+D TetO2 

pCH239 LuxO* b+G TetO2 

pCH240 LuxO b+D TetO2 

pCH241 LuxO b+G TetO2 

pCH242 LuxO b+D LacOs+ TetO2 

pCH243 LuxO b+G LacOs+ TetO2 

pCH80 CinO* wt N/A 

pCH116 CinO b+D LacOs+ LacO1 

pCH117 CinO b+D TetO2 

pCH188 CinO* b+G LacOs+ LacO1 

pCH189 CinO* b+G TetO2 

pCH190 CinO b+G TetO2 

pCH191 CinO* b+D TetO2 

pCH196 CinO* f+G LacOs+ LacO1 

Ϯ Promoter of pCH28 is from Lutz’s construction (10). 
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Chapter 3 

Engineering genetically controlled 

microbial consortia 

This chapter is partly adapted from Y. Chen, J. K. Kim, A. J. Hirning, K. Josić, M. R. 

Bennett, Emergent genetic oscillations in a synthetic microbial consortium. Science. 

349, 986–9 (2015). 

3.1. Synthetic cell-cell communication systems 

3.1.1. Quorum sensing system in bacteria 

Quorum sensing systems are widely used for constructing synthetic cell-cell 

interactions (12, 34, 42, 71). Quorum sensing is a common communication system in 

bacteria that enables gene regulation based on the release of signaling molecules. 

These molecules usually activate or repress gene expression depending on the 
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population density. When the cell population reaches a high density, the 

concentration of the signaling molecules, which is released by every cell, exceeds a 

threshold for regulating target genes (72). In this way, organismal behavior 

becomes dependent on population density.  

N-acyl homoserine lactone (AHL) is a widely used signaling molecule family 

in Gram-negative bacteria (72). The singling molecule is composed of a homoserine 

lactone ring and a variable length fatty acid side chain(73). These small molecules 

can freely diffuse through the bacterial membrane, which implies that no active 

transport system is needed for cell-cell signaling. After binding to the target 

receptor protein, the receptor–ligand complex activates the expression of the target 

gene.  

Pseudomonas aeruginosa is a Gram-negative bacterium and a well-known 

model for quorum sensing. P. aeruginosa forms biofilms on the host surface and 

releases virulence factors (74) regulated by the quorum sensing system to 

strengthen resistance to antimicrobial agents from the host cells (75). There are two 

main quorum sensing systems in P. aeruginosa, rhl and las. Both of these systems 

are composed of two genes, the AHL synthases rhlI and lasI, and the receptor 

proteins rhlR and lasR. For the rhl and las system, the inducers are N-butanoyl-l-

homoserine lactone (C4-HSL) and N-(3-O-dodecanoyl)-l-homoserine lactone (3-

OC12-HSL), respectively. There are other quorum sensing systems, such as lux from 

Vibrio fischeri, a marine bacterium; and cin from Rhizobium Leguminosarum, a soil 
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bacterium. Similar to rhl and las, they contain AHL synthases luxI (inducer 3-OC6-

HSL) and cinI (inducer 3-OHC14-HSL), and receptors luxR and cinR. The lux system 

is often used for constructing synthetic single-strain quorum systems (Fig. 3.1) (34, 

71). 

3.1.2. Isogenic multicellular system 

    In single cells, genes often regulate other genes by changing their 

transcriptional or translational activities. To achieve better regulation, a regulator 

often receives feedback from downstream targets through gene networks. In 

populations, gene regulation between cells must be achieved through intercellular 

signaling molecules. For instance, a “sender” cell might send a signal that up-

regulates or down-regulates gene expression in another “receiver” cell. In addition, 

the receiver cell might respond to this message by sending out another signal that 

influences the sender. In this manner, the sender and receiver cells form a network 

of interaction that is analogous to gene networks. 

To expand synthetic gene networks from single cells to populations, scientists have 

constructed multicellular systems with one type of cell first. You et al. constructed a 

population control system (Fig. 3.1a) (76). In this system, each cell contains a signaling 

molecule synthase, LuxI, that releases 3-OC6HSL to the environment. After cell density 

increases, the 3-OC6HSL accumulates to a high concentration which induces a 

downstream gene for killing the cell. Therefore, the rate of cell death increases. When the 
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rate of cell death equals that of cell growth, the population will stay at a certain level, 

which is related to the strength of regulation by LuxI of cell death.  

Danino et al. created a synchronized oscillator that successfully showed signals 

transferring across space (Fig. 3.1b) (34). In this gene circuit, they also used LuxI as a 

signal creator. But, they added a self-positive feedback loop into it. The downstream gene 

is an AHL degradation enzyme, AiiA that represses this circuit. GFP is a downstream 

fluorescent reporter to monitor activity. They successfully observed robust synchronized 

oscillatory behavior when the culture level reached thousands of cells. Moreover, when 

Figure 3.1 Schematic networks in synthetic isogenic multicellular systems. 

a. Network of the population control system. Purple dots indicate 3-OC6HSL 

that can free diffuse through the cell membrane. Figure adapt from You et al. 

(76). 

b. Network of synchronized quorum oscillator. The Plux promoter drives LuxI, 

AiiA and GFP, which is up-regulated by 3-OC6HSL. AiiA is a AHL hydrolase 

providing a negative feedback for the whole circuit. Figure adapt from Danino 

et al. (34). 

a b 
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this strain grew in a 2000μm (long) * 100μm (width) * 0.9μm (height) device (details in 

section 3.3.5), the system exhibited travelling waves across the population.  

These systems are built in single strains with a single signal. However, it has been 

proposed that synthetic microbial consortia will provide a means of engineering novel 

population-level phenotypes that are difficult to obtain with single strains (77). In 

addition, having two signals is a minimum requirement for constructing nontrivial spatial 

systems, such as Turing patterns (25). Thus, it is critical to develop methods for 

engineering multi-strain, multi-signal systems to achieve more complex functions and 

behaviors.  

3.1.3. Multi-strain microbial consortia 

In multicellular organisms, cells differentiate into different cell types to form 

complicated structures and achieve variable functions. In a population of single cell 

organisms, the different cells can also coordinate with others in a similar way. When E. 

coli face antibiotic stress, some cells mutate to release molecules that can confer 

resistance to other cells (Fig. 3.2a) (78). However, this behavior of releasing a resistance 

factor gives a high stress to the mutant cells. Thus, only a small number of cells in the 

whole population will do this. In biofilms of Bacillus subtilis, interior cells and periphery 

cells perform different functions (79). The interior cells consume glutamate and release 

ammonium to the whole population, triggering growth in periphery cells. However, the 

interior cells cannot obtain enough nutrients for dividing (Fig. 3.2b). In these microbial 
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consortia, the labors are assigned to different types of cells in the population for the best 

overall fitness in harsh environments.  

 In synthetic biology, there have been several successful multi-strain systems 

constructed in E. coli, including a consensus network (41), a synthetic predator-prey 

system (42), multicellular computing chemical “wires” (12), and an altruistic system (80). 

The altruistic system is analogous to the case of E. coli dealing with antibiotics. Tanouchi 

et al. cloned a non-secreted antibiotic hydrolysis enzyme into the strain. In addition, they 

integrated a suicide gene under the induction of antibiotics. Thus, when the population is 

Figure 3.2 Schematic networks of two typical multi-strain system. 

a. Network of altruistic system. Red cells release public goods to provide antibiotic 

resistance for the whole population. But they will live in a high pressure (78) or 

sacrifice themselves (80). Figure adapt from Tanouchi et al. (80). 

b. Metabolic network of Bacillus subtilis biofilm. The periphery cells consume most of 

the available glutamate for growth. The interior cells will metabolize the remaining 

glutamate to ammonium that supports the periphery cells. Figure adapt from Liu et 

al. (79). 

a b 
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in a high concentration of antibiotics, some cells will commit suicide and release the 

enzyme that can degrade the antibiotics, allowing other cells to survive. But in this kind 

system, the communication between cells is indirect. Thus, it is hard to develop more 

complicated structures from it. The chemical “wires” system is a signal transfer system 

that contains 4 strains and 2 signaling molecules. They achieved robust information 

transferring between different strains. However, there are no feedback loops in the system, 

which are critical for forming structures like oscillators and patterns (24, 25). Therefore, 

we focused on multi-strain systems with interaction and feedback networks. 

3.1.4.  Topologies in synthetic cell-cell communication systems 

In networks made up of two elements, there are three basic closed-loop 

motifs: positive-positive, positive-negative, and negative-negative (Fig 3.3bcd). 

Brenner et al. constructed a positive feedback loop between two strains of E. coli 

(41), as shown in Fig 3.3ab. Each strain contains a sub-unit of the full circuit. The 

sub-unit contained in the first strain produces a signaling molecule that up-

regulates the sub-unit of the second strain. The second strain produces a different 

signaling molecule that up-regulates the sub-unit of the first strain, closing the 

positive feedback loop. When the density of both strains is sufficiently high, the full 

circuit is rapidly activated. However, in the absence of one of the strains, insufficient 

amounts of the signaling molecules will be present to induce the circuit.  

In addition to the positive feedback loop, there are two other basic motifs, 

positive-negative and negative-negative. The latter two have not been well 
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Figure 3.3 Network schematics of synthetic multi-strain systems  

a. Synthetic consensus system. Strain 1 (left) produces an enzyme (RhlI) that creates C4-

HSL, which diffuses out of the cell and up-regulates a Prhl promoter in Strain 2 (right) 

driving lasI expression. The LasI enzyme creates 3-OC12-HSL, which up-regulating the 

Plas promoter in Strain 1. The fluorescence intensity of GFP and RFP represent RhlI 

and LasI expressing level respectively.  

b. Topology map of a consensus system. It is composed of two positive regulators. In this 

system, each strain turns itself on with sufficient feedback from the other strain. Both 

strains show similar ON/OFF phenotypes. 

c. Topology map of an oscillator. A simple oscillator network would contain at least one 

positive regulator and one negative regulator.  Dashed lines indicate regulating loops 

that would turn it into a dual feedback oscillator.  

d. Topology map of a toggle switch network. This network is composed of two negative 

regulators. In a competitive multi-strain system, each strain inhibits the other. Similar 

to a consensus system, each strain has a positive feedback on itself. But, in this system, 

one strain is an ON state at the expense of the other. When two strains come together, 

the system has two steady states, strain1 ON –strain2 OFF or strain1 OFF –strain2 ON. 

Consensus system a 

Oscillator 

b 

Toggle switch 
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characterized yet. The positive-negative system is composed of both an activating 

signal and a repressing signal, which can form an oscillator if the delay time of 

negative feedback is within a specific range (33). The predator-prey (42) system is 

an analog to the positive-negative network.  Here, the positive-negative regulation is 

coupled to cell growth. Strain2 (predator) kills strain1 (prey) but strain1 is 

necessary for strain2’s survival. The dynamics of the population and the equilibrium 

ratio of the two populations can be controlled by the strength of the regulation. 

However, the oscillations in that system are not comparable with a  natural 

predator-prey oscillator (24). This may be related to the signaling systems, which 

composed of rhl and las. Recent research showed that the 3-OC12-HSL+LasR 

complex, which activates Plas expression, is also able to turn on Prhl expression (41, 

43). This crosstalk between signals may undermine the dynamics of the system. 

Thus, we looked for an orthogonal (no crosstalk) two-signaling system for our 

synthetic systems. 

If the positive-negative network adds an additional positive feedback loop 

and a negative feedback loop, a dual-feedback system is formed which is known to 

create tunable and robust oscillations in single cells (33) and in single-strain 

populations (34). These cells were found to oscillate in a wide range of inducer 

concentrations, temperatures, and media supplements, while the period and 

amplitude of the oscillations could be turned by those parameters. From this we 

predicted that these features will also appear in two-strain oscillators. If the time 

delay of negative feedback is sufficient, a negative feedback loop composed by a 
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positive regulator and a negative regulator is able to generate a two-strain oscillator 

(solid line in Fig. 3.1c). The additional positive and negative feedback loop (dash line 

in Fig. 3.1c) can be introduced by using additional inducible/repressible promoters 

which generate a more robust and tunable two-strain oscillator by creating dual 

feedback.  

The other kind of two-strain regulatory network that we were interested in 

was one in which a positive feedback loop is comprised of two negative regulators 

(Fig. 3.3d). These kinds of feedback loops can create a toggle switch, which creates a 

bistable system in a single strain of cells (32). In a two-strain system, the network 

has two steady states—one strain is ON and the other is OFF and vice versa. In a 

single cell, the robustness of the toggle switch (i.e., its propensity not to randomly 

flip to another state) can be tuned by changing the promoter activity. In a multi-

strain system, there are more tunable parameters. These include the inducer 

concentration, diffusion distance, and density of the strains involved. These circuits 

will provide a tool for multi-strain communication research and new insights into 

the dynamics of micro-ecosystems. In addition, spatially and temporally controlled 

systems, such as Turing systems (25), were predicted theoretically more than 60 

years ago. Although there are some similar patterns appearing in high-level 

biosystems, Turing patterns have not been demonstrated in simple biosystems. 

Previous work has demonstrated that this kind of system can be achieved by 

combining an oscillator with the diffusion of signaling molecules (81). Thus, a two-
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strain oscillator based on signaling molecules will provide a foundation for 

constructing more complicated spatial-temporal systems. 

3.2. Manipulation of a “consensus” system by tuning 

promoter parameters 

3.2.1. An orthogonal, tightly controlled dual-signaling system 

To engineer cell-cell communication systems, we need to first choose two 

signaling molecules. There are several successful implementations of these multi-

strain systems, including a consensus system and a predator-prey system (41, 42). 

The construction of non-trivial cell-cell communication systems requires at least 

two kinds of signaling molecules. Three quorum sensing systems namely, Lux, Las, 

and Rhl, are typically used in these studies (34, 41, 42, 71, 82) (Table 3.1). In several 

successful synthetic  multi-strain systems, the combinations of Lux + Las and Las + 

Rhl (41, 42) have been used. However, there are some unsolved problems in these 

systems that could undermine this project. The Lux + Las pairing cannot be used in 

the same cell because the receptors from either system can turn on gene expression 

in the other (43). In addition, the Rhl system has a very limited dynamic range that 

is not able to distinguish ON/OFF states very well (12) (Table 3.1). Moreover, the 

inducer from the Las system is able to turn on gene expression of the Rhl genes (41).  

To construct multi-strain systems of higher complexity, it is essential that we 

first engineer two orthogonal quorum sensing systems—i.e., two systems that 
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exhibit no crosstalk. Thus, we characterized four different types of quorum sensing 

systems (Table 3.1). For each system, a native promoter was cloned to drive a 

yellow fluorescent protein, sYFP. In addition, the AHL receptor gene of each system 

was expressed under a constitutive promoter on a secondary plasmid. Then the 

expression levels of sYFP were tested under every combination of AHLs, receptor 

proteins, and promoters. We found that AHLs with a long sidechain were usually 

able to activate the receptor for an AHL with a short sidechain, e.g. the 3-OC12-HSL 

can bind to RhlR, LuxR and LasR to activate target promoters (Table 3.2). The only 

exception is 3-OHC14-HSL, which demonstrated almost no crosstalk with the Rhl 

and Lux systems. The receptor of 3-OHC14-HSL, CinR, also has no interaction to the 

Table 3.1 Features of different AHL quorum sensing systems 

Gene Source Strain Signaling 

Molecule 

Leaky 

(±SD)  

Inducible 

(±SD) 

Induction 

threshhold 

Rhl Pseudomonas 

aeruginosa 

C4-HSL 64±5 5896±257 1μM-10μM 

Lux Vibrio fischeri 3-OC6-HSL 1410±44 70728±3568 0.1nM-10nM 

Las Pseudomonas 

aeruginosa 

3-OC12-

HSL 

283±11 66046±3384 1nM-10nM 

Cin Rhizobium 

Leguminosarum 

3-OHC14-

HSL 

49±2 407±10 0.1μM-0.5μM 

The induction threshhold was determined by the concentration of inducer to get 

~10% induction (lower limit) through full induction (higher limit). The strength of 

promoters is calculated as Log2(A.U.) of YFP fluorescence/OD(Plasmid see Table 

2.2).  
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other three promoters. Thus, we are able to use both Rhl + Cin and Lux + Cin in our 

cell-cell communication system.  

The inducible strengths of native quorum sensing promoters differ greatly. 

The Plas and Plux promoters are relatively strong while the wild type (WT) PrhlAB and 

WT Pcin are weak (Table 3.1). This makes them unsuitable for constructing genetic 

circuits where ideally the inducible promoters have the same strength and 

regulatory range. As we have to use the Cin system as one part of our dual-signaling

Table 3.2 Crosstalk between different quorum sensing systems 

 C4-

HSL 

3-OC6-

HSL 

3-OC12-

HSL 

3-OHC14-

HSL 

RhlR LuxR LasR CinR 

Prhl ++ ++ + - ++ N/A ++ - 

Plux - ++ ++ - N/A ++ ++ - 

Plas - - ++ ++ - N/A ++ - 

Pcin - - + ++ - - - ++ 

-: no crosstalk (<10% induction) 

+:10%-50% induction 

++: 50%-100% induction 

N/A: There is no experimental data, because it already has crosstalk in other ways. 

For each column of AHL, the promoter was induced by its own receptor and different 

types of AHL(10μM for all). 

For each column of receptor, the promoter was induced by the receptor and 

corresponded AHL couple. RhlR+10μM C4-HSL, LuxR+0.1μM 3-OC6-HSL, 

LasR+0.1μM 3-OC12-HSL, CinR+1μM 3-OHC14-HSL 

Red color indicates crosstalk. 
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 system, the limitation of Pcin strength is a barrier to achieve efficient regulation. 

Thus, we engineered synthetic promoters of Cin and Rhl systems in Section 2.3.1. As 

a result we now have several Rhl and Cin promoters of different strengths (Table 

3.3). 

Table 3.3 Features of engineered Rhl and Cin promoters 

Promoter Original Name Leaky(LacI-) 

Strength±SD 

Full induction 

Strength±SD 

Prhl-w Prhl/lac(bD) 391±18 28585±1113 

Prhl-m Prhl/lac(bG) 1184±78 105637±2248 

Prhl-s Prhl*/lac(bG) 7881±202 129290±5504 

Pcin-w Pcin/lac(bD) 712±28 35247±1571 

Pcin-m Pcin/lac(bG) 14180±725 126392±2683 

Pcin-s Pcin*/lac(bG) 27730±2608 120960±4705 

3.2.2. Manipulating the consensus system by tuning promoter 

parameters 

We wanted to test whether the difference in promoters could help tune the  

response of a large-scale spatially extended synthetic network consisting of multiple 

cell types and intercellular signaling pathways. To do this, we built a “consensus” 

cell-cell communication system (41) in which each strain up-regulates gene 

expression of the other strain via two orthogonal AHL signaling molecules (C4-HSL 

and 3-OHC14HSL), as shown in Fig. 3.4a. Strain 1 (left) produces an enzyme (RhlI) 

that creates C4-HSL, which diffuses out of the cell and up-regulates a Prhl promoter 
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 in Strain 2 (right), driving CinI expression. The CinI enzyme creates 3-OHC14-HSL, 

which up-regulates the Pcin promoter in Strain 1. We also included a gene encoding    

a fluorescent reporter (mcherry in Strain 1 and gfp in Strain 2) to monitor 

transcription. If the promoter of either enzyme is not sufficiently strong, the whole 

system is OFF. When each strain can accept sufficient signaling molecules from the 

Figure 3.4 Manipulate promoter strength in consensus system. 

a. Schematic map of consensus system construction. Each strain contains a 

synthase to create a signaling molecule to activate the synthase and reporter 

in the other. The reporter for strain1 (left) is mcherry; the reporter for strain2 

(right) is gfp. 2 circle colonies (radius=0.25cm) for each strain set on LB agar 

plates. The left two are strain1(red); the right two are strain2 (green). Four 

colonies were on a straight line. The distance between the centers of nearby 

colonies is 0.5cm. 

b. Consensus system behavior on agar plate. From bottom to top, each row of the 

red strains contained Pcin-w, Pcin-m and Pcin-s driving rhlI; from left to right, each 

column of the green strains contained Prhl-w, Prhl-m and Prhl-s drivingcinI. The 

stronger promoter is more likely to turn on the opposite strains and have a 

longer effect distance. Cells were plot on the plates at exponential phase 

(OD600=0.4) from liquid culture and incubated at 37℃ for 16hours. 
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other, the full circuit is rapidly activated. To control the ON/OFF status of this 

system, we chose three promoters of different strengths driving the synthases of the 

signaling molecule, Prhl-w, Prhl-m, and Prhl-s for CinI; Pcin-w, Pcin-m, and Pcin-s for RhlI (LacI 

repressible versions Table 3.3). In our test, only when the Prhl-s promoter is used, the 

consensus system turned on (Fig. 3.4b). In addition, when the promoter strength of 

Pcin increased, the populations were able to communicate at longer distances.  We 

successfully controlled this system of ON/OFF under certain conditions by tuning 

promoter strength with our method. 

3.3. The oscillatory networks in two-strain systems 

3.3.1. Synthetic oscillatory networks 

The nontrivial dynamic behavior of synthetic oscillators makes them an 

invaluable model system with which to test mathematical models of gene regulation 

and to examine the function of naturally occurring oscillators, such as circadian (83) 

and cell cycle networks (84). Much progress has been made in creating oscillations 

in single cells (31, 33, 85). A synthetic gene oscillator that incorporates intercellular 

signaling has also been examined (34, 86). However, it remains to be determined 

how multiple cell types can coordinate their behavior to generate periodic behavior 

across different cell types.  

Elowitz and Leibler created the first synthetic oscillatory gene circuit, the 

“repressilator”  (31). This construction is an analog to an electronic ring oscillator. 
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There are three genes, LacI, TetR and λCI in the circuit (Fig. 3.5a). Each gene is 

driven by a repressible promoter that is directly inhibited by the previous repressor 

(LacI represses TetR; TetR represses λCI; and λCI represses LacI). 40% of cells in 

this construction will show oscillatory behavior. However, if we want to engineer an 

Figure 3.5 Structure of oscillatory gene networks. 

a. Repressilator. Three proteins repress the transcription of the next to close a 

repressed ring. 

b. Single negative feedback oscillator. LacI driven by Plac represses itself. 

c. Dual feedback oscillator. The system contains two elements, one activator, 

AraC, and one repressor, LacI. Both proteins are driven by Para/lac hybrid 

promoter, which is activated by AraC and repressed by LacI. 

d. Quorum dual feedback oscillator. Similar to (c), both LuxI and AiiA are 

controlled by Plux. LuxI synthesizes 3-OC6-HSL to activate the transcription of 

both genes. AiiA is an AHL degradation enzyme to repress both genes.  

Panel (a) adapt from Elowitz et al.(31); (b,c) from Stricker et al. (33); (d) from 

Danino et al. (34). 

a 

d 

c 

b 
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oscillator between different strains, we need three different strains and signals 

corresponded to all three elements and the regulations in this network, which give a 

highly barrier for construction.  

Later, a dual feedback oscillator and a single negative feedback oscillator 

were created simultaneously (Fig. 3.5bc) (33). As we discussed in Section 3.1.4, both 

positive-negative and dual feedback networks might oscillate between two strains. 

Specifically, the dual feedback construction generates a more robust oscillator (33). 

We can create an “activator” strain and a repressor strain to match the structure of 

dual feedback oscillator in single cell. Moreover, Danino et al. (34) expanded this 

structure in a homogeneous population (Fig. 3.5d). In this construction, LuxI is the 

activator; AiiA is the repressor. The positive and negative regulation is achieved by a 

quorum sensing signal 3-OC6-HSL. A theoretical study from Kim et al. showed that 

an additional negative feedback loop that can increase the oscillation robustness 

(87). Thus, we can add an additional negative repression from AiiA to achieve better 

oscillation (Fig.3.6b). 

3.3.2. A robust synthetic two-strain oscillator 

We first constructed a multi-strain system with a network topology similar to 

that of the synthetic dual-feedback oscillator (33), which operates within a single 

strain. The single-strain oscillator contains two transcription factors that 

simultaneously up- and down-regulate the transcription of genes encoding both 

proteins. Correspondingly, our synthetic multi-strain consortium contains two  
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c
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Figure 3.6 The dual-feedback microconsortium oscillator.  

a. Detailed gene circuit topologies of the activator (top) and repressor (bottom) strains. In 
the activator strain, transcription of rhlI and cfp are regulated by separate copies of the 
hybrid promoter, Prhl/lac, which is up-regulated in the presence of C4-HSL and down-
regulated by LacI. In the repressor strain, cinI is driven by the weak hybrid promoter 
Prhl/lac and yfp is regulated by the hybrid promoter Pcin/lac, which is up-regulated in the 
presence of 3-OHC14HSL and down-regulated by LacI. Both strains contain 
constitutively expressed copies of cinR and rhlR, which encode transcription factors that 
respond to the HSLs to regulate their respective promoters. In addition, both strains 
contain aiiA and lacI driven by 3-OHC14-HSL responsive promoters.  

b. Global circuit topology of the dual-feedback microconsortium oscillator. The activator 
strain up-regulates circuit genes in itself and the repressor strain. The repressor strain 
down-regulates circuit genes in itself and the activator strain. In addition, AiiA from 
both strains down-regulates signaling (dashed lines, omitted in following diagrams for 
simplicity).  

c. Representative time series of the activator fluorescence (blue line), repressor 
fluorescence (yellow line), and population ratio (black dashed line) for the 
microconsortium depicted in (a). Here, the fluorescence values are the population 
average relative to the maximum. The population ratio is the proportion of the area of 
the entire microconsortium occupied by the activator strain.  

d. Five representative microscope images of the microconsortium depicted in (a). The five 
time points are indicated by red dots in (c). This figure is from our publication (67). 
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different genotypes of E. coli, an activator strain and a repressor strain. These two 

strains each send out intercellular signaling molecules that either up- or down-

regulate gene expression in cells containing transcription factors that respond to the 

respective signals (Fig. 3.6a). The activator strain produces C4-HSL, a signaling 

molecule that up-regulates the transcription of key genes in both the strains. The 

repressor strain produces 3-OHC14-HSL, which down-regulates transcription in 

both strains through a synthetic transcriptional inverter mediated by the repressor 

LacI. These two signaling mechanisms jointly create coupled positive and negative 

feedback loops at the population level when the two strains are co-cultured (Fig. 

3.6ab). Additionally, each strain, when active, produces the enzyme AiiA which 

degrades both signaling molecules, resulting in another layer of negative feedback.  

To observe the dynamics of this synthetic microconsortium, we used a 

custom-designed microfluidic device in conjunction with time-lapse fluorescence 

microscopy (see Section 3.6.4.). Each strain contained a gene encoding a spectrally 

distinct fluorescent reporter (cfp in the activator, yfp in the repressor), driven by 

promoters that respond to both positive and negative signals in the network (Fig. 

3.4a). After an initial transient phase, synchronous, in-phase oscillations emerged in 

the fluorescent reporters of both the strains (Fig. 3.6cd). Neither strain oscillated 

when cultured in isolation. Oscillations had a period of approximately 2 hours, and 

persisted throughout the experiments (usually more than 14 hours). 
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Figure 3.7 Variant strains and alternative topologies for the microconsortia.  

a. Detailed circuit diagram of the variant activator strain, which uses a non-hybrid 

lac promoter (Plac) that is not inducible by RhlR to drive rhlI and cfp. 

b. Detailed circuit diagram of the variant repressor strain, which lacks Pcin driving 

lacI. 

c. The P1N2 topology uses the variant activator strain and the normal repressor.  

d. The P2N1 topology uses the normal activator strain and the variant repressor 

strain. 

e. The P1N1 topology uses the variant activator strain and the variant repressor 

strain. This figure is from our publication (67). 

 

b 

c 

d 

e 

a 
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3.3.3. Construction of two-strain oscillators with different 

topologies 

The topology of our synthetic microconsortium oscillator consisted of linked 

positive and negative feedback loops, similar to the topologies of many naturally 

occurring biological oscillators (83). Generally, a single negative feedback loop is 

sufficient to generate rhythms (33). Therefore, we analyzed whether the additional 

feedback loops in our system are necessary for oscillations. To address this question, 

we eliminated either the extra positive or extra negative feedback loop or both the 

loops simultaneously. To eliminate the extra positive feedback loop, we used a 

variant activator strain in which the hybrid promoter Prhl/lac-s was replaced with Plac 

(Fig. 3.7a). We eliminated the additional negative feedback loop by constructing a 

variant repressor strain without lacI (Fig. 3.7b). By combining one of the two variant 

activator strains with one of the two variant repressor strains, we were able to 

generate a microconsortium with a total of four different topologies: P2N2 

(containing both additional feedback loops described above), P2N1 (lacking the 

additional negative feedback loop, Fig. 3.7d), P1N2 (lacking the additional positive 

feedback loop, Fig. 3.7c), and P1N1 (lacking both additional feedback loops, Fig. 3.7e). 

Note that P2N1 and P1N1 still contained another negative feedback loop mediated by 

AiiA (Fig 3.7ab).  

We tested the consortia with all of the topologies described above and found 

that each generated rhythms if and only if both strains were present, confirming the 
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hypothesis that the additional feedback loops are not required for oscillations. 

Further, the oscillations were robust to fluctuations in the population ratio of the 

two strains in the microfluidic trap (Fig. 3.8a–d). Interestingly, in contrast to the 

single-strain oscillator (33), removing the additional positive feedback loop 

lengthened the period in P1N2 and P1N1 (Fig. 3.8e). Furthermore, P1N2 and P1N1 

generated double-peaked activator oscillations, in contrast to the single-peaked 

oscillations generated by P2N2 and P2N1. 

 To understand the behaviors of the different topologies, my collaborator, Jae 

Kyoung Kim, developed a mathematical model to simulate the intra- and extra-

cellular dynamics of the key proteins and molecules. In our model, most of the 

reaction rate parameters (32 of 40) were either obtained from the literature or the 

measurement of promoter activity under various conditions. The unknown 

parameters were randomly and independently sampled from uniform distributions 

covering biologically realistic ranges. We obtained 10,000 parameter sets that led to 

oscillations in four different versions of our model, corresponding to the different 

network topologies. Of these 10,000 parameter sets, 1,506 resulted in rhythms with 

approximately correct periods (100–250 min) for all topologies. Interestingly, more 

than 40% of these sets gave rise to double-peaked oscillations in the activator strain 

for both P1N2 and P1N1, but not P2N2 and P2N1, matching the experimental 

observations (Fig. 3.8c, d). In simulations, the periods of P1N2 and P1N1 were longer 

when activator oscillations displayed double peaks (Fig. 3.8f).  This indicates that  



 63 

 

  

Figure 3.8 Dynamics of microconsortia with various topologies.  

a-d.P2N2 (a) and P2N1 (b) generate rhythms with shorter periods than P1N2 (c) 

and P1N1 (d), which do not have the additional positive feedback loop in the 

activator strain. Furthermore, the CFP rhythms in the activator strain of P1N2 

(c) and P1N1 (d) exhibit double peaks in contrast to P2N2 (a) and P2N1 (b). 

Here, each line style is the same as in Fig. 3.6c.  

e. Experimentally measured periods for each topology. The periods of P1N2 

(p<10-12) and P1N1 (p<10-8) were not the same as that of P2N2 (two-sample t-

test). Error bars represent standard deviation.  

f. The mean period of simulated oscillations with parameter sets leading to 

either single or double peaks in CFP oscillations. The periods in P1N2 and P1N1 

were longer when CFP oscillations exhibited double peaks. Error bars 

represent standard error of the mean. This figure is from our publication (67). 



 64 

 

the double peaks and period lengthening of P1N2 and P1N1 observed in the 

experiments (Fig. 3.8c, d, and f) are related. Specifically, the model suggests that 

both the double peaks and period lengthening of P1N2 and P1N1 are caused by  

competition between RhlI and CFP for ClpXP-mediated proteolysis in the activator 

strain (88). 

3.3.4. Function of additional feedback loops in oscillatory circuits 

We next investigated how the additional feedback loops impact the 

robustness of  oscillations, as it has been shown theoretically that additional 

feedback can increase the robustness of genetic oscillators (33). We were interested 

in two types of perturbations in our experimental system: 1) variations in the 

population ratio of the two strains, and 2) different promoter strengths within the 

circuit. Perturbations in the population ratio of the two strains arose naturally from 

variations in growth of the two strains within the microfluidic device. To perturb the 

promoter strengths within the circuits, we altered the Prhl/lac promoters used to 

drive cinI in the repressor strain and rhlI in the activator strain.  Variant Prhl/lac 

promoters were chosen from a set of promoters with different expression strengths 

(Table 3.3). Up to this point the activator strain contained a “strong” promoter, 

Prhl/lac-s, and the repressor strain a “weak” promoter, Prhl/lac-w. In addition, a “medium” 

promoter, Prhl/lac-m, was also used which was approximately 10 times stronger than 

the weak promoter. 
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Figure 3.9 Additional negative feedback increases robustness.  

a. Percentage of the simulations that lead to oscillations in the model as a function of 

percentage of activator strain in the P2N2 microconsortium. Shown are the results for 

3 different combinations of promoter strengths. Black squares: S/W – Prhl/lac-s and 

Prhl/lac-w promoters in activator and repressor strains, respectively. Red triangles: S/M 

– Prhl/lac-s promoter in activator, Prhl/lac-m promoter in repressor. Green circles: M/M – 

Prhl/lac-m promoters in both activator and repressor strains.  

b-e.Four example trajectories for the P2N2 topology with Prhl/lac-m promoters in both 

activator and repressor strains with different population ratios.  

f.  Percentage of the simulations that lead to oscillations in the model as a function of 

percentage of activator strain in the P2N1 microconsortium. Symbols are the same as 

in (a).  

g-j.Four example trajectories for the P2N1 topology with Prhl/lac-m promoters in both 

activator and repressor strains. Notice that this configuration does not always 

oscillate when activator cell density is low, evidence that the P2N1 topology is less 

robust than the P2N2 topology. This figure is from our publication (67). 
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Our mathematical model predicts that the P2N2 oscillator is expected to be 

more robust to differences in population ratio than P2N1 (Fig. 3.9a, f) for different 

promoter strength combinations. To test this prediction, we constructed the P2N2 

and P2N1 using the medium promoter, for both strains. Indeed, P2N2 oscillated over 

a wide range of population ratios, while P2N1 stopped oscillating when activator cell 

density was low (Fig. 3.9a). To test this prediction, we constructed the P2N2 and 

P2N1 using the medium promoter for both strains. Indeed, P2N2 oscillated over a 

wide range of population ratios (Fig. 3.9b–e), while P2N1 stopped oscillating when 

activator cell density was low (Fig. 3.9g–j).  

We also explored other configurations of promoter strengths within the four 

topologies and several were of particular interest. For instance, when we changed 

the promoter driving cinI in the repressor strain from Prhl/lac-w to Prhl/lac-m (and kept 

Prhl/lac-s in the activator), we found that all topologies still generated oscillations 

(Figs. 3.10a–d). However, in contrast to our previous results (Figs. 3.8c, d), P1N2 and 

P1N1 showed rhythms with a much shorter period than P2N2 and P2N1 (Figs. 3.10c, 

d). Furthermore, oscillations in the repressor strain were robust even though 

activator strain oscillations in P1N2 and P1N1 were low and unstable. 

To understand why the P1N2 and P1N1 topologies exhibited strong- and 

short-period repressor oscillations even in the absence of strong activator 

oscillations we again turned to the mathematical model. Our simulations matched 

experimental data when Prhl/lac-m was used in the repressor strain in the P1N2 and  
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Figure 3.10 Additional positive feedback prevents weak rhythms in the 

activator strain.  

a-d.Example trajectories of all four topologies with the Prhl/lac-s and Prhl/lac-m 
promoters in the activator and repressor strains, respectively. Normal 
rhythms in both CFP and YFP were observed in P2N2 (a) and P2N1 (b). 
However, the observed CFP oscillations in P1N2 (c) and P1N1 (d) became weak 
and unstable. In contrast to the strong-weak promoter combination (Fig. 3.6a-
d), the periods in P1N2 (c) and P1N1 (d) were shorter than in P2N2 (a) and P2N1 

(b).  
e. Simulated relative concentrations of C4-HSL, 3-OHC14-HSL, and AiiA in the 

repressor strain of P1N1 with the strong-medium promoter combination. The 
mathematical model predicted that these strong rhythms with short periods in 
the repressor strain could be generated via an intracellular negative feedback 
loop between C4-HSL and AiiA despite weak activator rhythms. 

f. Simulated relative activity of the Plac and Prhl/lac promoters. The mathematical 
model predicted that the change from Prhl/lac-w to Prhl/lac-m in the repressor 
increases 3-OHC14-HSL in the repressor strain, which leads to saturation of 
the Pcin promoter in the activator strain – resulting in low amplitude rhythms 
of LacI, CFP and the activity of the Plac promoter. However, oscillations of C4-
HSL generated in the repressor strain (e) induce oscillations of Prhl/lac in the 
activator strain via the additional positive feedback loop – preventing the low 
amplitude of CFP in P2N1 and P2N2. Here, promoter activities are normalized to 
their maximal activities and the maximum of LacI is normalized to 0.4 for 
clarity. This figure is from our publication (67). 
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P1N1 topologies. The model predicted that when Prhl/lac-m is used in P1N2 and P1N1, 

the mechanism responsible for generating oscillations is an intracellular negative 

feedback loop mediated by AiiA in the repressor strain and not the intercellular 

transcriptional negative feedback loop between the two strains (Fig. 3.10e). 

Essentially, the feedback loop mediated by AiiA in the repressor strain has a shorter 

delay time than the transcriptional loop between the strains, and hence the period 

becomes shorter. This is also the reason why the amplitude of the repressor can be 

large even when the amplitude of the activator is small. Furthermore, the model 

predicted that the higher concentration of 3-OHC14-HSL generated by the repressor 

strain with Prhl/lac-m would saturate the Pcin promoter in the activator strain, which 

leads to low amplitude of LacI (Fig. 3.10f). These results are observed in a low 

amplitude of Plac activity and hence a low amplitude of CFP and RhlI. However, in 

P2N2 and P2N1 the rhythms of C4-HSL from the repressor strain provide additional 

driving of Prhl/lac-s, preventing the low amplitude in the activator (Fig. 3.10f). This 

reveals a novel role for additional positive feedback loop — it can prevent 

decoupling between the amplitudes of the repressor and activator. 

3.3.5. Behavior of oscillatory networks in spatially extended 

populations 

We tested all topologies of oscillatory networks in a small growth chambers 

(100μm*85μm Fig. 3.11b), which means that the diffusion time of the AHLs was 

negligible. Moreover, we are interested in the oscillatory behavior in an enlarged 
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population. We extended the length of the trapping area 10 times (2000μm*85μm 

Fig. 3.11b) larger. However, we found that the relative population ratio of different 

strains is highly influenced by the growth rate in these chambers. In this design, if 

one strain occupied the position attached the wall, it would grow along the wall and 

push the other strain out. Thus, Andrew Hirning and Razan Alnahhas designed 

 

Figure 3.11 The enlarged trapping chamber of microfluidic device. 

a. The cells grow vertically in the large chamber. There are two strains which 

contains different fluoresce protein (YFP and CFP) in the trapping area. The 

large images was merged from 17 60 X magnification individual images. One 

single image in the red square showed here. 

b. The “hallway” small and large trapping chamber. The blue part is the channel for 

medium flow through (left to right) which has a height of 10μm. The green 

region is the trapping area which has a height of 1.6μm.  

c. A “narrow” large trapping chamber. The green region is the trapping chamber 

which has a height of 0.95μm. The medium flows from left to right. 

The devices ares referred to that in single strain quorum oscillator (34). 

b 

a 
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Figure 3.12 Dynamics of microconsortia in large population. 

These are population-time maps of microconsortia. We divided the 

2000μm*100μm trapping area in to 10μm*100μm small blocks. Then, we calculate 

the relative population ratio in each block. The deep blue color indicates the block 

is occupied by activator cells (CFP); the bright yellow color indicates the block is 

occupied by repressor cells (YFP). The X axis showed the population distribution 

across the chamber from left to right. The Y axis showed the entire population 

changing during the experiment. The cyan dots indicate the peak of oscillations in 

the activator strain; the orange dots indicate the peak of oscillations in the 

repressor strain. The data was analyzed by Jae Kyoung Kim. The map showed all 

topologies of microconsortia oscillated (The separated orange and cyan dots). 

However, the dots in P1N1 (a) and P1N2 (b) are chaotic, meaning the cells are 

unable to synchronized in the same/related oscillatory phase. In contrast, the dots 

in P2N1 (a) and P2N2 (b) are linked in a strait or a continuous curve which means 

the whole population is synchronized. The strength of all topologies is the strong-

weak couple which is same to Fig. 3.8. 
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another chip with two open sides (Fig. 3.11c) referred to previous design (34). In 

this design, cells generally are aligned in one direction (Fig. 3.11a), and therefore 

will not push the other strain out. We move the previous networks into our new 

device. Surprisingly, the oscillatory behaviors of the large population were very 

different from that of the small population. Some networks, such as P2N2 S/W, P2N1 

S/W, maintained synchronized oscillations (Fig. 3.12cd). However, if the activator 

strain contained no additional positive feedback loop (P1 activator), no matter which 

repressor strain was used, it showed non-synchronized behavior, which is different 

from what we saw in small chips (Fig. 3.11ab and Fig. 3.8cd). From this, it seems 

that the additional positive loop is critical for synchronized oscillations on a large 

scale. Otherwise, the communication is limited to a short distance. We are still 

working on analyzing the data and finding the real mechanisms of these behaviors.  

3.4. The toggle switches in two strain systems 

3.4.1. Construction of a two strain toggle switch 

Another regulatory motif between two strains is possible; the negative-

negative regulation loop (Fig. 3.1d). This motif can generate a toggle switch in single 

cells and was the first synthetic gene circuit constructed by synthetic biologists (32). 

In this system, two repressors, LacI and TetR inhibit the transcription of the other 

(Fig. 3.13a). Therefore, if either of them is expressed, the other will be repressed. As 

a result, the system can be stable in either LacI–ON, TetR–OFF or LacI–OFF, TetR–
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ON states. The existence of bistable behavior is related to the features of repressors 

and promoters (24, 32). If the system was trained by the external inducer, e.g. the 

existence of IPTG will inhibit LacI and help TetR expression, the system would be 

remained in that states after removing the external input. In other words, this 

system has memory from external training. These behaviors are key mechanisms in 

the phenomenon of cell fate decision (20).  

From the basic structure described above, we expanded to two strains 

system, which is an analog of the “competition” ecosystem (89). We achieved this by 

adding a secondary inverter into the previous repressor strain to change the 

positive regulation to negative (Fig. 3.13bc). We also changed the promoter of cinI 

from C4-HSL inducible promoter Prhl/lac into either a LacI repressible promoter (Plac) 

or a hybrid promoter (Pcin/lac) in strain2. In addition, we change the promoter of lacI 

from Pcin to Prhl in repressor strain. In this manner, 3-OHC14-HSL produced by the 

CinI enzyme in strain2 will downregulate RhlI levels in strain1, which is down-

regulated from Pcin driving RbsR*, a repressor created by Meinhardt et al. (90). 

RbsR* is a LacI homolog that represses the Lac promoter but is induced by ribose 

instead of IPTG (91). Thus, the expression of RhlI will be repressed if the CinI 

expression is at a high level. Conversely, if the RhlI expression is at a high level, 

expression of CinI will be sustained at a low level as well. Therefore, there may be 

two stable steady states of this system, strain1-ON strain2-OFF (ON-OFF) and 

strain1-OFF strain2-ON (OFF-ON). Two reporter proteins CFP and YFP indicate the  



 73 

 

  

Figure 3.13 The construction of microconsortium toggle switches. 

a. A synthetic toggle switch in a single cell. LacI and TetR repress each other. Thus, 

the system will be stable with either of them at a high expression level. This figure 

is adapted from Gardner et al. (32). 

b. General topology of a two-strain toggle switch. See Fig. 3.1d. Dashed lines show 

additional positive feedback on each strain that will strengthen the stability in 

either state (24). 

c. Design of microconsortium toggle switch. This construction is derived from the 

two strains that we used in the oscillator construction. We replaced the LacI in 

strain1 to RbsR* which is a LacI homolog bound to the same operator site but with 

a different inducer (ribose). Strain2 is a symmetric construction to strain1, in 

which we replaced all rhl regulators to the corresponded regulators of cin system 

and vice versa. The LacI repressor is used for strain2. In both strain, the AHL 

degradation enzyme aiiA is controlled by an inducible promoter Pxyl to control the 

global signaling strength. The dashed line indicates the addition positive 

regulation on rhlI and cinI. In the network without additional positive loop, we use 

Plac control these two genes. All proteins in this figure tagged by ssrA to increase 

the degradation rate. 

a b 

c 
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expression level of RhlI and CinI respectively (under the control of the same 

promoter for each). We use an inducible promoter Pxyl to control the expression of 

AiiA, an AHL degradation enzyme, which provides tunability for the strengths of 

both signals (67). We expect the behaviors of these systems are related to the initial 

conditions, external input, the relative population of each strain, and the spatial 

distribution of each strain in a large population. 

3.4.2. Behaviors of the microbial consortium toggle switches 

We first tested the system without additional feedback loops, termed “PN-

PN”, in small trapping chambers (Fig. 3.11b). We added 1mM IPTG and 1mM ribose 

to activate both strains. Similar to the oscillatory network, the fraction of each strain 

dramatically fluctuated during the run (Fig. 3.14). In the first case, the fraction of 

strain2 was up to more than 80% at 600min and down to 40% at the end. The 

fluorescence of strain2 changed in a similar pattern during that run (Fig. 3.14a). 

However, strain1 seemed less sensitive to population changes, which was partly 

dropping down when strain1 was down. In another case in which the fraction of 

strain2 increased consistently, the states of both strains went up/down in the same 

manner as the population (Fig. 3.14b). Thus, the state of the PN-PN toggle switch is 

highly correlated to the relative population in this experimental setup. However, we 

are not able to control the relative population, which randomly fluctuated. 

Therefore, we moved to the extended “narrow” chamber (Fig. 3.11c) to stabilize the 

ratio of each strain during the experiment.  
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After the strains moved to the new device, the relative population ratios 

were more stable than in previous experiments (Fig. 3.15). To verify the tunability 

of  our construction, we tested this system with different external inducers. We 

tuned the repression of RbsR* in strain1 with ribose; and the repression of LacI with 

IPTG. The system was stable at strain1-ON strain2-OFF (ON-OFF) state when ribose 

added and both inducers added (Fig. 3.15bc); transferred from ON-OFF to OFF-ON 

when IPTG is added. This PN-PN construction may tend to stay in the ON-OFF state 

when ribose or both inducers are added, even though the population of strain1 was 

less than strain2 in these runs (Fig. 3.15bc). During these runs, we did not see 
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Figure 3.14 Dynamics of PN-PN microbial consortium toggle switch in a 

small chamber.  

Time series of the strain1 fluorescence (blue line), strain2 fluorescence (yellow 

line), and each population ratio (dashed line). Here, the fluorescence values are 

the population average relative to the maximum. 1mM ribose (activate strain1), 

1mM IPTG (activate strain2) and 2mM xylose (activate AiiA) was added into the 

system. (a) is a case where strain2 fraction went up and down; (b) is a case where 

strain2 fraction went up to turn on itself. 
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significant evidence that the PN-PN states were related to the distribution pattern of 

each strain.  

We next replaced the Plac promoters with Prhl/lac for rhlI and Pcin/lac for cinI in 

both strains to create “P2N- P2N” structure. Therefore, each strain contains an 

additional positive feedback loop on the signal synthases. Theoretically, this 

Figure 3.15 Dynamics of PN-PN microbial consortium in a large chamber.  

Trajectories of PN-PN network with different external inducers. IPTG (a,c) and 

ribose (b,c) were added into the system to train the system into target states. The 

population ratios are stable (a,c) or slowed shift (b) during the run but without 

significant states change. 2mM xylose added to increase signal degradation rate. 
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construction needs more effort for the states to change from one to the other (24). 

Interestingly, when we added both inducers into the system, the system transferred 

from OFF-ON to ON-OFF spontaneously without a significant population ratio 

changing (Fig. 3.16a). We further tested this system with only IPTG added for 

training the state to the OFF-ON. However, the system was in the ON-OFF state at 

the beginning (Fig. 3.16b) which is contrary to the IPTG-ribose experiment. It took 

more than 6 hours for the system to flip into the expected OFF-ON state. In addition, 

when the system transferred from OFF-ON to ON-OFF, the system was not stable 

just after flipping. There were one reversion in strain1 and two reversions in strain2 
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Figure 3.16 Dynamics of P2N-P2N 

microbial consortium in large 

chamber.  

IPTG + ribose (a) and IPTG (b) were added into the system. The population ratios 

are around 50% in both cases. 2mM xylose added to increase signal degradation 

rate. 
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during the process. Moreover, we did not observe other significant factors, such as 

population ratio, flow rate and cell growth condition, correlated to this behavior. We 

will introduce more parameters including the system initial condition, distribution 

pattern of each strain, the potential interaction through the limitation of 

degradation machinery, to analyze this interesting spatial-temporal behavior. 

3.5. Summary 

 In this research, we developed fundamental methods for engineering cell-

cell communication systems. We first characterized the crosstalk and strength of wt 

Rhl, Lux, Las, and Cin expression systems. Then, we used the method developed in 

Chapter 2 to engineer orthogonal, tightly controlled hybrid promoters of the Rhl and 

Cin systems. Based on this, we showed that engineering population-level 

phenotypes into synthetic microconsortia is possible. Since the population ratio 

within a microconsortium can fluctuate, it is important to engineer synthetic circuits 

that are robust to such perturbations. We have also uncovered a novel role of 

additional negative feedback loops in generating robustness in biological oscillators. 

After enlarging the population of the microconsortium, we found that the additional 

positive loop was necessary for synchronization of the spatial extended populations. 

Finally, we created negative-negative networks between two strains, which showed 

toggle switch behaviors. Overall, our synthetic microconsortia provide unique 

platforms for testing the multi-scale relationship between population-level 

dynamics and genetic-level regulation. 
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3.6. Methods 

3.6.1. Strain construction  

Experiments were conducted using the E. coli strain BW25113 ΔlacI ΔaraC 

(33). However, it contains the gene sdiA, which encodes a homolog of LuxR that is 

able to partially activate Prhl promoters in E. coli. (68). Therefore, sdiA was knocked 

out from BW25113 ΔlacI ΔaraC, using lambda red recombination (29) to create the 

strain CY008 (BW25113 ΔlacI ΔaraC ΔsdiA). In addition, the genes encoding the 

transcription factors RhlR (ATCC #47085) and CinR (ATCC #10004) were 

integrated into the genome to create the strain CY027 (CY008 Ptrc*-cinR Ptrc*-rhlR). 

To do this, the integration plasmid pCH119 was first contructed by standard cloning 

methods. In this plasmid, both rhlR and cinR are driven by the constitutive Ptrc* 

promoter and a modified BCD RBS, (18) BCD2*. Next, the λ integration system was 

used to introduce these two genes into CY008 (see Section 4.2.2). Finally, the 

chloramphenicol resistance marker was removed by Flp-FRT recombination to 

obtain CY027. 



 80 

 

3.6.2. Plasmids  

 

  

Table 3.4 Promoter details in the microbial consortia study. 

Name  Sequence 

Prhl/lac-w tcctgtgaaatctggcagttttacttgtgagcgctcacaattgatactgagcacAattgtgagcggat

aacaatt 

Prhl/lac-m tcctgtgaaatctggcagttttacttgtgagcgctcacaattgataatgagcacAattgtgagcggat

aacaatt 

Prhl/lac-s tcctgtgaaatctggcagtttacttgtgagcgctcacaattgataatgagcacAattgtgagcggata

acaatt 

Pcin/lac-s ggcgcatgtcgttatcgcaaaaccgctgcacacttttgcgcgacatgctctgatccccctcatctggg

ggggcctatctgagggaa 

tttacttgtgagcgctcacaattgataatgagcacAattgtgagcggataacaatt 

Pcin/lac-w gggggcctatctgagggaatttacttgtgagcgctcacaattgatactgagcacAattgtgagcgga

taacaatt 

Pcin gggggcctatctgagggaatttacttccctatcagtgatagagatactgagcacAtccctatcagtg

atagagat 

Pcin* ggcgcatgtcgttatcgcaaaaccgctgcacacttttgcgcgacatgctctgatccccctcatctggg

ggggcctatctgagggaa 

tttacttccctatcagtgatagagataatgagcacAtccctatcagtgatagagat  

PLlac* (Plac) ttgacattgtgagcggataacaagatactgagcacAattgtgagcggataacaatt 

Ptrc*  ttgacaattaatcatccggctcgtataatgtgtggA 

Red denotes activator (RhlR/CinR) binding sites; underline denotes LacO operator 

site; blue denotes -35 and -10 sequences; capital A denotes putative +1 site. Pcin is 

Pcin/tet(bd); Pcin* is Pcin*/tet(bg) (see Section 2.3.1). 
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Figure 3.17 Diagrams of the plasmids used in this study.  

a. The activator plasmids each contained genes encoding CFP and RhlI. There 

were three types of activator plasmid used in this study, each with a different 

promoter configuration: pC165 used Plac for both genes; pC220 used Prhl/lac-m; 

and pC247 used Prhl/lac-s.  

b. The repressor plasmids each contained genes encoding YFP and CinI. There 

were two types of repr essor plasmid used in this study, each with a different 

promoter configuration: pC210 used Pcin/lac-w to drive yfp and Prhl/lac-m to drive 

cinI; pC236 used Pcin/lac-m to drive yfp and Prhl/lac-w to drive cinI.  

c. The N2 version of the inverter plasmid was identical to the N1 version, but also 

contained the gene encoding LacI driven by Pcin.  

d. The N1 version of the inverter plasmid only contained the gene enconding AiiA 

driven by Pcin*. This figure is from our publication (67). 
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Three types of plasmids were used to create the oscillating microconsortia: 

“activator” plasmids, “repressor” plasmids, and “inverter” plasmids. There were 

three different activator plasmids used in this study: pC247, pC220, and pC165 (Fig. 

3.15a). Each of these plasmids expresses two genes, cfp 

(Y66W/F145Y/N146Y/H148D  derivative of sfGFP) (70, 92) and rhlI (ATCC #47085), 

driven by identical copies of one of the three promoters (Prhl/lac-s, Prhl/lac-m, or Plac), 

depending on the plasmid. There were two different repressor plasmids used in this 

study (pC236 and pC210, Fig. 3.17b). These plasmids contained the two genes cinI 

(ATCC #10004, driven either by Prhl/lac-m or Prhl/lac-w) and yfp (driven either by Pcin/lac-

m or Pcin/lac-w). There were two different inverter plasmids. The “N2” inverter plasmid, 

pC239 (Fig. 3.17c), contained the two genes: aiiA (cloned from pTD103aiiA) (34) 

and lacI. We modified the start codon of LacI from GTG to standard ATG. The two 

genes are driven by a slightly different version of the Pcin promoters that have 

different expression levels (Fig 3.17c). The “N1” inverter plasmid, pC235 (Fig. 3.17d), 

was identical to pC239 but without the gene encoding lacI. The genes encoding all 

proteins on each plasmid were tagged with the LAA version of the ssrA degradation 

sequence to target the proteins to the ClpXP degradation system (93). 
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3.6.3. Strains and plasmids list 

Table 3.5 Strains used in the microbial consortia study. 

Strain Name    Genotype 

JS006(33) E. coli K12 BW25113 ΔlacI ΔaraC 

CY008 BW25113 ΔlacI ΔaraC ΔsdiA 

CY027 BW25113 ΔlacI ΔaraC ΔsdiA + Ptrc*-rhlR, P trc*-cinR 

Table 3.6 Plasmids used in the microbial consortia study 

Plasmid Open Reading Frame Origin/Resistance Note 

pC320 Prhl-w-cinI, Pxyl/tet(bD)-aiiA p15A, SpecR Prhl-w in consensus 

system 

pC321 Prhl-m-cinI, Pxyl/tet(bD)-aiiA p15A, SpecR Prhl-m in consensus 

system 

pC322 Prhl-s-cinI, Pxyl/tet(bD)-aiiA p15A, SpecR Prhl-s in consensus 

system 

pC323 Pcin-w-rhlI, Pxyl/tet(bD)-aiiA p15A, SpecR Pcin-w in consensus 

system 

pC324 Pcin-s-rhlI, Pxyl/tet(bD)-aiiA p15A, SpecR Pcin-s in consensus 

system 

pC325 Pcin-m-rhlI, Pxyl/tet(bD)-aiiA p15A, SpecR Pcin-m in consensus 

system 

pCH315 Prhl-m-gfp p15A, SpecR C4-HSL reporter 

pCH317 Pcin-m-mcherry p15A, SpecR 3-OHC14-HSL 

reporter  

pC165 Plac-rhlI Plac-cfp pMB1+rop, KanR P1 activator 

pC220 Prhl/lac-m-rhlI Prhl/lac-m-cfp pMB1+rop, KanR P2 medium activator 

pC247 Prhl/lac-s-rhlI Prhl/lac-s-cfp pMB1+rop, KanR P2 strong activator 
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pC210 Prhl/lac-w-cinI Pcin/lac-w-yfp pMB1+rop, KanR weak repressor 

pC236 Prhl/lac-m-cinI Pcin/lac-m-yfp pMB1+rop, KanR medium repressor 

pC235 Pcin*-aiiA p15A, SpecR N1 inverter 

pC239 Pcin-lacI Pcin*-aiiA p15A, SpecR N2 inverter 

pC163 Plac-cfp pMB1+rop, KanR PN reporter of 

strain1 

pC164 Plac-yfp pMB1+rop, KanR PN reporter of 

strain2 

pC216 Prhl/lac-m-cfp pMB1+rop, KanR P2N reporter of 

strain1 

pC217 Pcin/lac-s-yfp pMB1+rop, KanR P2N reporter of 

strain2 

pC331 Plac-rhlI p15A, SpecR synthase of PN 

strain1 

pC332 Plac-cinI p15A, SpecR synthase of PN 

strain2 

pC338 Prhl/lac-m- rhlI p15A, SpecR synthase of P2N 

strain1 

pC334 Pcin/lac-s- cinI p15A, SpecR synthase of P2N 

strain2 

pC335 Pcin-rbsR* Pxyl/tet(bD-aiiA pSC101, CmR inverter of strain1 

pC314 Prhl-lacI Pxyl/tet(bD-aiiA pSC101, CmR inverter of strain2 

pCH119 Ptrc*-rhlR Ptrc*-cinR pSC101, CmR Receptors integration 

pCH8 PLlac*-yfp pMB1+rop, KanR PLlac* reporter 

rbsR* was characterized and cloned from a construction of David Shis (91). 
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3.6.4. Microscopy and microfluidic devices  

For each microconsortium, an activator plasmid (pC247, pC220, or pC165) 

and the inverter plasmid pC239 were co-transformed into the E. coli strain CY027 to 

create an activator strain. A repressor plasmid (pC236 or pC210) and an inverter 

plasmid (pC239 or pC235) were transformed into the same background E. coli to 

create the repressor strain. After overnight culture in LB media (50 μg/ml 

kanamycin, 100 μg/ml spectinomycin), each strain was inoculated 1:200 into 5 ml 

fresh media. When the OD600 of each strain reached 0.4, cells were spun down and 

mixed into 5 ml fresh LB media with antibiotics and 0.1% Tween 20 and loaded into 

the microfluidic device. Tween 20 was used to prevent cells from adhering to the 

channel and to relieve channel blockage (34). After the cells were loaded, fresh 

media with antibiotics and 1 mM IPTG was added to the channel with a final flow 

velocity of 100 μm/s through the channel. Phase contrast and fluorescence images 

were acquired every 6 minutes at 60 X magnification. Microfluidic devices were 

constructed using standard techniques (94) A schematic of the microfluidic device 

can be found in Fig. 3.9bc. Unless otherwise noted, experimentally measured or 

simulated time course data were normalized to their maximum values after 

background subtraction. The periods in Fig. 3.5 are estimated via peak-to-peak 

duration. 
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Chapter 4 

Protocols 

4.1. Cloning 

    Cloning was done to create copies of DNA fragments of the target 

sequences. We used multiple technologies, such as PCR, digestion, and ligation; and 

different strategies, including overlapping PCR, Circular Polymerase Extension 

Cloning (CPEC) (95), and Golden Gate (69), to achieve precise and efficient cloning. 

4.1.1. Primer design 

Primers are short DNA fragments that bind to target DNA templates to 

initiate DNA replication. Generally, the design of primers is constrained by the 

template sequence and the target sequence. However, there are still some flexible 

features that may be modified in designing primer. The first parameter is the 

melting temperature (Tm), which is related to the binding affinity to the target 
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sequence. As the primer is usually not perfectly bound to the template, only the Tm 

of the complementary sequence to the target template was calculated. Another 

important feature is the secondary structure and dimerization of primers, which 

may undermine the proposed PCR reaction. 

In this study, all PCR primers were tested by Primer Premier 

(http://www.premierbiosoft.com/primerdesign/index.html). The Tm (only 

calculate the annealing event of the first round reaction) is never less than 65℃, 

usually around 68℃. The length of primers are in the range of 18–80bp, with 

optimized value (0 is the best) of ΔG for secondary structure and dimerization.  

4.1.2. Polymerase chain reaction (PCR) 

For all PCR reactions of cloning, the protocol from NEB Q5 manual was used.  

The reaction system consisted of the following: 

1. 35μl nuclease free H2O 

2. 2.5μl DMSO 

3. 10μl 5x Q5 buffer 

4. 1μl dnTP mix (200μM) 

5. 0.5μl of each 10μM primer at the end 

6. 0.5μl of each 1μM single strand primer in the middle 

7. 0.5μl Q5 DNA polymerase (NEB) 

8. Template DNA (less than 0.1mg) 
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The reaction steps are as follows: 

1. 98℃ for 5min 

2. 98℃ for 10s 

3. 65℃ for 30s 

4. 72℃ for 30s/kb, 45s for less than 1.5kb 

5. Go to step2, 20–25 cycles 

6. 72℃ for 5min 

7. 4℃ forever 

4.1.3. Restriction enzyme cloning 

Though cloning strategies have developed a lot in recent years, an earlier 

method based on restriction enzymes has specific advantages compared to other 

methods. First, ligation from segments with restriction sites is the most robust 

method. In any PCR based method, if the DNA template has a specific structure, such 

as a terminator, reverse complementary sequence, or replicate sequence, the PCR 

reaction may be inhibited due to mis-annealing or strong secondary structures. 

Second, in restriction-based methods, it is easy to replace any part with another 

fragment with the same restriction sites. This is very useful for modular gene circuit 

construction. We can segment our final construction in functional modules, such as 

promoters, RBSs, and coding sequences. In addition, the restriction site between 

two nearby modules is the same for all constructions. Therefore, we can easily 

modify any part without designing primers and PCR.  
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While working with digestion, there are several rules to follow: 1) Avoid 

using isocaudomers which create the same sticky ends (single strand tail) in general 

cloning. The ligation with the same sticky ends which are not the proposed reaction 

site will easily failed. 2) Using restriction enzymes that have high activity in 

CutSmart buffer (NEB) is preferable as all high fidelity (HF) versions of enzymes 

work in this buffer. 3) The template should always have no less than 6bp as 

“protection” base pairs on each side of the recognized hexamer, which is 

recommended by NEB.  

A tricky step in restriction enzyme cloning is dephosphorylation. When we 

use a backbone from digest plasmids, the gel extraction may not be able to clean up 

the single digested fragments and unwanted fragments. Dephosphorylation of the 

backbone can decrease the rate of self-ligation. However, this will also highly 

decrease the real positive rate. Thus, while doing a cloning experiment with 

dephosphorylation, a paralleled treatment without it was done simultaneously. 

Positive colonies in both the treatments were looked for. 

The reaction system consisted of the following: 

1. Template (less than 2μg, if the template is a plasmid) 

2. 5μl 10x CutSmart buffer (or corresponding buffer) 

3. 1μl of each restriction enzyme (The total volume of enzymes is less than 1/10 of 

the total reaction volume) 

4. H2O upto 50μl 
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5. 1μl of CIP added in the last 15min if needed (dephosphorylation) 

6. 1μl of DpnI added only if the sample from PCR and the template plasmid may 

confer the selective antibiotic resistance 

7. 37℃ incubation for 1h 

8. Clean up sample immediately after digestion (Zymo Research) 

9. Ligation process done based on the Instant Sticky-end Ligase Master Mix 

protocol (NEB) 

4.1.4. Transformation 

Chemically competent cells were used for transformation in all of the cloning 

processes. To prepare the competent cells, a modified TSSxKCM protocol was 

followed (96).  

10x TSS transformation buffer: 

• 85% LB medium 

• 10% PEG 3350 

• 5% DMSO 

• 50mM MgCl2 

• pH6.5 (Tuned by HCl and KOH) 

• Filter sterilize  

• Storage at 4℃ 

5x KCM buffer: 
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• 0.5M KCl 

• 0.15M CaCl2 

• 0.25M MgCl2 

To prepare the TSS competent cells: 

1. The cell stock was streaked on a LB plate with appropriate antibiotics and the 

plate was incubated at 37℃ overnight.  

2. A single, well-isolated colony was picked and incubated into 3ml of LB medium 

with appropriate antibiotics. Incubation was done at 37℃ overnight with 

shaking at 220rpm. 

3. Overnight strain was inoculated into fresh media at 0.5% volume, e.g., 250μl in 

50ml fresh media. Cells were incubated at 30℃ with shaking at 250 rpm, until 

OD600 reached 0.4.  

4. Cell culture was chilled on ice for 20 min and then the cells were collected by 

centrifugation at 1000g for 10 min at 4℃.  

5. The cells were then resuspended in 5ml (50ml of original cell culture) of ice-cold 

TSS solution. This step was repeated one more time. 

6. 20% volume of chilled 5xKCM was added to the resuspended cells. At this stage 

the competent cells are ready for transformation. 

7. 100μl competent cells were aliquoted into 1.5 ml tubes. Storage for a long time 

at -80℃.  

For transformation: 
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1. An aliquot of cells was slow thawed on ice.  

2. DNA and H2O were added to a total volume of 100μl in 1.5ml tube on ice.  

3. 100μl of the cell suspension was added to the DNA solution; mixed and kept on 

ice for 25 min.  

4. The cells were heat shocked by transferring to 42℃ water bath for 45s.  

5. The heat-shocked cells were chilled on ice for 2min. 

6. 0.5–1ml of LB medium was added to the tube; and incubated at 37℃ for 40–

60min.  

7. The recovered cell culture was spun down and resuspended in 100μl LB. 

8. The transformation was plated out onto selective plates.  

The transformation efficiency was about 107–108 colonies/μg. 

4.1.5. Colony PCR screening and plasmid preparation 

Colony PCR is a method for screening the colonies that contain target 

sequences. It only takes several hours after the colonies grow up, and is a more 

convenient, more economical, and faster pre-screening method than digestion and 

sequencing. In most of the cloning and genetic operations, the gene sequence is 

dramatically different near the operation sites. If we can design two primers that 

work on the target sequence, we can perform colony PCR screening. However, these 

primers will also work on some false positive colonies, such as mis-insertions, 

template plasmids, and backbone plasmids. Thus, the appropriate choice of primers 
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that give significant PCR results between positive constructions and others will 

highly increase the accuracy of screening. 

After transformation, cells were cultured overnight, allowing potential 

positive colonies to grow out on the plate. Next, the colony was screened as follows, 

1. Colonies were randomly picked up (any size, 10–20 colonies) by tips. Then, the 

cells were streaked in a short line on a fresh plate with same selective stress. 

2. The cells were then incubated at appropriate temperature (37℃ if there is no 

specific requirement) for 3–6 h. 

3. Streaked cells were picked by tips and mixed into the prepared PCR reaction 

solution. A positive control sample is recommended (left ligation sample was 

used here). Negative control may be helpful if there is homolog sequence. 

4. After the completion of PCR, the PCR result was screened on gel. 

5. The correct strains were selected for further sequencing. 

The recipe of colony PCR solution (25μl):  

• 20.5μl H2O 

• 2.5μl 10xTaq buffer 

• 1.25μl DMSO 

• 0.25μl of each 10μM primer 

• 0.25μl Taq DNA polymerase 

• Prepare N (sample number) x 25μl as master mix together. Aliquot 

25μl in each PCR tubes. 
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The reaction steps: 

1. 95℃ for 10min (heat lysis of cells) 

2. 95℃ for 30s 

3. 65℃ for 45s 

4. 68℃ for 1min/kb 

5. Go to step2, 25 cycles; 30-35cycles for genomic PCR 

6. 68℃ for 1.5min 

7. 4℃ forever 

To prepare the sample for further testing, the following steps were followed: 

1. Positive colonies were picked up (if screened by colony PCR) into 6ml LB 

medium with appropriate antibiotics. 

2. Incubated at 37℃ overnight with shaking at 220rpm. 

3. The cells were spun down at 4000g for 5min. Then, resuspend with 250μl P1 

buffer (Qiagen) in 1.5ml tube. 

4. 250μl P2 buffer (Qiagen) was added to the resuspended cells. The tube was 

inverted up and down gently for 6–7 times to mix thoroughly. The mixture 

should be transparent. 

5. 350μl P2 buffer (Qiagen) was added into the lysis buffer. The tube was inverted 

up and down gently for 6–7 times to mix thoroughly. Cloudy white precipitation 

appeared. 

6. Centrifuged at 20,000g for 12min. Transfered the clear solution to the Miniprep 
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column. Centrifuged at 17,900g for 1min; and the waste buffer was discarded. 

7. 750μl PE buffer (Qiagen 80% EtOH) was added to wash the inside part of the 

column. Centrifuged at 17,900g for 1min; waste buffer was discarded. 

Centrifuged at 17,900g for 1min. 

8. The column was placed into a new 1.5ml tube. 50μl preheated 65℃ 10% elution 

buffer (Qiagen, 90% H2O) was added. After incubating for 1min, it was 

centrifuged at 17,900g for 1min. The solution collected in 1.5ml tube at this 

stage is the final Minipreped plasmid, which is ready for further experiments and 

sequencing. 

4.2. Genomic operation of E. coli 

There are two general operations for genomic DNA: 1) knock-in (KI) a target 

sequence, 2) knock-out (KO) a target sequence. In this study, λ-red recombination 

was used for both gene KI and KO; λ integrase for gene KI. 

4.2.1. λ-red recombination 

    This method was first described by Datsenko and Wanner (29), and further 

optimized by Sharan et al. (97). In this study, the following modified protocol was 

followed. 

1. pSIM19/pKD46 was transformed into the working strain by following the 

protocol given in 4.1.4. The growth condition was maintained at 32℃ as either 
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plasmid will be lost at 37℃. 

2. Knock-in fragment was prepared. The length of the homolog sequence was from 

50bp to 200bp on each side which depended on the insert length. 50bp is 

enough for typical KO replacement fragment, which is less than 1kb (an 

antibiotic gene with two flp sites). If a long fragment (3-5kb) was to be knocked-

in, a 200bp homolog sequence would have been used. The fragment in pCH1 

(chloramphenicol resistance) plasmid was used for all gene knock-outs. DpnI 

was used to digest the PCR product. In the final cleanup step, H2O was used 

instead of elution buffer for DNA solution. 

3. The strain was prepared with pSIM19/pKD46 for electroporation (chemical 

transformation has extremely low efficiency for linear DNA). The protocol is as 

follows: 

a) The beginning steps are the same as in preparing chemical competent cells 

given in 4.1.4 (step 3), but all culturing temperatures was not higher than 

32℃. For pKD46 plasmid, 10mM arabinose was added when OD600 reached 

0.1. The growth was continued until OD600 = 0.4. For pSIM19 plasmid, the 

cells were transferred to 42℃ 220rpm for 15min until the OD600 reached 

0.35. At this stage, the cells were ready for collection. 

b) The cells were chilled on ice-water bath for 10min, centrifuged at 1000g for 

5min and the medium was discarded. The cell pellet (from 50ml medium 

culture) was resuspended in 10ml H2O. Then, centrifuged at 1000g for 5min. 

The water was discarded. This step was repeated for three times in order to 



 97 

 

wash the cells. The final spun was done at 4000g for 5min. The temperature 

for all the centrifugation steps was 4℃. 

c) 200μl H2O was added for resuspension. 10μl insert DNA solution (less than 

0.5μg) was mixed with 40μl cells. The mixture was transferred to 1mm 

electroporation cuvette. 

d) The electroporator was set to 1.25kV for electroporation. Electroporation 

would fine if the pulse time is larger than 4ms. If not, cells need to be further 

diluted or less DNA fragments to be added in step c. This step was repeated 

again until the pulse time fulfills the requirement. 

e) 1ml LB medium was added immediately. And the cells were incubated at 37℃ 

(pKD46)/32℃ (pSIM19) for 2h. 

f) The cells were spun down and resuspended in 200μl LB medium. Then they 

were plated as aliquots of 100μl on each LB plate which contained 5 and 

10μg/ml chloramphenicol.  

g) The plates were incubated at 37℃ for overnight.  

4. Single colonies were picked up and restreaked on LB (25μg/ml chloramphenicol) 

plate. The colony PCR protocol given under Section 4.1.5 was followed to find the 

KO/KI colony (design primers which bind to each side of target gene). Then, the 

positive colony was resuspended into 50μl LB medium. The cells were streaked 

on LB plates for single colony. The streaked plates were incubated at 37℃/42℃ 

overnight. The colony was tested for growth on ampicillin (pKD46) or 

spectinomycin (pSIM19) plates. The colony should only have chloramphenicol 
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resistance.  

5. Chemically competent cells were prepared from the new KO/KI strain. pCP20 

plasmids were transformed into the new strain (see Section 4.1.4, 100μg/ml 

ampicillin at 30℃ for growth). The looping out of chloramphenicol resistance 

gene by the colony was tested by using PCR. Positive colony was incubated at 

37℃/42℃ to eliminate the pCP20 plasmid. The final strain did not have any 

antibiotic resistances. 

Notice: This KO/KI method is not scar free. The sequences of two flt sites and 

one flt sequence will remain in the genome. If work on one strain is done for 

multiple times, then the homolog sequence in the later KI fragment should be as less 

as possible to the previous scar/KI sequence. Otherwise, a small proportion of 

insertion will appear at the first insertion site.   

4.2.2. λ integrase mediated integration 

    To knock-in a gene into the E. coli genome, another popular and 

convenient method that can be followed is to use the integrase from λ phage. This 

method was first developed by (28); and optimized by (98). The protocol is as 

follows, 

1. pSIM29 was transformed into target strain following the procedure given under 

Section 4.1.4 (Kan 30℃) 

2. Competent cells were prepared from the strain containing pSIM29. Both 

heatshock and electroporation techniques were used here. 
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3. Circular DNA containing attp integration site, knock in genes, and antibiotic 

marker (available for flt looping out) but no replication origin, was transformed. 

We used AvrII + SpeI digest and ligate CH1 derivatived plasmids to eliminate the 

pSC101 origin. 

4. In the recover step after heatshock/electroporation, the cells were incubated at 

30℃ for 30min; then transfered to 42℃ for 90min. And plated on 5–10μg/ml 

chloramphenicol LB for overnight incubation (37℃). 

5. The positive colonies were screened by colony PCR (at least one primer binds to 

the genome). The antibiotic resistance was eliminated by pCP20 plasmid (see 

Section 4.2.1). 

4.3. Time-lapse fluorescence microscopy 

    The dynamics of small molecule diffusion can lead to different spatial 

phenotypes. To study this, we used microfluidic devices to obtain cell dynamics 

through time-lapse fluorescence microscopy. A microfluidic device is a chip 

composed of a transparent substrate mounted on a glass slide. Between the 

substrate and glass, there are chambers and channels designed to trap and culture 

cells. Microfluidic devices have been used to provide a culture environment for a 

single-layer of cells (99). The size of the population can be from a few hundred to 

thousands of cells, depending on the design of the device. The movement, shape, and 

fluorescence intensity of each cell can be obtained by a fluorescence microscope. 
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4.3.1. The design of microfluidic device 

In this study, two kinds of microfluidic devices were used. The first one 

contains 12 small trapping chambers on the side of the channel. The size of the 

trapping area is 100μm (length) * 85μm (width) * 1.6μm (height) which allows 

several thousands of single layer E. coli cells to grow. The second one has an 

enlarged trapping area of 2000μm (length) * 100μm (width) * 0.9μm (height), which 

is about 20 times larger than the smaller one (design see Fig. 3.9bc).  

4.3.2. Preparation of microfluidic devices 

Polydimethylsiloxane (PDMS) is a transparent, gas permeable material. This 

feature is perfect to fit the requirements of construction of the microfluidic device, 

which allows oxygen diffusion into the trapping area and light to pass through for 

imaging.  The preparation of microfluidic device was done as follows (modified from 

https://wiki.rice.edu/confluence/display/BIODESIGN/Soft+Lithography), 

Mix PDMS: 

1. 4.5g of catalyst was added to 34g of PDMS base (1:7.5) and mixed thoroughly. 

The ratio is slightly higher than the most used i.e., 1:10 for a harder material. 

2. The mixed PDMS mixture was placed in a vacuum container. After the 

enlargement of the bubble, the vacuum was removed to pop the bubbles. 

3. Mixed PDMS was poured onto the foil-wrapped wafer (mold of microfluidic 

device). If the bubbles appeared in PDMS after this step, wafer was placed again 
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for vacuum, as in step2. 

4. Wafer was then placed at 80°C for overnight.  

Preparing monolith 

1. Wafer was removed from 80℃ oven, and allowed to cool to room temperature. 

2. Aluminum foil from bottom of the wafer was removed and then slowly the 

monolith was lifted from wafer. Circular edges from the monolith were trimmed 

using a sharp blade. Both the large sides of the monolith were covered with 

parafilm. 

3. Each quarter was punch ported with biopsy punch. The ports were visible 

through the parafilm. Punching was done with the feature side up (punch should 

be done through the feature side and not the other side). And individual chips 

were diced. 

4. Sonication was done in methanol for 480s and ethanol for another 480s.  

5. Chips were placed at 80℃ for drying. 

Binding 

1. O2 was turned on to 0.4–0.5 SCFM (standard cubic feet per minute). UVO cleaner 

was also turned on.  

2. 24 × 40mm #1.5 coverslips were cleaned by blowing dry air with N2 (no visible 

dusts should be observed).  

3. Chips were cleaned with scotch tape. And the tape was placed on the feature side 

of the chip and then peel off. Six clean coverslips and chips were placed into the 
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UVO cleaner and was run for 3 min. 

4. Once done in a UVO cleaner, the chips were quickly inverted onto the cover slips. 

These were then placed in an 80℃ oven overnight. 

4.3.3. Cell loading and scope run set up 

Preparation of the cells for loading is done as follows: 

1. Circuiting plasmids are transformed into the host cells. A single colony is picked 

up and incubated with LB medium (antibiotics) for overnight growth (30℃). 

2. The cell culture was diluted into 6ml fresh aliquots containing LB medium 

(antibiotics) at the ratio of 1:200. Then they were incubated at 37℃ and at 

220rpm until OD600 = 0.8 (about 2.5–3h). The OD600 varied for different 

experiments. For the small design in this study, OD600 = 0.8; and for the large 

chip, OD600 = 0.4. 

3. Centrifugation was done at 1000g for 10min. Then all the strains were mixed 

together in 6ml of LB medium (antibiotics, 0.08% Tween20). 

Four different media were prepared for loading purposes as follows: 

1. Four micro tubing were cut at 1.2 meter lengths. A luer stub and a straight pin 

were inserted into each side of the tubing. The luer stub was attached to a 10ml 

syringe. 

2. Media for each syringe was prepared. Two of them were 6ml H2O. One was the 

culture medium (LB medium with antibiotics and inducers, 0.08%Tween20). 
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Another was the mixed cells. 6ml medium was poured into a 10ml syringe. The 

medium was allowed to flow through the tubing until all bubbles disappeared 

(bubbles must be avoided in luer stub). 

3. The syringe top was sealed with parafilm. A hole was punched with a pin on the 

parafilm. Then the syringe was incubated with medium at 37℃ for 10min. (The 

first cell type was prepared just before loading.) 

Loading of the cell: 

1. A 5ml syringe with 0.1% Tween20 was prepared following the above steps and 

incubated at 37℃ for 10min. 

2. A microfluidic device was picked up under a 10× microscope, was checked to 

confirm that there was no cracking, blocking, and severe scratching in the flow 

channel. It was confirmed that the trapping was same as the design and not 

attached to the cover glass. The port area had no cracking. 

3. The pin of 0.1% Tween was inserted into one port. The solution flow was pushed 

through the device. Checking was done to make sure that there was no air in the 

flow channel and trapping area (checking was done carefully for the large 

trapping area). The bubble around the port and in the port frequently appeared. 

The flow was pushed until all bubbles disappeared (in the port area, the focus 

was tuned on different plane to check the bubbles). This step was repeated for 

all the ports.  

4. The pins of two water and fresh medium syringes were inserted into the target 

ports. The height (pressure) of fresh medium was maintained at a level higher 
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than the other two. The bubbles in all the ports were checked again. If bubbles 

were found, then the syringes were removed and step 3 was repeated. 

5. The cell syringe was loaded and the cell loading flow was checked. The cell flow 

over the trapping area was let in a medium velocity (~100–400μm/s) for 

random loading while the cells were being loaded into the small chip. The tubing 

of the cells was flipped gently if the loading happened onto the larger trapping 

area. The cells got stuck in the trapping area. 

6. After the loading of sufficient number of cells (from dozens to hundreds), the 

height of fresh medium and the cell syringes were changed. Then the direction of 

the flow was checked. The initial velocity was maintained at a slow level 

(<30μm/s). The velocity was increased to the experimental set up after 2–4 h 

after loading (present experiments were conducted at ~100μm/s). 
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