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ABSTRACT 

 Antibiotics and their corresponding resistance genes act as a tool to control 

bacterial survival. Antibiotic resistance is used to select for desired engineered cells, and 

study how pathogens acquire resistance to continue infection. Here, we develop tools to 

control the expression of antibiotic resistance genes using light. To accomplish this, we 

use optogenetics, the regulation of cellular behavior using light as a direct and 

programmable input for gene expression. We develop an optogenetic recombinase in 

Escherichia coli through split-protein engineering techniques, and characterize the 

behavior of our best candidate in detail: a split Cre recombinase that responds to blue 

light. We apply this optogenetic system to control the expression of resistance genes for 

four antibiotics: ampicillin/carbenicillin, kanamycin, chloramphenicol, and tetracycline. 

By varying the expression levels of these genes, we tune the concentrations at which 

bacteria can survive before and after light exposure. We then apply this system to 

improve production of fatty acids. Finally, we make progress toward characterizing the 

impact of resistance activation timing on bacterial survival. This work creates tools that 

are broadly useful for spatiotemporal control of bacterial survival, and enables precise 

studies on how bacterial resistance spreads at the single-cell level.  
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CHAPTER 1. Introduction 

 Bacteria are highly optimized input-output processors, interacting with their 

environment in a variety of ways. Microbes have evolved ways to sense and respond to 

chemicals, heat, magnetism, electricity, pressure, osmolarity, salinity, and light. For any 

physical, chemical, or biological process, there is likely an organism that has found a 

niche which requires sensing and responding to it. Light is particularly important to sense 

for many organisms which rely on photosynthesis or have day/night cycles. The field of 

synthetic biology has utilized many of these sense-and-response systems, and applied 

them to report gut health,1 sense environmental contaminants,2 or improve microbial 

bioproduction.3  

The very first example of an engineered organism was an Escherichia coli strain 

engineered to be resistant to kanamycin, fifty years ago in 1973.4 Ten years later, early 

examples of engineered genetic control involved using the small molecule isopropyl beta-

D-thiogalactoside (IPTG) to activate gene expression through derepression of LacI.5 

Here, we build on this early research as well as recent advances in light-induced gene 

regulation, protein engineering, and antibiotics to engineer optogenetic control of 

antibiotic resistance. This work focuses first on developing effective and well 

characterized optogenetic gene regulation using recombinases. We then apply these 

systems to improve metabolic engineering and study the development of antibiotic 

resistance. 
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1.1. Optogenetics 

 Light is a particularly useful tool in gene expression, due to its ability to be 

precisely controlled in time and space, ability to interface with computational setups, and 

orthogonality to most other small molecule or metabolic cell processes. Tools using light 

for cellular control have expanded greatly in recent years, showing much promise to 

enable a greater understanding of complex and single-cell processes, as well as regulate 

gene expression for engineering goals.  

1.1.1. Optogenetic control systems 

Optogenetics has proven to be valuable across all domains of life. Much of 

optogenetics to-date has focused on neural applications, with single-neuron control using 

light enabling a wide variety of new findings in neuroscience. In particular, optogenetics 

has enabled research on how activation or silencing of single neurons impacts their 

circuits and contexts.6,7 Many of these tools rely on light-activated ion channels, 

including microbial rhodopsins. These have been applied to enable whole-brain 

functional connectivity mapping8 and further understanding of social behavior, spatial 

learning, and memory.9,10 

In the past two decades, there has been an increasing interest in applying light 

regulation to gene control in bacteria.11–14 Systems which rely on small-molecule 

inducers of gene activation are still the standard in synthetic biology, and often used to 

regulate gene expression.15 However, light has key advantages for genetic control. Light 

can be precisely controlled in time, where it can be added and removed from a culture 

much more easily than a small molecule. Light can also be tightly controlled in space, 
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and can be applied to individual cells through a digital micromirror device (DMD)16 

which projects light through the microscope objective for spatially patterned illumination, 

allowing for temporally-programmable, micron-scale control.17–19. It is also relatively 

inexpensive to apply to bulk cultures, and has minimal toxicity and interference with 

native chemical pathways. Overall, optogenetics shows great promise as a tool for 

understanding biological systems and for controlling genetic and metabolic expression.  

The first optogenetic control strategy in E. coli used the Synechocystis 

phytochrome Cph1 fused to the native E. coli EnvZ histidine kinase. This system used 

red light to turn off the ompC promoter regulated lacZ, creating a black pigment output 

only in the absence of red light.20 Since then, a panoply of optogenetic tools in bacteria 

have been developed (Figure 1-1). Many of these focus on light-inducible promoters, 

such as blue light-sensitive EL222,21 pDusk/pDawn,22 and BLADE (Vvd-AraC),23 or 

two-component systems like the red-green sensitive CcaSR.24,25 Light-oxygen-voltage 

(LOV) domains form the core of many blue light-sensitive proteins, notably 

AsLOV2.26,27 A modified AsLOV2 domain is used in LOVtag, a degradation tag made 

accessible to the Clp protease machinery under blue light.28 Another common strategy is 

to use photodimers to create light-inducible split proteins. This has been applied 

successfully to the T7 RNA polymerase in E. coli29 as well as Cas9 in mammalian 

contexts,30 and can theoretically be applied to many proteins with known split sites. 

Overall, these approaches provide complimentary ways to regulate gene expression using 

light, with each system fitting a specific context or application. For example, the CcaSR 

system has been applied to understand the benefit of colanic acid on the Caenorabditis 
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elegans gut through colanic acid producing E. coli,31 and multiple optogenetic systems 

have been used to understand and regulate the role of cyclic-di-GMP in biofilm formation 

and biofouling.17,32,33 

 

 
Figure 1-1. Classes of optogenetic systems. 

Behavior of common optogenetic systems in the dark and light. Channelrhodopsins are closed in 
the dark, and act as a proton pump when exposed to light. DNA-binding dimers change 
conformation on exposure to light and can activate (or repress) promoters. Two-component 
systems have one component that is activated by light, and phosphorylates a secondary promoter-
activating domain. LOV domains contain a Jα helix which is tightly folded in the dark, and 
unfolds in response to light. Heterodimers are distinct proteins which bind (or unbind) to each 
other on light exposure, and can be used to bring together fragments of other proteins to restore 
function. Homodimers are identical proteins which bind (or unbind) on light exposure, and can 
also be used to bring together fragments of other proteins to restore function. 
 

1.1.2. Optogenetic recombinases 

One tool that has shown great promise for gene regulation is the optogenetic 

recombinase. Recombinases are proteins which recognize short DNA sequences and 

invert or remove the DNA sequence between them. Tyrosine recombinases do this by 

forming a tetramer around two recognition sites, breaking DNA strand pairs to create a 

Holliday junction, then re-ordering the target sequences with half of each original 
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recognition site. Two tyrosine recombinase tools most commonly used for engineered 

gene regulation are Cre/lox and Flp/FRT. Cre recombinase is native to the P1 

bacteriophage, and recognizes the 34 base pair lox site. Flp recombinase is native to 

Saccharomyces cerevisiae, and recognizes the 48 base pair FRT (Flippase Recognition 

Target) site. Both have been used extensively across biological systems for lineage 

tracing,34 gene delivery, gene silencing,35 genetic circuits and computation,36 signal 

amplification,37 and more.38  

Light-inducible recombinases have proven to be a valuable tool in mammalian 

and yeast cells.39,40 These systems have been used to understand the casual relationship 

between dopamine neuron firing and positive reinforcement in mice41 and control 

activation of CAR-T cell therapeutics.40,42 In yeast, these systems have been used to 

create artificial consortia,43 enable genome shuffling,44 and control carotene production.45 

However, there had not been a functional optogenetic recombinase developed for 

regulation of gene expression in bacteria. 

1.1.3. Optogenetics in metabolic engineering 

 Using light to control gene expression is a promising strategy to improve product 

yields in metabolic engineering.46,47 Gene regulation is extremely important for 

bioproduction, as many metabolic targets are costly to make or toxic for cells, 

encouraging the growth of “cheater” cells that do not produce the compound of interest. 

Bioproduction often uses a growth phase followed by a production phase, where cells are 

grown to near-stationary phase before the metabolic system of interest is induced.48 Small 

molecules are often used as an inducer, but can be expensive and cannot be removed 
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from a culture once added. Light as an activator can be applied to bioreactors without the 

need for costly small-molecule inhibitors, will not interfere with downstream purification 

processes, and can be turned on and off at any point in the growth or production phase.  

However, light does face its own issues in bioreactor contexts, particularly with issues of 

light penetration in dense cultures, and the cellular burden placed by the optogenetic 

systems themselves.47 Intense illumination in the blue and ultraviolet wavelengths can 

cause cell toxicity,49 and could cause cultures to overheat. Even with these limitations, 

optogenetic regulation has already shown value in metabolic engineering. 

Light induction has been applied to bioproduction in a variety of promising ways. 

One strategy used blue light-sensitive EL222 and red light-sensitive BphS to control the 

cell cycle length in E. coli, which they used to improve acetoin and poly(lactate-co-3-

hydroxybutyrate) production.50 Similarly, EL222 has been used to repress the central 

metabolism through CRISPRi, increasing muconic acid production.51 Another strategy 

involved the use of blue light-sensitive YF1/FixJ to regulate lacI expression, which was 

used to control production of melvalonate and isobutanol.52 The clustering of light-

inducible dimers has been used to create synthetic organelles which regulate the violacein 

pathway.53 In mixed cultures, optogenetic control of co-culture dynamics has also been 

promising, including the use of FixJ to regulate a toxin-antitoxin system, controlling the 

E. coli growth rate in a yeast co-culture to improve production of isobutanol and 

naringenin.54 Additionally, use of optogenetics and fluorophores enables closed-loop 

computational supervision, which is highly programmable for applications like co-culture 

control and shows promise for regulating metabolic systems.55,56 As novel optogenetic 
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systems are created and improved, the control they provide continues to boost metabolic 

engineering yields across product types. 

 

1.2. Antibiotic resistance 

Bacteria have evolved antibiotics and resistance genes to counteract them long 

before humans used either. The discovery of antibiotics transformed the medical practice, 

and extended the average human lifespan by twenty-three years.57 The later discovery of 

antibiotic resistance genes has been foundational to synthetic biology, allowing selection 

of bacteria with desired genes or phenotypes. However, these resistance genes in 

pathogenic contexts are a severe threat to human health and our current medical system. 

Cells generally develop genetic resistance in two primary ways: through the 

mutation of the antibiotic target which nullifies the effect of the antibiotic, or by the 

acquisition of a separate resistance gene. The ease of transfer of resistance genes is 

primary to both their use as a tool and their clinical concern. When used in synthetic 

biology, their portable nature enables them to be placed on plasmids with other genes of 

interest and used to select for the acquisition of the entire plasmid, or for integration of 

multiple genes into the chromosome. Yet, this portability also allows resistance genes to 

spread between pathogenic strains and allows cells to acquire multiple resistances, 

making many of these genes a serious clinical issue. 
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Figure 1-2. Examples of antibiotic resistance genes. 

Ampicillin is a bactericidal beta-lactam antibiotic that interferes with the cell wall biosynthesis. 
The beta-lactamase enzyme cleaves ampicillin. Kanamycin is a bactericidal aminoglycoside that 
binds the 30S ribosomal subunit, inactivated by the kanamycin nucleotidyltransferase enzyme. 
Chloramphenicol is a bacteriostatic antibiotic that interferes with the 50S ribosomal subunit, 
inactivated by the chloramphenicol acetyltransferase enzyme. Tetracycline is a bacteriostatic 
antibiotic that interferes with the 30S ribosomal subunit, and is exported by the tetracycline efflux 
pump A. 

1.2.1. Antibiotic resistance as a tool 

 Nearly all work done in bacterial synthetic biology relies on antibiotics. When 

recombinant DNA is introduced to cells on a plasmid or chromosomally, an antibiotic 

resistance gene is used as a standard to select for correct uptake of the DNA of interest. 

Portable resistance genes act as an easily standardized way to select for genetically 

modified cells of interest, and can be more convenient than selection-based approaches 

by ensuring cells require the DNA of interest to grow. Orthogonal resistance genes can 

also be used to select for uptake of multiple genetic constructs in the same cell. A few of 

these resistance genes are often used as standard in synthetic biology, and have been 
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popularized by plug-and-play plasmid collections like BglBricks,58 to the point where 

most labs will have plasmids containing these resistance genes and the corresponding 

antibiotics on hand (Figure 1-2). 

 However, there has been little work done to-date enabling inducible control of 

resistance genes. An analogous recent development is creation an inducible origin of 

replication, another key plasmid component.59 This novel method of control is useful 

across synthetic biology, and furthered research from biological data storage60 to whole-

cell riboswitch diagnostics61 to decoupling growth and production phases in metabolic 

engineering.62 Similarly, control of resistance genes can enable novel applications. 

Tunable expression of antibiotic resistance has been applied in synthetic evolution and 

protein production approaches.63 When coupled with optogenetics, light-controlled 

resistance has been shown to enable setpoint control in bacterial co-cultures.55 For these 

and other applications, we need systems that enable tight regulation of resistance gene 

expression. Additionally, inducible control of different classes of antibiotics can allow for 

selection regardless of other plasmid selection markers being used, or multiplexed control 

requiring multiple conditions to be met for cell survival. Antibiotic resistance is a key 

tool in synthetic biology, and enabling novel ways to control resistance in space and time 

can expand our regulation of cellular processes across application areas. 

1.2.2. Antibiotic resistance as a threat 

When penicillin was discovered in 1928, it fundamentally altered how humans 

interact with our microbes. Deaths due to infection fell drastically, and the ability to 

prevent harmful microbial growth enabled new surgical practices, with confidence that 
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surgery was much less likely to cause a fatal infection. However, human use and overuse 

of antibiotics has caused an increased spread of antibiotic resistant bacteria.57 A recent 

meta-analysis found that antibacterial resistance was responsible for 1.27 million deaths 

in 2019 alone, with E. coli as a pathogen of particular concern.64 Multidrug-resistant 

species have often been found in healthcare and agricultural facilities where regular 

mixing of many species occur, but in recent years have increasingly been found in 

communities beyond these settings.65,66 Additionally, novel antibiotics are being 

developed at a plummeting rate. Relatively few new antibiotics are in the clinical 

pipeline, and even fewer of these have novel mechanisms.67 This is in part due to the 

large costs of bringing a new drug to market and “last resort” usage of novel antibiotics to 

preserve their efficacy, along with scientific and technical challenges.68 

With the current state of antibiotic discovery, it is increasingly important to 

discover how bacteria become resistant to antibiotics, and how single instances of 

resistance acquisition can lead to a problematic resistant infection. Bacteria can acquire 

genetic resistance in two primary ways: vertically through evolution and inheritance of 

native genetic systems so that antibiotics no longer prevent cell growth, or horizontally 

through acquisition of foreign genetic material that enables resistance.  

1.2.3. Horizontal gene transfer across scales 

Acquisition of antibiotic resistance through horizontal gene transfer (HGT) is the 

main mechanism through which resistance genes are spread, and as such, is a major 

public health concern.69 The molecular mechanics of HGT via conjugation, 

transformation, and phage transfer have been well studied, and our current understanding 
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extends to how they operate in vivo.70,71 Similarly, the large-scale genomic impact of 

resistance spread through HGT has been extensively characterized, revealing how HGT 

has contributed to surging resistance to multiple classes of antibiotics on a global 

level.72,73 However, the single-cell dynamics associated with expression of newly 

acquired resistance genes have been much less well defined. In particular, little is known 

about what antibiotic exposure conditions allow an individual cell to move from a 

susceptible to resistant phenotype, and how these individual events ultimately lead to 

resistance at the community level. This is a significant gap, because studies that reveal 

events associated with initial acquisition of resistance can inform the types of treatment 

plans that would best prevent and combat different types of clinically resistant infections. 

The significance of when individual gene acquisition events lead to resistance has 

been highlighted recently in a small number of studies that hint at the importance of 

timing for different antibiotics and species. Notably, recent work in this area has shown 

that even after tetracycline exposure, acquisition via conjugation of the tetA efflux pump 

gene can confer phenotypic resistance in Escherichia coli.74 This is in part due to the 

AcrAB-TolC efflux pump, which weakly exports tetracycline, allowing just enough 

cellular function for a small amount of TetA expression, which then acts as a positive 

feedback loop allowing the cell to achieve a resistant phenotype. However, this 

phenomenon appears to be antibiotic specific. For example, another recent study on HGT 

and multispecies interactions suggests that gene acquisitions after antibiotic exposure do 

not result in phenotypic resistance to kanamycin.75 Additionally, time-lapse microscopy 

from this work highlights that not all successful resistance gene acquisitions led to long-
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term cell survival. The contrast is interesting because it is unclear whether and how the 

antibiotic class and resistance mechanism affect survival and community proliferation. 

Further, drug efflux pumps are also known to have inconsistent levels of impact on 

different antibiotics, further highlighting the potential for heterogeneity in gene 

acquisition time and conditions.76 The spatiotemporal control enabled by optogenetics is 

well suited to unpack the spatial and temporal conditions that lead from resistance 

acquisition to proliferation. This creates the framework for a thorough understanding of 

how individual gene acquisition events can lead to resistance in a single cell, and how 

survival of single resistant cells leads to bacterial population-level resistance. 

 

1.3. Summary 

This thesis contains five chapters covering the development and application of an 

optogenetic recombinase in E. coli. In Chapter 2, we developed a novel optogenetic 

recombinase, OptoCreVvd2. In the process, we test multiple recombinases and 

photodimers, and use protein split sites found computationally, rationally, and from 

literature. We then thoroughly characterize the light activation conditions needed and 

temporal dynamics of our best candidate, a highly functional split optogenetic 

recombinase.  

Using this system in Chapter 3, we enable optogenetic activation of antibiotic 

resistance genes. We focus on resistance genes for four common antibiotics: ampicillin, 

kanamycin, chloramphenicol, and tetracycline. To enable inducible survival for each 

antibiotic, we tune resistance expression levels by varying genetic elements including the 



13 
 

 

copy number, promoter, ribosome binding site, and protein itself. We ultimately create 

four inducible resistance systems for different resistance genes across antibiotic classes. 

We characterize a subset of these systems through single-cell time lapse microscopy, and 

further apply them to improve octanoic acid production through light-induced production 

coupled with antibiotic-mediated selection of producers. 

In Chapter 4, we begin to apply these light-inducible resistance systems to study 

how the activation timing of resistance acquisition impacts bacterial survival. We couple 

each inducible resistance gene previously developed with a fluorescent reporter, to enable 

an improved understanding of when cells begin to express resistance genes and how this 

translates to phenotypic resistance. We further discuss how this system can be used to 

understand the impact of resistance gene acquisition on bacterial survival. Here, we also 

discuss the development of a two-fluorophore Cre “stoplight” reporter which can be used 

to better characterize future Cre induction systems, and a red-light inducible split Cre 

recombinase. 

 In Chapter 5, we detail notable but nonfunctional systems we created and 

characterized, including recombinases, reporters, and a split resistance protein. We detail 

light-inducible recombinases which did not perform as well as OptoCreVvd2, and various 

reporter architectures tested in the development of inducible resistance. We also discuss 

an attempt at developing a split beta-lactamase enzyme. 

 This thesis is both about the tools we developed and the findings those tools 

enabled. Our hope is that these tools will continue to be useful for applications across the 

realm of bacterial gene regulation, both similar to and beyond what we have done here. 
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Additionally, we hope that the findings here about how antibiotic resistance can be 

applied as a regulation tactic in metabolic engineering, and when bacterial gene 

acquisition leads to strain proliferation, will inform these fields moving forward.
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CHAPTER 2. Light-inducible recombinases for bacterial optogenetics 

2.1. Disclosure & Copyright Statement 

This chapter is a modified version of “Light-Inducible Recombinases for Bacterial 

Optogenetics” by Michael B. Sheets, Wilson W. Wong, and Mary J. Dunlop, 2020. 

Reprinted with permission from ACS Synthetic Biology 9, 2, 227–235. ©2020 American 

Chemical Society. 

2.2. Abstract 

Optogenetic tools can provide direct and programmable control of gene 

expression. Light-inducible recombinases, in particular, offer a powerful method for 

achieving precise spatiotemporal control of DNA modification. However, to-date this 

technology has been largely limited to eukaryotic systems. Here, we develop optogenetic 

recombinases for Escherichia coli which activate in response to blue light. Our approach 

uses a split recombinase coupled with photodimers, where blue light brings the split 

protein together to form a functional recombinase. We tested both Cre and Flp 

recombinases, Vivid and Magnet photodimers, and alternative protein split sites in our 

analysis. The optimal configuration, OptoCreVvd, exhibits strong blue light-responsive 

excision and low ambient light sensitivity. For this system we characterize the effect of 

light intensity and the temporal dynamics of light-induced recombination. These tools 

expand the microbial optogenetic toolbox, offering the potential for precise control of 

DNA excision with light-inducible recombinases in bacteria. 
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2.3. Introduction  

Optogenetic tools enable novel applications for synthetic biology.6,10,77–79 These 

tools typically use light to control expression of genes, often relying on light-dependent 

changes in protein state to control protein-protein interactions,29,39 promoter systems,20,24 

and ion channels.80 Optogenetic systems offer many advantages over traditional chemical 

approaches for controlling gene expression due to the direct and programmable nature of 

light as an input. Using light instead of small molecules can give precise spatiotemporal 

control over regulation, and can circumvent the need to change media or otherwise 

disrupt the system to add or remove a chemical inducer. As light is easily programmable 

using electronics, optogenetic tools can also interface with dynamic computer-based 

control and feedback.81,82 

Microbial optogenetic approaches have revealed a myriad of new applications that 

take advantage of the precise, programmable nature of light. As examples, light has been 

used to control expression of enzymes involved in biofuel synthesis83,84 and to regulate 

bacterial growth via metabolic control.53,85 In addition, it has been used to enable light-

activated drug release from hydrogels86 and patterning of Escherichia coli onto multiple 

materials,87 indicative of the wide ranging potential of optogenetic approaches. At 

present, the current bacterial optogenetic toolset primarily includes one or two-

component systems20–22,88,89 and split proteins.29,90,91   

Recombinases are proteins that recognize specific 30-50 base pair (bp) sequences 

of DNA, and excise the “target” DNA between the sites along with one of the recognition 

sites. Their ability to manipulate DNA makes them particularly useful for complex 
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cellular logic circuits and engineering gene circuits with memory.36,92,93 Light-inducible 

recombinases have been notably useful in mammalian systems39,94–98 and yeast.44 Having 

recombinases that are inducible at the protein-level can allow specific cells within a 

population to be targeted for recombination in response to spatial patterning of light, and 

there is no need to change media or wait for a chemical inducer to diffuse. Recombinase 

enzymes can be made light sensitive by splitting the gene into N-terminal and C-terminal 

fragments, and linking a sequence for a light-sensitive photodimer to each fragment. 

Upon light induction, the photodimer undergoes a conformational change that allows it to 

dimerize, bringing the two fragments together. This split-protein approach has been 

shown to work for both chemogenetic and optogenetic split-recombinases in eukaryotic 

systems.39,95 However, although split-recombinases for prokaryotes do exist, inducibility 

has not been characterized and they can be slow, for example, requiring 24 hours for 

DNA excision.99 

Here, we develop and optimize an optogenetic recombinase for E. coli. We focus 

primarily on split Cre linked to Vivid (Vvd) photodimers. Cre is a commonly used 

tyrosine recombinase from the P1 bacteriophage that excises DNA flanked by loxP 

sites.100 Vvd is derived from the fungus Neurospora crassa, and homodimerizes under 

blue light and separates in the dark.101,102 In developing our light-inducible recombinase 

we also explored Flp recombinase and Magnet photodimers,103 as well as multiple protein 

split sites within each recombinase. Here, we introduce an optimized design, which we 

denote OptoCreVvd, which excises target DNA completely in 2 hours. We also 

characterize sensitivity to ambient light exposure, the impact of light intensity, and the 
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response time of the system.   

2.4. Results 

2.4.1. Structure of a light-inducible recombinase 

To make Cre light sensitive, we split it into N-terminal (nCre) and C-terminal 

(cCre) fragments, with Vvd photodimers attached to the internal end of each fragment 

(Figure 2-1a). When exposed to blue light, Vvd changes conformation to allow 

dimerization, bringing the Cre fragments together.  

Cre excises DNA fragments between loxP sites that are oriented in the same 

direction. We used this to develop a reporter for the efficiency of our recombinase 

constructs. We placed a transcription terminator flanked by loxP sites between the gene 

for red fluorescent protein (rfp) and a constitutive promoter. In the absence of Cre, the 

terminator prevents transcription of rfp. Functional Cre excises the terminator, leading to 

RFP production (Figure 2-1a). To perform these tests, we used a light plate apparatus 

(LPA).104 We exposed samples to 465 nm blue light using LEDs for one hour and then 

took samples for polymerase chain reaction (PCR) immediately following light exposure. 

To verify that the recombinase was excising the target DNA properly, we first used PCR 

to check the length of the plasmid region containing the loxP-flanked terminator with and 

without exposure to light. We used a forward primer upstream of the promoter, and a 

reverse primer in the rfp gene to amplify the region, which is approximately 500 bp if the 

terminator and both loxP sites are intact, and 300 bp when the terminator is removed by 

recombination (Figure 2-1b). As a negative control, we used cells with the reporter but no 

recombinase. As a positive control, we used a strain containing recombinase and the 
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reporter plasmid with the terminator excised. In addition, using microscopy we confirmed 

that after exposure to blue light, cultures showed a clear increase in RFP (Figure 2-1c). 

For the microscopy experiments we refreshed cultures overnight to allow full RFP 

expression and maturation after recombination. 

 
Figure 2-1. Light-inducible recombination in E. coli.  

(a) Split Cre fragments are linked to Vvd photodimers and expressed under the control of an 
IPTG-inducible promoter (PlacUV5). When exposed to blue light, Vvd dimerizes, forming 
functional Cre protein. Cre can then act on the reporter plasmid, excising the loxP-flanked 
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transcription terminator and allowing expression of RFP. RFP is under the control of a 
constitutive promoter (PW4). (b) Gel electrophoresis images showing DNA excision. PCR of the 
reporter region containing loxP-flanked terminator shows a 500 bp band when full terminator is 
intact, and 300 bp band after recombination. Negative control contains cells with the reporter 
plasmid alone (terminator upstream of rfp); positive control contains cells with recombinase and a 
pre-cut reporter plasmid (no terminator upstream of rfp). (c) Single-cell fluorescence microscopy 
showing RFP expression for cells with and without light exposure. Insets below show 
representative cell images (scale bar = 2 μm). Error bars show standard error around the mean (n 
» 300 cells per sample). In addition, we tested for statistical significance between conditions with 
and without light exposure using a two-tailed Welch’s t-test by using individual microscopy 
images as replicates, **P < 0.005. 
 

2.4.2. Recombinase, photodimer, and split site variants 

When developing the photoactivatable split recombinase, we considered several 

variants on the design, including different recombinase enzymes, alternative photodimers, 

and multiple protein split site locations. First, we tested two widely-used recombinases, 

Cre and Flp (Figure 2-2a). Flp is a tyrosine recombinase originally native to 

Saccharomyces cerevisiae,105 and like Cre has been used as a split photo-activatable 

recombinase in mammalian systems.94,95 We tested each recombinase using previously 

established split sites (Cre 43,39 Flp 37495) with two photodimer options, Vvd and 

Magnets. In contrast to the blue light-sensitive homodimer Vvd, Magnets are engineered 

heterodimer Vvd variants with separate positively-charged and negatively-charged dimer 

interfaces.103 We worked with these photodimers due to their efficiency in mammalian 

split-recombinases,39,94,95,106 and established function in other bacterial split-protein 

systems.29,90 We found that Cre, especially when paired with Vvd, showed substantially 

improved activation relative to Flp when exposed to blue light (Figure 2-2a). 
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Figure 2-2. Comparison of optogenetic recombinase protein variants.  

(a) RFP reporter output with and without light exposure for Cre and Flp recombinases, each with 
Vvd and Magnet photodimers. Split sites used are Cre with nCre length of 43 AA, Flp with nFlp 
length of 374 AA. (b) Assay of split sites tested for Cre-Vvd and (c) Cre-Mag. Numbers shown 
for split sites on the x-axis are the length of nCre. All figure data obtained using fluorescence 
microscopy. In all cases, 100 µM IPTG was used for induction and samples were exposed to one 
hour of light at 120 µW/cm2. Error bars show standard error around the mean (n » 750 cells per 
sample). Statistical significance comparing conditions with and without light use a two-tailed 
Welch’s t-test using microscopy images as replicates. *P < 0.05, **P < 0.005. 
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we found Cre-Vvd 43 to be our best candidate, as it showed a good fold change in RFP 

expression in response to light and minimal activation without light. We also tested each 

split site using the Magnet photodimers (Figure 2-2c), and observed varied activation at 

different split sites. Of these, Cre-Mag 254 was the most promising candidate, however it 

showed a growth defect compared to Cre-Vvd 43, so we focused our efforts on Cre-Vvd 

43 (Figure AI-1). Although there were commonalities, not all split sites behaved 

consistently with both types of photodimers. Overall, we found that Magnets were more 

likely to strongly activate, but also had much higher activation without light than Vvd. 

This may be due in part to Vvd’s ability to form homodimers, as “incorrect” dimer pairs 

containing two nCre or two cCre fragments could help to lower formation of Cre in the 

absence of light. It is also notable that the dark-state expression seen here is higher than 

in the original mammalian PA-Cre.39 Tests of five literature-derived split sites for Flp-

Mag showed similar split site-dependent results, but were ultimately inferior to the Cre 

variants (Figure AI-2). Due to its significant activation and high fold change we chose to 

use Cre-Vvd 43, which we denote OptoCreVvd, for further characterization.  

2.4.3. Effect of light intensity and duration on OptoCreVvd 

An important practical experimental consideration for light-inducible 

recombinases is their sensitivity to ambient light. Therefore, we next tested how 

OptoCreVvd performed with 5 minutes of ambient light exposure. We chose this duration 

to mirror conditions that might be experienced in a setting where plates are temporarily 

removed from darkness, such as would be necessary to transfer cultures from growth 

conditions to flow cytometry or microscopy assays. We found that OptoCreVvd showed 
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minimal sensitivity to short duration exposure to ambient light (Figure 2-3a). 

Next, we tested experimental parameters for OptoCreVvd, including the light 

intensity used for induction, the timing of light exposure, and concentration of IPTG for 

recombinase induction. When optimizing split sites and photodimer variants, we used a 

blue light intensity that corresponded to the maximum value accessible with the LEDs 

used in the LPA (120 μW/cm2) to minimize excision times (Figure 2-3b). Using 

microscopy, we observed no discernable differences in cell morphology with and without 

light exposure in these conditions, suggesting that phototoxicity effects were minimal 

with this exposure level (Figure AI-1a). We also confirmed that our constructs and IPTG 

induction levels did not have adverse effects on cell growth in bulk cultures (Figure AI-

1b). Overall, we found that even at much lower light intensities, we observed complete 

excision when samples were exposed to blue light for a longer time (Figure 2-3b). 

Cultures exposed to lower intensities of light showed partial excision after 1 hour, while 

cultures exposed to high intensity light showed near-complete excision. When we 

exposed cultures to constant blue light for 4 hours, we found that all intensities of light 

yielded comparable, high levels of excision (Figure 2-3b). In addition, we found 

OptoCreVvd to have consistent, low basal levels of activation without light between 

experiments conducted on different days (Figure AI-3).  

In our design, the split Cre fragments are under the control of a lacUV5 promoter 

to prevent excision of the target DNA prior to induction and subsequent light exposure. 

We found that inducing with IPTG concentrations above 50 µM for two hours prior to 

light exposure was sufficient to induce Cre for light activation (Figure 2-3c). We used 
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100 µM IPTG as a standard value, which remains solidly above the induction threshold 

for our experiments. 

 
Figure 2-3. Characterization of OptoCreVvd.  

(a) RFP reporter output for OptoCreVvd without light (-), with a 5 minute exposure to ambient 
light (a), and with full exposure to blue light (+). (b) Effect of blue light intensity on OptoCreVvd 
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activation when exposed for 1 or 4 hours. (c) Effect of IPTG induction levels for OptoCreVvd. 
Statistical significance comparing conditions with and without light use a two-tailed Welch’s t-
test using microscopy images as replicates. *P < 0.05, **P < 0.005. In all cases, error bars show 
standard error around the mean from microscopy data (n » 350 cells per sample).  
 

2.4.4. Temporal dynamics of OptoCreVvd 

We were also interested in exploring the duration of light exposure that cells need 

to induce full RFP expression (Figure 2-4). To test this, we exposed separate cultures to 

light for 5 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, or 8 hours. Cultures exposed to 

light for less than 8 hours were kept in the dark following light exposure for the 

remainder of the time. At the end of the 8 hour period, we refreshed all cultures and grew 

them for two hours without light to allow for protein maturation and then assessed 

transcription terminator excision both genotypically and phenotypically. Genotypic 

excision was assessed by PCR and gel electrophoresis (Figure 2-4a). Phenotypic results 

were assessed by microscopy (Figure 2-4b,c) and spotting on agar (Figure 2-4d). We 

observed general agreement between all characterization methods. OptoCreVvd shows 

substantial RFP expression with 1 hour of blue light exposure, and RFP values 

comparable to the positive control, indicative of near-complete activation, by 2 hours. 

Live time course results, which include the time for protein maturation, indicate RFP 

expression within 2 hours after exposure to blue light, and expression comparable to the 

positive control by 4 hours post-exposure (Figure 2-4e). 
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Figure 2-4. Temporal dynamics of OptoCreVvd.  

(a) DNA gel image showing reporter bands with and without transcription terminator excision, 
(b) single-cell fluorescence microscopy averages of RFP values, (c) representative microscopy 
images (scale bar = 2 μm), and (d) samples of culture spotted on agar plates of OptoCreVvd 
exposed to different durations of blue light. Error bars show standard error around the mean (n » 
750 cells per sample). (e) OptoCreVvd activation in real-time, with the blue bar indicating light 
exposure. Shaded error bars represent standard deviation around the mean from plate reader data 
(n = 3 wells). 
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2.4.5. Development of OptoCreVvd2 

After publication of the original manuscript, a reader alerted us to a mistake in the 

sequence of the OptoCreVvd construct, where we had erroneously placed a stop codon 

between the Vvd photodimer and the cCre sequence. Although, in principle, the design 

should not work with the stop codon in place, in practice the construct does function well, 

as described above. Our hypothesis is that in the original construct, even minimal stop 

codon read-through between Vvd and cCre produces sufficient Vvd-cCre to allow for 

recombination. In the original design, we had OptoCreVvd on a high copy number 

plasmid (ColE1 origin). 

We removed the stop codon from between Vvd and cCre and transferred the 

system to a low copy number plasmid (SC101). We denote this new design 

OptoCreVvd2. We have repeated all the key results from the original manuscript with 

OptoCreVvd2, including light-induction time courses for DNA excision and rfp 

expression at the single-cell and population levels (Fig. 2-5). In all cases, the performance 

of OptoCreVvd2 is nearly identical to the OptoCreVvd results described in the original 

manuscript.  
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Figure 2-5. OptoCreVvd2 performance with blue light induction.  

(a) OptoCreVvd has a stop codon between Vvd and cCre and is on a high copy number plasmid 
(ColE1). OptoCreVvd2 does not have the stop codon and is on a low copy number plasmid 
(SC101). (b) DNA gel image showing reporter bands with and without transcription terminator 
excision. (c) Single-cell fluorescence microscopy averages of RFP values. Error bars show 
standard error around the mean (n ≈ 100 cells per sample). (d) Representative microscopy images 
(scale bar = 2 μm). (e) Samples of culture spotted on agar plates of OptoCreVvd2 exposed to 
different durations of blue light. (f) OptoCreVvd2 activation in real-time, with the blue bar 
indicating light exposure. Shaded error bars represent standard deviation around the mean from 
plate reader data (n = 3 wells). 
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We note that we also tested the construct with the stop codon between Vvd and 

cCre removed on a high copy number plasmid (ColE1 origin). This variant does exhibit 

blue light-inducible recombination but has impaired growth and recombination relative to 

the OptoCreVvd and OptoCreVvd2 designs (Fig. 2-6a,b). Another variant with cCre 

removed entirely showed no recombination (Fig. 2-6c).  

The original OptoCreVvd system works as described in the manuscript and can continue 

to be used as is, however moving forward we suggest users consider working with 

OptoCreVvd2 as an alternative.  

 

 
Figure 2-6. OptoCreVvd2 shows improved function on a low-copy plasmid. 
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(a) Growth curve data for cultures with reporter and OptoCreVvd2 for the ColE1 or SC101 origin 
of replication, the reporter plasmid only, or no plasmid. Shaded error bars show standard 
deviation around the mean from plate reader data (n = 3 wells). (b) RFP values of OptoCreVvd2 
on the ColE1 or SC101 origin plasmids grown overnight after a 2 hour light exposure. (c) RFP 
values for the OptoCreVvd construct without cCre grown overnight after a 2 hour light exposure. 
Error bars show standard deviation around the mean from plate reader data (n = 3 wells). 
 

2.5. Discussion 

We have developed, optimized, and characterized a light-inducible recombinase 

for E. coli. We found that both Cre and Flp associated with either Vvd or Magnet 

photodimers have the potential for photo-activatable recombination. However, split site 

location and the recombinase-photodimer pairing impact efficacy. Our most promising 

candidate, OptoCreVvd, exhibits blue light-dependent excision and low sensitivity to 

ambient light. We also found that OptoCreVvd shows activation at both low and high 

light intensities, but at different timescales. The construct can cut completely within 2 

hours, which is comparable to the timeframe observed for mammalian photoactivatable 

Cre39 and existing Magnet-based split proteins in E. coli.29  

A well-characterized recombinase tailored to E. coli is a powerful new tool for 

bacterial optogenetics. Moving forward, this offers expanded potential for interfacing 

engineered cells with computational control via light. Applications include the ability to 

target sub-populations of cells, real-time genetic modifications, or experiments where 

small molecule inducers are impractical due to crosstalk. For example, this could enable 

studies on population dynamics through controlled spatial development of 

subpopulations, establishing interfaces between neighboring cells. A future version of 

this system may also be useful for changing genetic state during biomolecule production, 

such as in metabolic engineering applications, as light is an inexpensive inducer. Cre 
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could also be used to activate or inactivate multiple genes using constructs similar to a 

dual-fluorescent assay.99 Along these lines, future extensions to this system may involve 

development of orthogonal light-inducible recombinases for bacteria. Alternate 

photodimer systems that are sensitive to other wavelengths of light could also be used to 

multiplex the approach.11 It would also be interesting to develop an in-depth 

understanding of the differences between Cre and Flp, to perform detailed 

characterization at the molecular level, or to engineer variants with alternative 

optogenetic tools such as CRY2/CIB96,97 or iLID.112 As an immediate application, 

OptoCreVvd can be used as-is to perform gene knock outs in real time and is compatible 

with plate-based or microscopy platforms. These light-inducible recombinases expand the 

optogenetic methods available for bacteria and have great potential for the design of 

novel synthetic circuits. 

2.6. Methods 

Strains and plasmids 

Expression studies use E. coli strain MG1655. All recombinase constructs use a 

plasmid with a high-copy ColE1 origin and an ampicillin resistance cassette where the 

recombinase genes are under the control of an IPTG-inducible lacUV5 promoter to 

prevent activation from light exposure prior to experiments. The construct is derived 

from the pBbE5a BioBrick plasmid.113 All reporter constructs use a medium-copy p15A 

origin plasmid with a kanamycin resistance cassette and the gene for red fluorescent 

protein (mRFP1)114 under the control of a constitutive, medium-strength promoter 

(denoted PW4), which is modified from the phage T7 A1 promoter: 



33 
 

 

TTATCAAAAAGAGTATTGCATTAAAGTCTAACCTATAGGAATCTTACAGCCAT

CGAGAGGGACACGGCGAA (underline indicates mutations from original T7 A1 

promoter).115 Plasmids were constructed using the Gibson assembly method.116 Primer 

data can be found in Table AI-1. 

Original Cre and Magnet heterodimer plasmids are from Weinberg (2019).95 The 

original Flp gene sequence was derived from the pCP20 plasmid from Datsenko & 

Wanner (2000).117 We obtained the Vivid homodimers from AddGene plasmid #58689 

(mV-NcVV-LOV_231) deposited by Harald Janovjak.102 We express Cre split with a 

photodimer pair as an operon (Fig 1a). The N-terminal fragment of Cre (nCre) is 

followed by a 10 AA glycine-serine linker and a photodimer. A separate RBS is used to 

express the second photodimer linked by a 10 AA glycine-serine linker to the C-terminal 

fragment of Cre (cCre). Plasmids from this study and their sequences are available on 

AddGene (https://www.addgene.org/Mary Dunlop/). We thank Elliot Tague and John 

Ngo for their input on split site selection; Ben Weinberg, Armin Baumschlager, and 

Mustafa Khammash for helpful discussions on experimental design; and Nathan Tague 

for early work on light-inducible Flp. 

 

Cre split site selection 

Split sites for Cre were selected using three methods: chosen from the literature, 

using the first two optimal choices from the SPELL algorithm 

(https://dokhlab.med.psu.edu/spell/)107 based on the PDB structure 3MGV108, or by using 

PyMOL (https://pymol.org/2/) on 3MGV and selecting two sites around glycine and 
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serine AAs in regions with high B-factor values. Further information and source of each 

split site for Cre can be found in Table 2-1. Primers used to make each split are listed in 

Table AI-1. Split Cre variants were made by amplifying from plasmids containing Cre 

without a photodimer from the location of the split site with overhangs for the linker 

sites. In parallel, we amplified the photodimer and linker inserts and combined via 

Gibson assembly.116 Split sites for Flp were chosen from the literature and cloned in a 

similar fashion; their information can be found in Table AI-2.  

  

Light exposure assays 

Strains were grown overnight from a single colony in LB medium containing 100 

μg/mL carbenicillin and 30 μg/mL kanamycin for plasmid maintenance. The next day, 

cultures were refreshed 1:100 in selective LB and induced for 2 hours with 100 μM IPTG 

unless otherwise noted. Blue light exposure was performed using a LPA,104 with two 465 

nm wavelength LEDs per well (ThorLabs LED465E), outputting a total of 120 μW/cm2. 

Unless otherwise noted, cultures were exposed to blue light for 1 hour. After exposure, 

samples were prepared for analysis by PCR to check for target excision by gel 

electrophoresis, and refreshed in selective LB medium without IPTG overnight. In light 

intensity experiments, cultures were exposed to light for 4 hours total, with intermediate 

samples taken at 1 hour for characterization.  

All liquid cultures through the experiment were grown at 37oC with 220 rpm 

shaking. Note that agar plates with the Flp recombinase and reporter were also kept at 

37oC at all times, as we observed substantial activation even without light when stored at 
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4oC. After transformation, all cultures were kept in the dark throughout the entire 

experiment with the exception of blue or ambient light exposure periods. For ambient 

light exposure, samples were exposed to lab lighting in a shaking incubator for 5 minutes 

after induction, and then kept in the dark for the remainder of the experiment. 

 

Recombinase efficiency characterization 

Target DNA excision via the recombinase was measured genetically by 

amplifying the promoter region of the reporter using PCR. We used a forward primer 

~200bp upstream of the first loxP site (ATCTTCCCCATCGGTGATGTCG) and a 

reverse primer ~100bp downstream of the second loxP site 

(GACGACCTTCACCTTCACCTT) to check for differences in band length before and 

after recombination.  

Plate reader data were collected on a BioTek Synergy H1 with OD absorbance 

read at 700 nm to avoid overlap with the RFP spectra, and fluorescence read with 

excitation at 584 nm and emission at 610 nm. 

In addition to the PCR-based measurements, efficiency was also measured 

visually by imaging plated samples with a mobile phone camera using standard settings 

(Samsung Galaxy Note 8) on a Blue LED transilluminator through the attached orange 

filter (IO Rodeo). 

 

Microscopy and image analysis 

Post light-exposure samples were refreshed overnight in LB medium with 100 
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μg/mL carbenicillin and 30 μg/mL kanamycin for plasmid maintenance to allow full RFP 

expression and maturation. Before imaging, samples were refreshed for 2 hours in 1:100 

in MGC medium (M9 salts supplemented with 2 mM MgSO4, 0.2% glycerol, 0.01% 

casamino acids, 0.15 μg/ml biotin, and 1.5 μM thiamine). Samples were then placed on 

1.5% low melting agarose pads made with MGC medium. Cells were imaged at 100x 

using a Nikon Ti-E microscope. Images were segmented and analyzed using the 

SuperSegger software118 and custom MATLAB analysis scripts. Statistical significance 

(P value) was assessed using a two-tailed Welch’s t-test, treating each microscopy image 

as a sample. 
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CHAPTER 3. An optogenetic toolkit for light-inducible antibiotic resistance 

3.1. Disclosure & Copyright Statement 

This chapter is a modified version of “An optogenetic toolkit for light-inducible 

antibiotic resistance” by Michael B. Sheets, Nathan Tague, and Mary J. Dunlop, 2023. 

Reprinted from Nature Communications 14, 1034. ©2023 Michael B. Sheets, Nathan 

Tague, Mary J. Dunlop. This article is licensed under a Creative Commons Attribution 

4.0 International License, which permits use, sharing, adaptation, distribution and 

reproduction in any medium or format, as long as you give appropriate credit to the 

original author(s) and the source, provide a link to the Creative Commons license, and 

indicate if changes were made. To view a copy of this license, visit 

http://creativecommons.org/licenses/by/4.0/. 

 

3.2. Abstract 

Antibiotics are a key control mechanism for synthetic biology and microbiology. 

Resistance genes are used to select desired cells and regulate bacterial populations, 

however their use to-date has been largely static. Precise spatiotemporal control of 

antibiotic resistance could enable a wide variety of applications that require dynamic 

control of susceptibility and survival. Here, we use light-inducible Cre recombinase to 

activate expression of drug resistance genes in Escherichia coli. We demonstrate light-

activated resistance to four antibiotics: carbenicillin, kanamycin, chloramphenicol, and 

tetracycline. Cells exposed to blue light survive in the presence of lethal antibiotic 

concentrations, while those kept in the dark do not. To optimize resistance induction, we 
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vary promoter, ribosome binding site, and enzyme variant strength using chromosome 

and plasmid-based constructs. We then link inducible resistance to expression of a 

heterologous fatty acid enzyme to increase production of octanoic acid. These 

optogenetic resistance tools pave the way for spatiotemporal control of cell survival. 

 

3.3. Introduction 

Antibiotic resistance genes are widely used in synthetic biology. They are 

included in genetic constructs to ensure plasmid propagation. Resistance genes also play 

an important role in cloning methods. Examples include chromosomal insertions, where 

expression of resistance genes can be used as a selective marker for successful 

integration,117 or in the creation of transposon libraries, where drug resistance is used as 

an intermediate selection mechanism before being swapped for an alternative 

sequence.119,120 

Although antibiotic resistance genes are a staple of synthetic biology and 

microbial biotechnology research, there are few methods for dynamic control of their 

expression. The ability to control drug resistance spatially and temporally could open 

new avenues for synthetic biology research. As an analogy, when Sheth et al.59 developed 

an inducible origin of replication—another ubiquitous feature within synthetic biology 

constructs—it sparked new areas of research including biological data storage60 and 

whole-cell riboswitch diagnostics.61 Spatiotemporal control over drug resistance could 

enable spatial patterning in living biomaterials,121 selection of single cells from 

microfluidic systems,122,123 and improved understanding of the role dynamics play in 
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clinical antibiotic resistance.124 For example, resistance is often spread through horizontal 

gene transfer events,125,126 which are difficult to monitor and control at the single-cell 

level. New systems for control offer the potential for future studies quantifying how 

different spatiotemporal arrangements of cells acquiring resistance can lead to 

population-level proliferation or collapse.  

Optogenetic methods are a powerful and widely used tool for controlling gene 

expression.12 The delivery of light to cells can be regulated in space and time, and can be 

integrated directly into computational workflows.19,127 Optogenetic systems in bacteria 

have been used to control gene expression for a variety of applications,11,12 including to 

drive metabolic flux,128 regulate the gut microbiome,31 control cell morphology,23 and 

regulate co-culture dynamics.55 Using light to control cell survival has been a focus of 

microbial engineering across species. For example, optogenetic regulation has been used 

to control nourseothricin resistance in Saccharomyces cerevisiae129 and bleomycin 

resistance in Yarrowia lipolytica.130 In Escherichia coli, light has been used to control 

antibiotic resistance via individually designed photo-caged antibiotics131 or by leveraging 

the natural photosensitivity of tetracycline.132 However, because these methods require 

careful protein engineering or exploit properties specific to a single drug, they do not 

easily generalize across different resistance mechanisms. An alternative approach used a 

light-inducible promoter to reversibly control chloramphenicol resistance.22,55 Such a 

method could generalize to other resistance genes, however experiments were limited to 

control of the chloramphenicol acetyltransferase enzyme. The ideal platform for light-

inducible resistance would be both generalizable for different antibiotic resistance genes 
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and tunable across antibiotic concentrations to flexibly enable diverse studies in synthetic 

biology and microbiology. 

To address these needs, we used the blue light-inducible Cre recombinase 

OptoCreVvd2 to activate antibiotic resistance genes.133 Using this system, we excise a 

loxP-flanked transcription terminator between a gene and promoter, allowing for 

increased gene expression after exposure to 465 nm blue light (Fig 3-1a). Recombinase 

technology has been used successfully for a variety of applications that require robust and 

inducible control of gene expression, including gene logic circuits and cell lineage 

tracking.40,92,134 We selected this system for its relatively short activation time, flexibility 

in construct design (requiring only the addition of loxP sites), and minimal basal 

expression in uninduced cells.133 In addition, the permanent OFF-ON switch caused by 

Cre allows for selection of resistant cells at any point after light exposure, allowing for 

cellular memory after the light input has been removed. Although this irreversibility does 

not allow for complex temporal dynamics, one-time induction provides benefits that may 

be advantageous in certain applications such as allowing irreversible activation before a 

culture becomes too dense for light penetration, or minimizing exposure in light-sensitive 

strains. 

Here, we used Cre to induce expression of four antibiotic resistance genes, which 

we selected for their ubiquity in synthetic biology applications as well as their range of 

mechanisms of action (Table 3-1). Specifically, we chose the carbenicillin/ampicillin 

resistance gene beta-lactamase (bla), which is both clinically relevant and widely used in 

synthetic biology. Beta-lactam antibiotics inhibit cell wall biosynthesis, and are 
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state should also be sufficient to provide resistance at drug concentrations comparable to 

typical working ranges for the antibiotic, which could further vary between use cases. To 

optimize these two features in our platform, we varied the gene copy number, promoter, 

ribosome binding site (RBS), and coding sequence to tune the minimum inhibitory 

concentration (MIC) of antibiotic at which cells survive after exposure to blue light, 

while maintaining basal expression levels that are low enough to avoid erroneously 

triggering survival. We further demonstrated live activation of resistance genes and 

characterized cellular responses using single-cell time-lapse microscopy.  

Finally, we demonstrated the utility of light-inducible resistance in a 

biotechnology application by co-expressing resistance genes with the heterologous 

thioesterase CpFatB1 to increase production of octanoic acid, a medium-chain fatty acid. 

Medium-chain fatty acids are high-value biochemicals used in fuels, polymer production, 

flavorings, and fragrances, making them key metabolic engineering targets.141,142 

However, induction of CpFatB1 is metabolically taxing, a common issue with expression 

of heterologous enzymes for bioproduction applications. This challenge has prompted 

researchers to develop systems where pathway expression timing can be precisely tuned 

to balance the tradeoff between growth and production.143,144 For example, light induction 

has been used to increase production of other chemicals in E. coli, such as mevalonate 

and isobutanol.52 In our system with OptoCreVvd2, light induction of CpFatB1 coupled 

with antibiotic selection for high expression of the heterologous enzyme significantly 

increased fatty acid production over light induction of CpFatB1 alone.  

This toolkit of light inducible resistance genes supports and extends the long use 
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of antibiotics as cellular control mechanisms in synthetic biology, adding a spatial and 

temporal control mechanism to existing systems and setting the stage for future 

applications where light is used in combination with antibiotics to enable flexible control 

of cell behavior and survival. 

3.4. Results 

3.4.1. Light induction of beta-lactamase resistance 

For optogenetic control of resistance genes, we used the blue light-inducible split 

Cre recombinase OptoCreVvd2.133 This system allows for excision of genetic elements 

placed between loxP sites when cells are exposed to blue light. Excision can be 

completed in approximately two hours, which is comparable to or faster than many 

existing bacterial optogenetic systems.21–24 We used OptoCreVvd2 to excise a 

transcription terminator placed inside loxP sites between a promoter and an antibiotic 

resistance gene, allowing for expression of the resistance gene only after exposure to blue 

light.  

We first used this system to control transcription of the beta-lactamase (bla) 

resistance gene (which we denote ‘OptoCre-bla’, Figure 3-1a). Beta-lactam antibiotics, 

including ampicillin and carbenicillin, inhibit peptidoglycan layer biosynthesis in the 

bacterial cell wall. Beta-lactamase enzymes can inactivate beta-lactam antibiotics by 

hydrolyzing the beta-lactam ring on the antibiotic.145 For these studies, we used the TEM-

116 beta-lactamase, which is commonly used in antibiotic resistance cassettes for plasmid 

selection.58 We integrated this genetic construct after nupG in the E. coli MG1655 

chromosome.  
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To measure light-induced antibiotic resistance, we exposed cultures of OptoCre-

bla to blue light for two hours, then grew them overnight in the presence of carbenicillin 

and compared growth to cultures kept in the dark. We observed blue light-dependent 

differences in cell proliferation, where the MIC necessary to prevent growth was 300 

µg/mL for cultures kept in the dark and 1200 µg/mL for cultures exposed to blue light 

(Figure 3-1b). Negative control (- Control) cells with only the reporter and no Cre 

recombinase had comparable survival to cells with the full construct grown in the dark, 

indicating low expression of bla in the uninduced state.  Positive control (+ Control) cells 

with constitutive expression of bla from its native promoter and RBS grew in all 

concentrations of carbenicillin tested, including at levels above the light-inducible strain, 

as expected for a fully resistant strain expressing the resistance gene in its native context. 

We further included E. coli MG1655 as a wild-type negative control, which did not grow 

in any concentration of carbenicillin used here.  

To confirm that blue light-induced cells grow at rates comparable to the positive 

control strain, we collected time-series data demonstrating normal growth rates under a 

broad range of carbenicillin concentrations for cells grown in blue light, while cells 

without light induction failed to grow (Figure 3-1c). We further validated the optical 

density-based MIC data by using colony forming unit (CFU) counts after antibiotic 

exposure (Figure 3-1d). Although MIC data is an accurate assessment of cell growth in 

the presence of antibiotic, beta-lactam antibiotics also cause cell filamentation, which can 

increase optical density (OD) readings even when cells are not dividing, making bla 

resistance specifically important to confirm by CFU measurement.146 However, our 
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results using CFU counts confirm that the optical density measurements also translate to 

a clear difference in cell survival.147 Overall, we found that OptoCreVvd2 can be used to 

induce beta-lactamase resistance and we identified concentrations of carbenicillin with 

robust differences between dark and blue light-activated expression of the bla resistance 

gene construct (Figure 3-1e, Table 3-2).  
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Figure 3-1. Optogenetic activation of antibiotic resistance from beta-lactamase.  

(a) Split Cre recombinase fragments are linked to blue light-inducible Vvd photodimer domains. 
When exposed to blue light, Cre becomes active and can excise a transcription terminator 
between two loxP domains, allowing increased expression of beta-lactamase (bla). The 
expression of OptoCre-bla then allows cells to survive in the presence of the antibiotic 
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carbenicillin. (b) Minimum inhibitory concentration (MIC) curves of chromosomally-integrated 
OptoCre-bla constructs grown in carbenicillin for 18 hours. Light-induced samples were exposed 
to blue light for two hours immediately before exposure to carbenicillin. Growth measured by 
OD600 (n = 3). The strains in both the dark and light conditions contain the resistance induction 
construct and OptoCreVvd2. Control (-) cells contain the resistance activation construct but no 
Cre recombinase. Control (+) cells contain a constitutively expressed bla gene. Wild-type (WT) 
cells are MG1655 without modification or plasmids. (c) Time-course growth of OptoCre-bla 
resistance activation constructs across different concentrations of carbenicillin. (d) Colony 
forming unit (CFU) counts of cultures from MIC data (n = 6). After growth in carbenicillin for 18 
hours, samples were spotted on agar plates and colonies were counted the next day. (e) Optimal 
OptoCre-bla activation conditions. Resistance activation constructs grow in 300 µg/mL 
carbenicillin after exposure to blue light for 2 hours, but not when kept in the dark. Growth is 
quantified by OD600 after 18 hours. Error bars show standard deviation around the mean (n = 3 
biological replicates). 
 

3.4.2. Genetic-level optimization of kanamycin resistance 

We next sought to generalize this system to other antibiotic resistance genes. 

While the excision of a terminator can easily couple light to the expression of an 

antibiotic resistance gene, this is not the same as light-inducible survival. Control of 

survival requires no or low expression of the antibiotic resistance gene in the dark, such 

that cells remain susceptible to antibiotics. The design also requires that induction of the 

resistance gene is sufficient to confer resistance. The thresholds for these two features can 

vary dramatically with different antibiotic resistance mechanisms, which have different 

rates of antibiotic degradation and export. Thus, while previous work in our lab has 

shown that OptoCreVvd2 can control expression of a fluorescent protein with low basal 

expression and a 10-fold change with light,133 naively replacing the fluorescence gene 

with an antibiotic resistance gene may not produce the desired behavior. Therefore, we 

defined a general process for adapting the OptoCreVvd2 system to different antibiotic 

resistance genes (bla, knt, cat, and tetA) and were able to show survival at customized 

ranges of antibiotic concentration.  
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To generalize our system to other antibiotics, we began by exchanging bla for 

kanamycin nucleotidyltransferase (knt) in our induction construct to make OptoCre-knt 

(Figure 3-2a). The antibiotic kanamycin causes mistranslation by binding to the 30S 

subunit of the bacterial ribosome. The knt enzyme catalyzes transfer of a nucleotide to 

kanamycin, inactivating the antibiotic.137 Although our initial design of OptoCre-knt did 

show resistance activation using light, the kanamycin concentration required to see this 

difference was very high — over 1000 µg/mL (Figure 3-2b), compared to 25-50 μg/mL 

commonly used for plasmid propagation.58,132 Although matching common working 

concentrations of antibiotics is not essential, using concentrations in the vicinity of these 

ranges provides benefits including the ability to study community effects at physiological 

concentrations and limiting overall antibiotic needs.  

Thus, we set out to tune gene expression through optimization of the genetic 

architecture surrounding the gene. To lower basal expression, we weakened the promoter 

or RBS driving knt expression. By changing the promoter and RBS of OptoCre-knt, we 

were able to shift the expression of the resistance gene to allow survival at antibiotic 

concentrations much closer to the MIC of wild-type MG1655 (Figure 3-2b). We tested a 

range of promoter and RBS combinations to show how these alterations impact survival 

at varying antibiotic concentrations. We used constitutive promoters of varying strength 

all based on the T7A1 viral promoter, ranging from medium, P, to medium-low, P*, to 

low, P**, transcriptional strength. We also used the RBS of gene 10 in the T7 phage,148 

which we denote R, and a RBS that we computationally designed to be weaker,149 which 

we denote R* (Figure 3-2a). Changing P to P* decreased the MIC for the dark state to 
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200 µg/mL kanamycin, while P** further reduced it to 150 µg/mL (Figure 3-2b). The 

MIC for the light state was also reduced, as expected, but still maintained a wide range of 

kanamycin concentrations resulting in survival. With P*, kanamycin levels between 200 

and 800 µg/mL resulted in light-induced survival, while for P** the range was from 150 

to 500 µg/mL. Using R* in combination with P caused a dramatic decrease in both the 

dark state MIC and the effective concentrations for light-induced survival, resulting in a 

narrow range between 4 and 6 µg/mL kanamycin.  

Although the chromosomally integrated constructs used so far have the 

advantages of low background expression and do not require a selection marker, plasmids 

offer their own advantages for light-inducible resistance systems. Many resistance genes 

are naturally found on plasmids, and a plasmid origin allows for convenient transfer of 

systems between different strains. We further characterized our constructs on plasmids 

containing the p15A origin of replication, which has approximately ten copies per cell 

(Figure 3-2c).150 Changing from chromosomal integration to a p15A plasmid increased 

the range of antibiotic concentrations at which cells containing OptoCre-knt selectively 

survive by over 5-fold. Despite this increase, we found that strategies such as lowering 

promoter or RBS strength can have a counterbalancing effect. We also characterized a 

p15A plasmid-based OptoCre-bla, however its basal resistance was too high to be 

considered functional (Figure AII-1a). Overall, the plasmid-based system with OptoCre-

knt removes the need for the chromosomal insertion process, increasing the ease at which 

these constructs can be used in different strains or contexts. 

The flexibility afforded by these different designs led us to develop multiple 
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constructs, and the optimal construct is likely to be application-specific. For example, the 

lower concentrations shown here are near the wild-type MIC, which is optimal for studies 

looking to characterize resistance acquisition using phenotypically-relevant antibiotic 

concentrations. In contrast, the higher concentrations allow more stringent cell selection 

for studies where only the activated cells should survive. Through this optimization 

process, we found constructs that allow a greater kanamycin MIC fold change between 

dark and light-exposed cultures compared to our original construct, notably P* and R 

driving OptoCre-knt expression on the chromosome is an ideal example of our optimized 

design (Figure 3-2d, Table 3-2). 
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Figure 3-2. Promoter and RBS optimization of kanamycin resistance. 

(a) Expression levels of the kanamycin resistance gene knt can be tuned by changing the strength 
of the promoter and ribosome binding site, as well as the origin of replication. Promoter strength 
ranges from P (medium) to P* (medium-low) to P** (low). Ribosome binding site strength ranges 
from R (strong) to R* (weak). (b) MIC curves of OptoCre-knt activation cassettes on the 
chromosome, with promoter P, P*, or P** and RBS R or R* (n = 3). (c) MIC curves of OptoCre-
knt activation cassettes on a plasmid with the p15A origin of replication (n = 3). (d) Optimal 
OptoCre-knt activation conditions, using P* and R on the chromosome at 300 µg/mL kanamycin. 
Growth is quantified by OD600 after 18 hours. Error bars show standard deviation around the 
mean (n = 3 biological replicates). 
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3.4.3. Protein-level optimization of chloramphenicol resistance 

Light-induced survival requires a tight OFF-state where cells are susceptible to 

antibiotic. As we have demonstrated, this can be achieved with low basal expression of 

the resistance gene. However, the uninduced state can also be minimized if the resistance 

enzyme itself is weaker. Thus, when activating the chloramphenicol acetyltransferase 

(cat) enzyme, we took advantage of a known mutation to decrease the strength of the 

enzyme itself. Chloramphenicol prevents protein synthesis by binding to the 50S 

ribosomal subunit, where it inhibits peptide bond formation. The cat enzyme prevents 

chloramphenicol from binding to the ribosome by attaching an acetyl group from acetyl-

CoA to the antibiotic.151 By using the weaker catT172A variant,152,153 we lowered the 

concentration of antibiotic at which cells survive (Figure 3-3a). In the OptoCre-cat 

design, we used the promoter P and RBS R, and compared light-induced survival by cat 

and catT172A. Here we observed a sharper decrease in dark OFF-state resistance with 

catT172A compared to cat, lowering basal resistance to that of the wild-type strain on a 

chromosomally integrated construct (Figure 3-3b). We also observed a decrease in MIC 

values for cat and catT172A on a p15A plasmid origin (Figure 3-3c). This enzyme mutant 

approach to optimization may be particularly helpful when working with enzymes that 

show resistance to high concentrations of antibiotic even with minimal basal gene 

expression, or if using this system on a plasmid with a high copy number where it is hard 

to limit basal expression. This approach creates another point at which resistance levels 

can be fine-tuned, and the light-induced growth difference shown by catT172A on a p15A 

plasmid origin is a particularly versatile optimized design (Figure 3-3d, Table 3-2). 
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We wondered whether it would be possible to tune resistance levels by adjusting 

light exposure properties. To test this, we further characterized the OptoCre-cat design by 

modifying light exposure duration and intensity (Figure AII-2). We found that resistance 

levels were tunable, and depended on a combination of both duration of light exposure 

and the intensity of the blue light.  

A common issue with many of our designs is that basal expression results in 

resistance levels that, although low, still exceed those observed in the wild-type strain. In 

principle, this leakiness could be the result of several different issues including 

spontaneous recombination events, mutations in the terminator, or readthrough of the 

terminator. We sequenced the loxP and terminator region of the (-) Control strain without 

Cre from both 0 µg/mL chloramphenicol and 75 µg/mL chloramphenicol conditions, 

where the latter represents the highest antibiotic concentration condition that showed any 

growth. Sequencing results from both conditions matched the original sequence of the 

plasmid, confirming that leaky expression is not the result of spontaneous recombination 

or terminator mutations. These results are in line with characterizations of the original 

OptoCreVvd2 design, which showed consistent low basal expression of a fluorophore 

with no evidence of spontaneous recombination.133 To mitigate the potential for 

terminator readthrough we then attempted to lower basal expression by swapping the 

strong BBa_B0015 terminator from our original design to the synthetic terminator 

L3S2P21, which was the strongest terminator identified in an extensive set characterized 

in Chen et al.154 However, this did not show further improvement over the terminator 

used in our initial design (Figure AII-3), so we did not pursue this avenue further. For 
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applications where minimal basal expression is critical, alternative designs could test 

other terminators154,155 or different circuit design approaches.156–158  

 

 
Figure 3-3. Enzymatic activity tuning of chloramphenicol resistance.  

(a) Resistance given by the chloramphenicol resistance gene cat can be lowered by using the 
catT172A variant on a chromosomal or plasmid origin. (b) MIC curves of OptoCre-cat activation 
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cassette with the native enzyme cat or weakened enzyme catT172A on the chromosome (n = 3). (c) 
MIC curves of the cat and catT172A activation cassettes on a plasmid with the p15A origin (n = 3). 
(d) Optimal activation conditions, using catT172A with promoter P and RBS R on a plasmid origin 
at 75 µg/mL chloramphenicol. Growth is quantified by OD600 after 18 hours. Error bars show 
standard deviation around the mean (n = 3 biological replicates). 
 

3.4.4. Efflux pump enabled tetracycline resistance 

Light induction can also be applied to non-enzymatic antibiotic resistance 

mechanisms, such as the tetA efflux pump. The antibiotic tetracycline reversibly binds to 

the 30S ribosomal subunit, inhibiting protein synthesis. The tetA efflux pump localizes to 

the inner membrane and exports magnesium-tetracycline chelate complexes by importing 

a proton.140 In sharp contrast to bla, knt, and cat where the native resistance levels were 

high and our engineering efforts aimed at reducing potency, we found that our initial 

design for inducible tetA did not show resistance over wild-type MG1655 when 

expressed with promoter P and RBS R on a p15A origin plasmid (Figure AII-1b), 

conditions which produced the highest levels of resistance in the constructs we tested 

previously. To compensate for this, we opted to use the strong native promoter Ptet with 

its corresponding RBS Rtet to allow full expression of the tetA gene159 to create OptoCre-

tetA (Figure 3-4a). Using this native architecture, OptoCre-tetA showed some activation 

when chromosomally integrated (Figure 3-4b), and exhibited strong activation on the 

p15A plasmid origin (Figure 3-4c). Notably, the dark-state basal resistance over wild-

type MG1655 was minimal, allowing for activation of OptoCre-tetA at low tetracycline 

concentrations. Thus, we found that the p15A plasmid-based version is an ideal construct 

for tetracycline resistance (Figure 3-4d, Table 3-2). 
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Figure 3-4. Optogenetic activation of efflux-based tetracycline resistance. 

(a) Tetracycline resistance gene tetA is expressed using the native promoter Ptet and native RBS 
Rtet, to allow maximal expression of the gene. (b) MIC curves of OptoCre-tetA on the 
chromosome and (c) p15A plasmid origin (n = 3). (d) Optimal OptoCre-tetA activation 
conditions, using the p15A plasmid origin at 4 µg/mL tetracycline. Growth is quantified by 
OD600 after 18 hours. Error bars show standard deviation around the mean (n = 3 biological 
replicates). 
 

3.4.5. Single-cell microscopy showing resistance activation 

The spatial and temporal precision enabled by optogenetics allows these 

constructs to be used for a variety of applications, including single-cell studies of 

bacterial antibiotic resistance. How resistance acquisition leads to bacterial survival at the 

single-cell level is of particular interest in the context of horizontal gene transfer. Existing 

single-cell horizontal gene transfer studies have previously characterized gene transfer 

rates and shown important connections to quorum sensing.160,161 However, natural 

instances of horizontal gene transfer are infrequent and difficult to control in space and 

time, especially relative to antibiotic exposure. Previous studies have also shown that 

stochastic acquisition of resistance in single cells is not always enough to cause the 
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proliferation of phenotypically resistant cells.162 To study when horizontal gene transfer 

events lead to the spread of resistance in populations, it would be interesting to model a 

single cell’s acquisition of resistance with optogenetic control of antibiotic susceptibility. 

This could be used to characterize when and how resistance acquisition in single cells 

leads to antibiotic evasion, and how specific antibiotic dosing schedules and 

concentrations impact evasion frequency.  

Here we show a proof-of-concept for the first steps in this class of studies by 

inducing cell growth using blue light for cells on agarose pads. Using time-lapse 

microscopy, we placed cells containing light-activatable antibiotic resistance on agarose 

pads containing antibiotics and compared the growth of cells that were kept in the dark to 

those exposed to blue light. For these studies we elected to focus on a subset of resistance 

genes, selecting kanamycin and chloramphenicol as examples of bactericidal and 

bacteriostatic antibiotics, respectively. We characterized resistance activation for 

chromosomally integrated OptoCre-knt resistance to kanamycin (Figure 3-5a, 

Supplementary Movie 1 from Sheets et al. 2023163), and plasmid-based OptoCre-cat 

resistance to chloramphenicol (Figure 3-5b, Supplementary Movie 2 from Sheets et al. 

2023163). We found that cells with light-induced resistance showed a short lag before 

growth compared to their constitutively resistant positive controls, which likely 

corresponds to the time needed to excise the transcription terminator and allow 

expression of the resistance gene. In contrast, when cells were kept in the dark, growth 

was inhibited and we observed examples of loss of membrane integrity (Supplementary 

Movies 1 and 2 from Sheets et al. 2023163). To quantify recovery of resistance-induced 
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cells, we calculated the percentage of cells in the initial frame that recovered over the 

course of the movie (Figure AII-4). We defined the time of recovery as the point at which 

a cell first divides, and found 70% recovery for OptoCre-knt and 42% recovery for 

OptoCre-cat with light exposure (compared to 13% and 4% for cells in the dark, though 

notably cells in the dark rarely experienced more than one division event, Supplementary 

Movies 1 and 2 from Sheets et al. 2023163). Although these data show clear differences 

between light and dark exposure, the incomplete rates of recovery under light exposure 

may be due to simultaneous exposure to antibiotic and light, likely rendering some cells 

nonviable before they can be induced. In the future, microfluidic experiments could help 

to assess recovery rates as a function of relative light induction and antibiotic addition 

timing. 

Looking towards future applications that require the control of subpopulations of 

cells, we also used a digital micromirror device (DMD)16 to activate resistance in a subset 

of cells. The DMD allows for programmed illumination of specific areas within a field of 

view. We illuminated half of the field of view and saw preferential activation of cells in 

the blue light illuminated region (Figure AII-5). We did observe some growth in a subset 

of the cells in the dark half of the field of view, albeit at reduced levels relative to the 

illuminated half. This may be due to diffusion of light from the DMD, as we do not see 

this activation until after DMD illumination starts. Compared to the longer, lower 

intensity exposures we used in liquid culture experiments, the DMD is designed to 

deliver intense periods of light. These differences suggest that DMD activation protocols 

and setups could be optimized for improved activation timing in the future.  
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Figure 3-5. Single-cell time-lapse microscopy of light-induced resistance.  

Activation of (a) the chromosomal OptoCre-knt resistance construct with promoter P* and RBS R 
on agarose pads containing 400 µg/mL kanamycin, and (b) the p15A plasmid-based OptoCre-cat 
resistance construct using catT172A with promoter P and RBS R on agarose pads containing 60 
µg/mL chloramphenicol. Microscopy images show representative samples of the resistance 
activation strains in the dark or with blue light (scale bar = 2 µm). Cell counts over time are 
cumulative across multiple imaging positions for each condition, with each plot containing the 
OptoCre resistance strain along with negative and positive controls (n = 3 biological replicates).  
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3.4.6. Improving octanoic acid production using antibiotic selection 

To demonstrate the utility of the system for biotechnology applications, we next 

focused on increasing yield of octanoic acid through co-expression of cat or tetA with the 

thioesterase CpFatB1 (Figure 3-6a,b). CpFatB1 is derived from the plant species Cuphea 

palustris and has been optimized for expression in E. coli.164 CpFatB1 expression is 

taxing on cells, therefore directly coupling its induced expression with antibiotic 

resistance can allow for selective growth of cells actively producing both enzymes, 

thereby preventing the growth of non-expressing cells (Figure 3-6c). We used OptoCre-

cat with the catT172A mutant and OptoCre-tetA for selection due to their wide induction 

ranges and minimal basal resistances on the p15A plasmid origin. For fatty acid 

production, we used the highly active variant CpFatB1.2-M4-287 which has been 

previously shown to boost octanoic acid production.164 To optimize expression of the 

CpFatB1 gene without disrupting the resistance activation architecture, we placed it 

immediately downstream of the resistance gene under expression of a strong 

computationally-designed RBS denoted R’. Consistent with the protocol for inducing 

antibiotic resistance alone, we performed induction by exposing cells to blue light for two 

hours early in the growth phase. From a bioproduction perspective, an advantage of the 

OptoCreVvd system is its irreversibility, which enables permanent activation of CpFatB1 

without the need for continuous illumination. This circumvents issues with dynamic light 

induction systems, where light penetration can become a concern for dense cell cultures 

in metabolic engineering contexts.52,83 We found that light induction alone leads to a 

significant increase in octanoic acid production for both the cat and tetA systems. We 
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next asked whether introducing antibiotic selection could further improve yields. We 

found that with OptoCre-cat, adding 150 µg/mL chloramphenicol significantly improved 

production, increasing it by 29% over the light induction-only condition, with higher 

chloramphenicol concentrations resulting in similar performance (Figure 3-6d). Light 

induction alone or with antibiotic also showed a substantial improvement in yield over a 

constitutively expressed version of CpFatB1 with identical genetic architecture and 

constitutive Cre recombinase expression (Figure 3-6d). With OptoCre-tetA, octanoic acid 

production increased 150% over light induction alone when it was supplemented with 1.5 

µg/mL tetracycline (Figure 3-6e). Higher tetracycline concentrations improved yield 

further, reaching a 300% increase over light alone when 6 µg/mL tetracycline was added. 

These concentrations are on the upper range of the resistance levels we see in our MIC 

experiments for the respective strains, possibly due to the higher OD (OD600 ≈ 0.6) at 

the time antibiotics are added in our bioproduction protocol. The induction system with 

OptoCre-tetA did not boost production over constitutive expression of CpFatB1, though 

the addition of antibiotic did greatly improve yield over light alone (Figure 3-6e). 

Importantly, the constitutively expressed versions of both the cat and tetA constructs 

showed poor growth profiles compared to the light-inducible versions (Figure AII-6). 

This growth deficit in the constitutive constructs is problematic, as it may lead to escape 

mutants and reduce the stability of production strains. Thus, coupling octanoic acid 

production with resistance selection leads to higher yields of octanoic acid than light 

induction alone, without the taxing growth deficit associated with continuous production. 
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Figure 3-6. Light-inducible production of octanoic acid.  

(a) Activation of OptoCre-cat using catT172A or (b) OptoCre-tetA is coupled with CpFatB1 by 
introducing the gene downstream of the drug resistance marker under the strong RBS R’. (c) Blue 
light induces expression of the resistance gene and CpFatB1, but does not guarantee all 
individuals within a community are expressing the genes. Non-producers have a growth 
advantage due to the burden of CpFatB1. Addition of chloramphenicol prevents growth of any 
individuals not producing the resistance gene and consequently CpFatB1. (d) Octanoic acid 
production coupled with OptoCre-cat measured by GC-MS. (e) Octanoic acid production coupled 
with OptoCre-tetA measured by GC-MS. Significance was determined using a two-tailed Welch’s 
t-test: *, P < 0.05; n.s. not significant. Error bars show standard deviation around the mean (n = 3 
biological replicates).  
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Comparing the OptoCre-cat and OptoCre-tetA constructs, we found that while 

OptoCre-cat showed higher production overall, OptoCre-tetA showed a greater increase 

in production with increasing antibiotic concentrations over the range tested. This could 

be due to the difference between resistance types (enzymatic vs. efflux) and their impact 

on population dynamics, or the different promoters of the constructs (P vs. Ptet), 

suggesting that these constructs and their induction could likely be optimized further to 

increase production. This work shows the potential of using light to control antibiotic 

resistance for metabolic engineering and bioproduction applications. 

 
 

3.5. Discussion 

We have developed and optimized optogenetically controlled systems for four 

antibiotic resistance genes. Using a blue light-inducible Cre recombinase, we have shown 

activation of bla, knt, cat, and tetA to induce resistance over a range of antibiotic 

concentrations. These resistance genes span multiple mechanisms and represent 

antibiotics and resistance genes commonly used in synthetic biology and microbiology 

labs. A crucial aspect of designing inducible resistance is the level of expression in the 

uninduced and induced states, and optimal levels vary dramatically with the strength of 

the resistance gene. Therefore, we tested promoters, RBSs, and enzyme mutants of 

varying strength to find constructs that show optimal basal expression and fold changes 

of resistance activation. To control copy number at the DNA level, we also compared 

constructs chromosomally-integrated in the nupG region and on a p15A medium copy 

plasmid, which improved flexibility in experimental design. We found that optimizing 
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resistance induction constructs at the promoter, RBS, enzyme, and copy number levels 

can be used as a generalizable approach, providing multiple options for altering 

expression to allow for flexibility in construct design to meet experimental constraints. 

For example, studies which require a native promoter, specific plasmid origin, or 

particular resistance protein to be compatible with other elements of the strain design, can 

be accommodated as this system is adapted to different use cases or other resistance 

genes. This system also allows for the expansion of resistance genes beyond the ones 

shown here, using the optimization approaches mentioned above. Future experiments 

characterizing expression directly could also be an effective route for further optimizing 

designs. Using techniques like qPCR or Western blots could enable relative measurement 

of transcription and translation levels, or protein fusions with a fluorophore could enable 

measurement in cases where the fusion is known not to impact function. 

We selected the four antibiotic resistance mechanisms here to be broadly 

applicable for both synthetic biology and microbiology uses. These antibiotics and 

resistance genes are often used as plasmid selection markers and in synthetic biology 

control systems.58,132 As an example of an application, these constructs have the potential 

to be applied to single-cell selection in microfluidic systems. Selection of single cells of 

interest from a microfluidic device is a challenge, and current methods require complex 

optical traps and valve-based microfluidic devices.123 Combining light-inducible 

resistance with a DMD16 for precise targeting of light would allow for antibiotic selection 

of a cell line of interest from device outflow, without any chip modification or additional 

hardware requirements beyond light exposure. Using light also allows integration into 
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computational workflows, potentially facilitating automated screening and selection for 

phenotypes of interest. The permanent switch would ensure that the selection signal is not 

lost, allowing progeny of selected bacteria to be harvested for characterization at any 

point after activation. Additionally, given the prevalence of recombinases in cellular 

logic,40 this system could be modularly integrated with larger recombinase circuits as a 

logic output controlling cell survival. For instance, recombinase-controlled resistance 

genes could be broadly used to regulate cell survival only if certain environmental 

conditions (e.g. small molecule, light, or temperature) are met.40 In these cases, it may be 

worth using a constitutive version of OptoCreVvd2, rather than the IPTG-inducible 

version used here, to simplify the workflow and minimize chemical induction 

requirements. As both recombinases and the selected resistance genes are commonly used 

in synthetic biology, this allows for optogenetic control to be straightforwardly 

incorporated into existing genetic systems. 

Further, we envision these light-inducible antibiotic resistance genes being useful 

as a synthetic system for studying horizontal gene transfer. These systems are well-suited 

to examine how single-cell resistance gene acquisition events lead to population 

expansion or decline. Being able to permanently activate resistance gene “acquisition” 

using light removes the need to rely on observations of infrequent and stochastic natural 

horizontal gene transfer events. Notably, bla is particularly problematic in clinical 

settings,136 and known to be transferred extensively when the gut is exposed to 

ampicillin.126 Recent studies looking at single-cell instances of horizontal gene transfer 

have also shown that quorum sensing and biofilm structures can be important in initiating 
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transfer events,160,161 however experiments thus far have been limited to the study of 

infrequent horizontal transfer events. Critically, because not all resistance acquisition 

events lead to the proliferation of resistant populations,162 synthetic control of resistance 

acquisition could reveal when and how cells acquiring resistance proliferate. In the 

future, this system could also be modified to enable resistance to be turned off or 

controlled reversibly, allowing for both resistance acquisition and loss studies. Using 

light as an inducer also enables studies with spatial dynamics, beyond what could be 

achieved using chemical induction. However, light penetration may become an issue for 

complex 3D spatial geometries. Overall, the spatial and temporal control afforded by 

these optogenetic systems could allow researchers to determine what cellular 

arrangements and antibiotic treatment schedules lead to expansion or collapse of 

microbial communities consisting of resistant cells and their susceptible neighbors.162,165  

This system also provides novel benefits to synthetic bioproduction systems, 

which we demonstrated in a pilot study using CpFatB1 to increase production of octanoic 

acid. Although efficient, the expression and enzymatic activity of CpFatB1 are taxing at 

high levels, resulting in a growth advantage for non-producers and potentially giving rise 

to cheaters.164,166 By coupling expression of a resistance gene with the bioproduction 

enzyme, we can limit growth to only cells expressing CpFatB1, further increasing yield 

over the equivalent system with light induction alone. This work can be expanded to 

other bioproduction enzymes of interest, or co-expressed with multiple genes to require 

expression of several enzymes in a pathway for growth. 

Antibiotic resistance genes are ubiquitous and fundamental tools of synthetic 
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3.6. Methods 

Strains and plasmids 

All antibiotic resistance assays use E. coli strain MG1655. We constructed 

plasmids using the Gibson assembly method,116 or using Golden Gate assembly167 in cases 

where the constructs contained fragments under 100 base pairs in length (Table AII-1). 

Chromosomally integrated constructs were inserted using the Lambda Red recombinase 

system117 downstream of nupG (forward homology site: 

GGTTCTGGCCTTCGCGTTCATGGCGATGTTCAAATATAAACACGT, reverse: 

GGCGTGAAACGGTTGTACGGTTATGTGTTGAAGTAAGAATAA). Antibiotic 

resistance cassettes flanked with FRT sites were used to select successful integrations (we 

used knt for bla and cat activation constructs, cat for knt and tetA activation constructs); 

these cassettes were then cured using a plasmid-based Flp recombinase on a temperature 

sensitive origin following the protocol from Datsenko and Wanner.117 Finally, we cured 

the temperature sensitive plasmid before subsequent experiments.  

The plasmids used for OptoCreVvd2 expression were derived from Sheets et al.133 

For bla activation studies, we changed the plasmid selection cassette from bla to cat, 

using the gene from the BglBrick plasmids58 and primers listed in Table AII-1. The 

antibiotic resistance activation plasmids were made by changing the respective promoter, 

RBS, and reporter gene of pBbAk-W4-loxTTlox-mRFP1 from Sheets et al.133 Plasmid 

origins of replication and sequences for bla, knt, and cat were taken from the BglBrick 

plasmid series.58 The catT172A mutation was taken from Ciechonska et al.152 We thank 

Caroline Blassick for creating the catT172A mutant and Mark Isalan for pointing us to this 
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variant. The sequence for tetA was obtained from AddGene plasmid #74110 (pRGD-

TcR) deposited by Hans-Martin Fischer.168 The sequence for CpFatB1.2-M4-287 was 

obtained from Hernández Lozada et al. and synthetized using Twist Bioscience.164 

Constitutive CpFatB1.2-M4-287 expression strains were created by co-transforming the 

same reporters used for the light expression experiments with pBbE5a-Cre, which acts 

constitutively. All plasmid-based resistance constructs contain the p15A origin. Plasmid-

based constructs for knt activation contain cat as a selection marker, and constructs for 

bla, cat, and tetA activation contain knt as a plasmid selection marker. Positive controls 

for bla and tetA contain the respective gene with its native promoter and RBS on a 

plasmid with the p15A origin. Positive controls for knt and cat contain the respective 

gene with its native promoter and RBS on a plasmid with the p15A origin for studies 

using a plasmid-based reporter, or integrated into the nupG region for studies using 

chromosomally integrated reporters. Promoters used were medium, medium-low, and 

low-strength variants of T7 A1,115 denoted P (TTATCAAAAAGAGTA TTGCAT 

TAAAGTCTAACCTATAG GAATCT TACAGCCATCGAGAGGGACACGGCGAA), 

P* (TTATCAAAAAGAGTA TTGTCT TAAAGTCTAACCTATAG GATTCT 

TACAGCCATCGAGAGGGACACGGCGAA), and P** (TTATCAAAAAGAGTA 

TTGTAA TAAAGTCTAACCTATAG GATTTT 

TACAGCCATCGAGAGGGACACGGCGAA). Underlines indicate mutations from the 

original T7 A1 promoter. Ribosome binding site R is the RBS of gene 10 in the T7 phage 

(TTTAAGAAGGAGATATACAT).148 R* (ATCACTCTACGGCCAGCTGCAAAC) 

was computationally designed using De Novo DNA version 2.1 to have a 10x weaker 
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translation strength (14.8 A.U.) compared to R (148 A.U.), and R’ 

(TTTGTTTAATTACTAAGCGGGAGGTTAT) was designed for increased translation 

strength (100,000 A.U.).149,169 The rrnB terminator BBa_B0015, used in the original 

pBbAk-W4-loxTTlox-mRFP1 from Sheets et al.,133 was used as the loxP-flanked 

terminator in all constructs unless otherwise noted. The strong synthetic terminator 

L3S2P21154 was synthesized by IDT and cloned into an mCherry variant of the original 

fluorescent reporter plasmid. Primers used to change each of these elements are included 

in Table AII-1. Plasmids and strains from this study and their sequences are available on 

AddGene (https://www.addgene.org/Mary_Dunlop/). 

 

Blue light exposure 

Strains were grown overnight from a single colony in selective LB media 

containing 100 μg/mL carbenicillin, 30 μg/mL kanamycin, or 25 μg/mL chloramphenicol 

as required for plasmid maintenance. Cultures were refreshed 1:100 in selective M9 

minimal media (M9 salts supplemented with 2 mM MgSO4, 0.1 mM CaCl2, and 0.1% 

glucose) for two hours with 100 μM IPTG for induction of OptoCreVvd2 split 

recombinase production. Cultures were then either exposed to blue light or kept in the 

dark for two hours. Light exposure was performed using a 24-well light plate apparatus 

(LPA)104 using 1 mL cultures with two 465 nm wavelength LEDs per well (ThorLabs 

LED465E), with a total output of 120 μW/cm2 per well. For the light intensity variation 

experiment, the LPA was used to deliver 5, 60, or 120 μW/cm2 for 0.5, 1, or 2 hours 

following the same protocol. 
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Minimum inhibitory concentration measurement 

Minimum inhibitory concentrations (MICs) were measured based on the protocol 

outlined in Wiegand et al.170 Antibiotic stocks were made by dissolving the antibiotic in 

sterile distilled water (carbenicillin, kanamycin, tetracycline) or 99% ethanol 

(chloramphenicol), with concentrations normalized for potency based on CLSI 

standards.171 Assay plates for measuring the MIC were prepared by performing serial 

dilutions of antibiotic in 100 μL M9 minimal media in 96-well plates. Low glucose media 

was used to reduce growth variability by creating carbon-limiting, rather than nutrient-

limiting, growth conditions.146 Antibiotic concentrations were selected to include values 

that spanned the MIC levels for the dark and light state cultures in each experiment. 

Immediately following light exposure, cultures were normalized by dilution to the lowest 

optical density (OD) of each experiment. Normalized cultures were then diluted 1/25 into 

96-well plates in triplicate and grown overnight for 18 hours at 37°C. The OD absorbance 

reading of each well was then measured at 600 nm (OD600) using a BioTek Synergy H1 

plate reader. Post-sample sequencing for OptoCre-cat reporter strain alone was done on 

liquid culture from the 0 μg/mL and 75 μg/mL (just below MIC) growth conditions, at 

the end of the 18-hour growth period for samples shown in Figure AII-2. Samples were 

amplified using Phusion polymerase by forward (AAGCCATCCAGTTTACTTTG) and 

reverse (CCAGCTGAACGGTCTGGTTATAGG) primers to encompass the terminator 

region.  
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Colony forming unit measurement 

Colony forming units (CFU) were measured following the micro-spotting 

protocol outlined in Sieuwerts et al.172 After MIC plates were grown overnight for 18 

hours, cultures were serially diluted 1:10 in 1x M9 salts in a 96-well plate. Dilutions from 

10-1 to 10-6 were spot-plated, with 5 μL on LB-agar plates in duplicate for each well (n = 

6 for each condition). Plates were grown overnight at 37°C and colonies were counted by 

hand the next day for the lowest dilution with countable colonies for each sample. CFU 

counts per mL were then calculated by multiplying dilution level by the average number 

of colonies counted by per condition, normalizing for the 5 μL volume plated. 

 

Microscopy and image analysis 

Strains were grown overnight from a single colony in selective LB media. 

Cultures were refreshed 1:100 in selective M9 minimal media for two hours with 100 μM 

IPTG for induction of OptoCreVvd2. Samples were then placed on 1.5% low melting 

agarose pads made with M9 minimal media containing 100 μM IPTG and 400 μg/mL 

kanamycin (knt activation) or 60 μg/mL chloramphenicol (cat activation). Samples were 

grown at 30°C to prevent pads from drying out, and imaged every 15 minutes (knt 

activation) or 20 minutes (catT172A activation) for 18 hours. For whole-frame illumination 

experiments, cells were imaged at 100x using a Nikon Ti-E microscope. Blue light 

exposure was provided by a LED ring (Adafruit NeoPixel 1586), which was fixed above 

the microscope stage and controlled by an Arduino with a custom MATLAB script for a 

total output of 330 μW/cm2. Images were segmented and analyzed using the DeLTA 2.0 
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software.173 Cell divisions were annotated by hand. For digital micromirror device 

(DMD) experiments illuminating half of the field of view, cells were imaged at 100x 

using a Nikon Ti-2 microscope. Light exposure was provided by a DMD (Mightex 

Polygon400) connected to the illumination light path of the Nikon Ti-2 chassis. Light 

from the DMD was passed through a 10% neutral density filter (Chroma UVND 1.0) for 

a total of 1.2% power, or 160 mW/cm2, for 4 out of 5 minutes for each imaging cycle. An 

Arduino Uno microcontroller was used to synchronize the camera, the illumination 

source, and the DMD for image acquisition.174 

 

Fatty acid production and measurement 

Strains were grown overnight from a single colony in selective LB media. 

Cultures were refreshed 1:50 in selective M9 minimal media containing 2% glucose175 

and 100 μM IPTG for strains with OptoCreVvd2. Cultures were grown to an OD600 ≈ 

0.2.  Induced cultures containing OptoCreVvd2 were then exposed to blue light for two 

hours. Immediately following light exposure, 150, 300, or 600 μg/mL chloramphenicol or 

1.5, 3, or 6 μg/mL tetracycline was added to OptoCreVvd2 induced cells. Following 20 

hours of growth post light induction, 400 μL of the cultures were taken and prepared for 

gas chromatography-mass spectrometry (GC-MS) quantification. Constitutively 

expressed CpFatB1 strains were grown in identical conditions but did not receive light or 

antibiotic. Fatty acid extraction and derivatization into fatty acid methyl esters was 

completed as described by Sarria et al.176 An internal standard of nonanoic acid (C9) was 

added to the sample at a final concentration of 88.8 mg/L and vortexed prior to 
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extraction. The samples were analyzed with an Agilent 6890N/Agilent 5973 MS detector 

using a DB-5MS column. The inlet temperature was set to 300°C with flow at 4 mL/min. 

The oven heating program was initially set to 70°C for 1 min, followed by a ramp to 

290°C at 30°C/min, and a final hold at 290°C for 1 min. The nonanoic internal standard 

was used for quantification of octanoic acid titer. 

 

Statistical analysis 

OD600 values in MIC curves and bar plots are reported as the mean of three 

samples ± the standard deviation. Colony count values for CFU measurements are 

reported as the mean of six samples consisting of two dilutions and platings for each MIC 

data point. Fatty acid production measured using GC-MS is reported as the mean of three 

biological replicates for each condition ± the standard deviation. Statistical significance 

(P value) for fatty acid production was assessed using a two-tailed Welch’s t-test. 
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CHAPTER 4. Efforts toward understanding the impact of resistance activation 

timing 

4.1. Introduction 

 Understanding how bacteria gain resistance to antibiotics is vital to dealing with 

antibiotic resistance as a public health issue. Horizontal gene transfer (HGT), where 

bacteria acquire a resistance gene from the environment or another bacterium, is a major 

mechanism of resistance spread.69 The impacts of HGT are seen at many scales: the 

single-cell event of DNA uptake and resistance gene expression, spread of single resistant 

cells to a population or problematic infection, and the broader spread of resistance genes 

and bacteria between people or in the environment. Many of the molecular mechanisms 

of gene acquisition at the molecular level are well understood, and important to 

developing novel antibiotics.70,71 Similarly, the human population and global spread of 

resistance is highly studied, leading to knowledge that can impact public health policies 

and medical practices.72,73 Recently, there has been increasing interest at bridging these 

two scales.  

 Characterizing when individual gene acquisition events lead to the spread of a 

resistant population is vital to understanding how to prevent problematic resistant 

infections. Due to various environmental factors, not all resistance acquisition events lead 

to the spread of a resistant population.75,162 Studies documenting the spatiotemporal 

dynamics of the initial acquisition of the resistance can inform which treatment plans 

could best prevent different types of resistant infections in a clinical setting. Recent work 

in this area has shown promising results, revealing that tetracycline resistance, even when 
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attained after tetracycline exposure, can lead to survival in E. coli.74 This is not true for 

all antibiotics however, as a recent study showed that kanamycin resistance events after 

kanamycin exposure do not lead to survival and proliferation in a multispecies context.75 

Within this class of studies, it is not clear how the nature of the antibiotic (bacteriostatic 

vs. bactericidal) and type of resistance (efflux-based vs. enzymatic) impact cell survival. 

The OptoCreVvd-based antibiotic resistance induction system can serve as a 

model for horizontal gene transfer, where a resistance gene is suddenly switched “on” in 

a similar manner to horizontal acquisition. The standardization the system provides can 

create more direct comparisons between antibiotic classes and resistance types, giving a 

clear understanding of how these factors lead to resistant population survival or collapse 

at the single cell level. This chapter makes the first steps towards studies characterizing 

the environmental factors that lead to cell survival or death after antibiotic resistance 

activation. 

 When understanding the temporal dynamics of resistance acquisition, having a 

clear idea of when resistance genes are activated by OptoCreVvd will be important to 

understanding how resistance acquisition relative to antibiotic dose timing impacts cell 

survival. As an orthogonal output, we couple the resistance constructs developed in 

Chapter 3 with fluorophores. By visualizing fluorescence over time, we can get a closer 

understanding of when single cells and populations begin to produce resistant proteins, 

and how this leads to survival or death events. Ultimately, we hope to characterize the 

impact of resistance acquisition timing on cell survival at the single-cell and population 

level for all four antibiotics used here.  
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To aid future resistance construct development and optimization, we also develop 

a two-fluorophore Cre “stoplight” reporter and a red light-inducible Cre recombinase. 

The stoplight reporter can be used to test alternate terminators and activation 

architectures, with a clearer ratiometric output showing when bulk cultures and single 

cells are in pre- or post-recombination states. The red light-inducible CreREDMAP could 

be used in conjunction with blue or green light-inducible tools for multi-level control of 

gene expression. 

4.2. Simultaneous activation of resistance and fluorescence 

 Coupling resistance and fluorescence activation allows us to precisely understand 

when and how strongly cells begin expressing resistance genes activated by OptoCreVvd. 

Two straightforward ways to couple gene expression is through transcriptional fusions, 

where the genes are placed under the same promoter (and here, after the same lox-flanked 

terminator) but with separate ribosome binding sites, or translational fusions, where the 

genes are expressed under the same ribosome binding site and connected physically by a 

short flexible protein linker. Both have approaches advantages and drawbacks. 

Transcriptional fusions can enable different expression levels of each protein, and are less 

likely to interfere with protein function. However, the two proteins may not fold at the 

same rate, and these different expression levels make comparison slightly more 

qualitative. Additionally, all spatial information about the protein of interest is lost. As an 

inverse, translational fusions can give more quantitative and spatial information about the 

protein of interest, but may interfere with protein function or localization. We attempt 

both approaches here to varying success. 
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 We first set out to develop a resistance co-expression system with the p15A-based 

OptoCre-catT172A-P-R, due to its large antibiotic resistance induction window on a 

plasmid backbone. For a fluorophore we chose mCherry, because its fluorescence 

absorption and emission spectra are orthogonal to the blue light used to activate 

OptoCreVvd and will minimize the chance of basal activation. We initially found that a 

similar RBS strength to the one used for the resistance genes did not give readable 

fluorescence when placed after cat. To increase fluorescence to readable levels, we then 

tested multiple stronger RBSs (Figure 4-1a). RBS sequences were created using the De 

Novo DNA “RBS Control” program to have strengths of 103, 104, 105, and the maximum 

possible strength of 2.4 million.149 For reference, the RBS used for cat and initially tested 

for mCherry was predicted to have a strength of 150 (Table 4-1). Fluorescence activation 

was clear with R100,000 and R2M, and the addition of a strongly expressed fluorophore did 

not have a substantial impact on resistance activation. 

 In addition to the successful transcriptional fusion, we also tested translational 

fusions with an eight amino acid flexible GS linker (GGGSGGGS) to mCherry or sfgfp 

(Figure 4-1b). The green fluorescent superfolder gfp was chosen due to its bright 

fluorescence and rapid maturation time of around 15 minutes, comparable to 

mCherry.177,178 These fusions also did not appear to dramatically impact resistance 

induction, and both gave readable fluorescence levels. However, sfgfp fluorescence gave 

a much clearer signal, suggesting that despite its absorption spectra overlap with the 

spectra of OptoCreVvd, it may be a better candidate for translational fusion. Moving 

forward, brighter red fluorescent proteins could also be promising fusion candidates.179 
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discussed in Chapter 3 and the weaker expression of the second position gene found 

when developing cat-mCherry, a potential approach to increase fluorescence readout and 

decrease basal bla expression was to place bla after mCherry. We tested chromosomal 

reporters with R-bla and R*-bla after mCherry, and inversely found that positioning after 

mCherry increased bla expression with RBS R (Figure 4-2b). Resistance levels were 

raised from 300 µg/mL carbenicillin in the dark and 1200 µg/mL in the light with bla 

alone, to resistance levels over 6400 µg/mL. This may be due to changes in the sequence 

before the bla RBS strengthening its ribosomal affinity, or cryptic RBS or promoter 

sequences in mCherry. Replacing R with R* before bla lowered the carbenicillin 

resistance range, but also decreased fluorescence below readable levels, even though the 

RBS before mCherry was unchanged.  

We then tested both R and R* versions on the p15A plasmid (Figure 4-2c), and as 

expected found resistance and fluorescence levels to be higher. A construct with 

mCherry-R*-bla showed both readable fluorescence and resistance activation, however 

the induction window between light and dark states was at much higher concentrations 

than the original OptoCre-bla, now ranging from 800 µg/mL carbenicillin in the dark to 

3200 µg/mL in the light (Figure 4-2c). In an attempt to lower resistance while keeping 

visible fluorescence, we again used De Novo DNA to design a weaker RBS with a 

strength of 10, RBS**.149 We found that this lowered the resistance activation 

concentration somewhat, but kept a readable fluorescence level (Figure 4-2d). We are 

unsure why changing the RBS after mCherry changes fluorophore expression, but may 

have to do with spatial ribosome allocation, unintended changes to transcription, or other 
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unknown factors. 

For bla and mCherry co-expression, we also tested a translational fusion with 

mCherry fused to the N-terminal of bla with the same flexible GS linker used previously. 

We found that this fusion showed high levels of resistance at all concentrations tested, 

but clear fluorescence (Figure 4-2e). Optimization of other translational variants using 

sfgfp or brighter red fluorophores with a weaker RBS or promoter may lead to inducible 

resistance and fluorescence. However, as bla is known to be exported in extracellular 

vesicles,181,182 translational fusions may risk changing the community-level impacts of 

bla unless fully characterized. 

 

 
Figure 4-2. Impact of gene order on carbenicillin resistance and fluorescence.  

(a) Growth and fluorescence data across antibiotic concentrations for chromosomally-integrated 
transcriptional fusions of R bla and R2M mCherry, and (b) R mCherry and R or R* bla. (c) 
Growth and fluorescence data across antibiotic concentrations for p15A plasmid-based 
transcriptional fusions of R mCherry and R or R* bla, and (d) R mCherry and R** bla. (e) 
Growth and fluorescence data across antibiotic concentrations for p15A plasmid-based 
translational fusions of R mCherry and bla. 
 
 With the understanding gained from cat and bla fluorescence co-activation 

experiments, we developed similar constructs for knt and tetA. Given the potent 
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resistance activity of the knt enzyme, we used a similar approach as with bla and placed 

R*-knt after mCherry. This did raise the expression levels of knt above those seen when 

placed directly after the lox sites (from 15–40 µg/mL to 200–800 µg/mL kanamycin), but 

showed clearly readable fluorescence. 

 Given the strong promoter needed for phenotypic resistance with tetA, placing a 

fluorescent reporter after the gene showed a clearly readable fluorescence, even with a 

medium-strength promoter before the fluorophore. This did not substantially change the 

resistance activation window of tetA. 

 

 
Figure 4-3. Resistance and fluorescence activation constructs.  

Growth and fluorescence data across antibiotic conditions for mCherry-R**-bla, mCherry-R*-knt, 
catT172A-R2M-mCherry, and tetA-RB0034-sfgfp. 
 

 With these, we have developed four inducible resistance constructs which co-

activate with fluorescence. Future optimization could be done to improve resistance 

activation windows, particularly for bla and knt, while still showing clear fluorescence. In 
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particular, use of brighter fluorophores may enable fluorophore genes to be placed after 

resistance genes, so constructs do not need to be optimized separately with and without 

fluorescence. Brighter red fluorophores may be especially useful,179 so fluorescence 

readout does not interfere with OptoCreVvd activation. Alternate protein co-expression 

systems could be considered, such as self-cleaving peptides183 to more directly couple 

resistance and fluorescence expression without compromising resistant protein function. 

Ultimately, these co-expression systems will allow us to precisely understand the impact 

of resistance activation timing on single-cell and population-level survival by visualizing 

when and how strongly resistance genes are expressed after activation. 

4.3. Resistance timing activation 

With co-expression of resistance and fluorescence established, future experiments 

can characterize the impact of resistance acquisition timing on bacterial survival. This 

can be done at two levels: in bulk populations and in single cells. The impact of timing on 

population survival can tell us how groups of cells expressing resistance at different times 

can survive or collapse. We hypothesize this population-level survival will be impacted 

most by antibiotic resistance mechanism. It is known that some resistance types have a 

protective effect on nearby susceptible cells, such as beta-lactamases which are secreted 

in outer membrane vesicles of resistant E. coli and allow nearby susceptible cells to 

survive in the presence of ampicillin.181 Alternately, efflux pumps like tetA are likely to 

have a negative effect on the growth of nearby susceptible cells by increasing the local 

concentration of antibiotic, as has been shown with acrAB.184 However, it is not 

immediately apparent how these different resistance mechanisms will impact the survival 
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of entire mixed populations of susceptible and resistant cells, and whether the timing of 

resistance acquisition compared to antibiotic exposure will impact these dynamics. 

Additionally, the different cellular impacts of bactericidal and bacteriostatic antibiotics 

may further affect how gene acquisition timing impacts antibiotic survival. Here, we 

hypothesize that resistance genes will need to be activated substantially before the 

introduction of antibiotic to confer a survival advantage for bactericidal antibiotics, but 

not for bacteriostatic antibiotics.74,75 

Similarly, single-cell data may illuminate how these changes in resistance and 

antibiotic type impact the temporal dynamics of bacterial survival when acquiring 

resistance. Future work may use microfluidic devices like the “mother machine,” which 

enables long-term tracking of individual cell linages.185,186 Microfluidic single-cell 

tracking has enabled discoveries including efflux pump partitioning187 and the 

mechanisms of cell-size control and homeostasis.188,189 Here, we can use the mother 

machine to track individual cells over the course of resistance activation and antibiotic 

survival, and examine the impact of single-cell resistance activation times and intensities 

to differences in survival. This research could be expanded with devices like the family 

machine, which has already been used to characterize the impact of quorum sensing on 

horizontal gene transfer.161,190 Here, long-term tracking of microbial populations can be 

used to map the impacts of individual resistant cells on the individual susceptible cells 

around them. This level of understanding can bridge the gap between single-cell and bulk 

population data, allowing us to understand how single-cell resistance behaviors over time 

impact the survival of the population as a whole for different resistance and antibiotic 
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types. This data can be used to distinguish how these behaviors lead to patient- or 

ecosystem-scale proliferation of antibiotic resistance in a clinical setting, and what 

cellular-level interventions can best prevent the spread of resistance. 

4.4. Dual-fluorescence Cre stoplight reporter 

Although the current resistance activation reporters are functional, further 

optimization focused on improving the lox-terminator architecture may be fruitful. A 

more generic optimization of the activation construct would be helpful across resistance 

genes to decrease basal expression and increase fold change, and could broadly apply to 

the activation of other genes of interest. To this end, we constructed the dual reporter 

“Cre stoplight” system,191 where a red fluorescence gene is excised and a green 

fluorescence gene is activated (Figure 4-4a). This system enables direct reporting of pre- 

and post-recombination states, and would be useful for testing future recombinase or 

reporter variants. We found that this system behaved similarly to the original reporter, 

with a clear change in each fluorophore after light exposure. We characterized the system 

activation through bulk culture measurements (Figure 4-4b,c), as well as single-cell 

microscopy (Figure 4-4d,e,f). Overall, this system can be applied generally for testing 

future recombinases and reporters by enabling a clearer output of both pre- and post-

recombination states through a ratiometric comparison of fluorophores. For instance, it 

could be used to test a wider variety of terminators in this reporter, in a similar manner to 

the terminator characterization in Chen et al.154 It could also be useful for dual-sorting 

cells in pooled screenings for novel recombinase constructs. This also points to the 

potential for more complex levels of gene control using OptoCreVvd2, through activation 
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and deactivation of multiple genes simultaneously. 

 

 
Figure 4-4. Cre stoplight reporter.  

(a) Recombination of the stoplight reporter excises mCherry and a transcription terminator before 
sfgfp, allowing sfgfp expression after recombination. (b) Light activation dynamics of the 
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stoplight in liquid culture. (c) Cultures of the stoplight reporter with varying light exposure 
spotted onto an agar plate. (d) Single-cell images of the stoplight reporter with varying light 
exposure (scale bar = 2 µm). (e) Single-cell microscopy fluorescence averages of the stoplight 
reporter with varying light exposure. Error bars show standard deviation around the mean (n = 
~100). (f) Single-cell red and green fluorescence data for the stoplight reporter with varying light 
exposure. The large dot for each color represents the mean.  
 
 

4.5. Red light-inducible Cre recombination 

A red light-inducible Cre recombinase can enable new uses and applications than 

a blue-light inducible system. Red light induction can be multiplexed with other blue 

light-activated systems,21,23,29 or even the Flp-Mag construct developed in Chapter 2.  

Red light penetrates deeper into tissue than blue light,192 and has been shown to work on 

optogenetic activation of Caenorhabditis elegans gut microbiota.31 In this way, a red 

light-activated recombinase may be a more functional tool for studying activation of 

antibiotic resistance in the gut. Similar to Vvd or Magnets, the REDMAP system consists 

of miniaturized PhyA and FHY1 dimers from Arabidopsis thaliana, which instead 

dimerize with red (660 nm) and dissociate with far-red (730 nm) light.193 A promising red 

light-induction strategy is to use the red light-inducible REDMAP dimers, which were 

previously shown to work for kinase and CRISPR/Cas control in mammalian systems.193 

Here, we use the REDMAP dimers in E. coli to create a red light-inducible Cre 

recombinase. 

We constructed REDMAP-split systems using Cre, Flp, and FlpO,194,195 a 

mammalian-optimized but less temperature-sensitive version of Flp (Figure 4-5a). We 

split Cre recombinase at the site used in OptoCreVvd2, N43/N44. We split Flp at 

L374/K375, one of the most optimal split sites found to work with Magnet photodimers 
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in Chapter 2. Additionally, REDMAP dimers require phycocyanobilin (PCB) as a 

cofactor to sense red light, which is not natively produced in E. coli. We co-transformed 

recombinase and reporter plasmids with pNO286-3 from the CcaSR system, which 

contains the heme oxygenase-1 (ho1) and phycocyanobilin:ferredoxin oxidoreductase 

(pcyA) genes required for PCB synthesis.25 

We conducted an initial tested exposing each system to 12 hours of red or blue 

light at 37°C, and included OptoCreVvd2 as a control (Figure 4-5b). We found 

CreREDMAP showed substantial recombination under red light, and some basal 

recombination in the dark or under blue light. Both FlpREDMAP and FlpOREDMAP 

showed no recombination. We then characterized the responsiveness of CreREDMAP to 

varying amounts of red light, and OptoCreVvd with or without the genes for PCB 

production to varying amounts of blue light (Figure 4-5c). This was to ensure that the 

PCB production genes did not affect the performance of OptoCreVvd or the lox reporter. 

We saw that although CreREDMAP began activating fluorescence at similar levels to 

OptoCreVvd after 0.25 hours of light exposure, CreREDMAP appeared to cap at lower 

fluorescence levels than OptoCreVvd. This could be because of a lack of activity, or 

other intracellular factors impacting CreREDMAP expressing cells. REDMAP is fairly 

large compared to Vvd, where even the miniaturized PhyA and FHY1 used are 617 AA 

and 202 AA respectively, while Vvd is only 153 AA. Additionally, the red light intensity 

in the optoWELL device used in this system is almost four times weaker than the blue 

light intensity, leaving plenty of room for protocol optimization. Overall though, 

CreREDMAP shows very promising initial performance. 
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Figure 4-5. Red light-inducible recombination using REDMAP.  

(a) Light-inducible recombinases using Cre-Vvd, Cre-REDMAP, Flp-REDMAP, and FlpO-
REDMAP. (b) Induction of REDMAP systems kept in the dark, blue light, or red light for twelve 
hours. (c) Induction of OptoCreVvd2 with or without PCB production genes with 0 to 8 hours of 
blue light exposure, and of Cre-REDMAP with PCB production genes with 0 to 8 hours of red 
light exposure after overnight refresh. Error bars show standard deviation around the mean (n = 
3). 
 

Due to the temperature sensitivity of Flp recombinase found in Chapter 2, we also 

tested FlpREDMAP constructs with 12 hours of red or blue light at 30°C (Figure 4-6). 

We found minimal but clear activation of FlpOREDMAP under these conditions. 

Notably, FlpOREDMAP shows similar performance to PA-Flp using the same 



90 
 

 

L374/K375 split site. This indicates that the two could potentially be further optimized in 

parallel at the protein and protocol levels similar to OptoCreVvd, leading to blue-

inducible Cre and red-inducible Flp or the inverse. It is also interesting that 

FlpOREDMAP shows induction only at 30°C where FlpREDMAP does not, as FlpO is 

optimized for improved function at higher temperatures compared to Flp,194 which may 

point to further protocol optimization strategies by further lowering the temperature and 

ensuring that optoWELL is not heating samples beyond incubator temperatures. Overall, 

FlpOREDMAP shows additional promise for multi-color multi-recombinase gene 

control. 

 

Figure 4-6. Induction of Flp-REDMAP constructs at 30°C. 

Induction of Flp-Mag and Flp-REDMAP systems kept in the dark, blue light, or red light for 
twelve hours at 30°C. 
 

A red light-inducible recombinase opens possibilities for multiple interesting 

applications, including control of engineered cells within the gut microbiota31 or 

multiplexed gene control with other blue light-activated systems. In particular, future 
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efforts to functionalize a red light-inducible Flp recombinase may be valuable. It is likely 

that red light-inducible Flp could be developed using similar optimization techniques to 

those used for OptoCreVvd and the blue light-inducible Flp-Mag in Chapter 2. 

Specifically, a red light-inducible Flp could be a powerful tool for multiplexed 

recombinase-based control with OptoCreVvd.  In future experiments, we could test 

alternate photodimers such as PhyB/PIF196 or RedMag,197 as well as different split sites, 

protein linker lengths, or light exposure timing. In tandem, multi-color control of 

recombinases could enable more dynamic gene regulation, multi-gene regulation, or 

genetic circuit design. With a red light-inducible Flp complete, we could then turn genes 

on with blue light and off with red (or vice versa), control different genes with different 

wavelengths, or create separate light-sensing systems within the same cell. Overall, the 

development of CreREDMAP here shows that REDMAP can function in the bacterial 

chassis E. coli, and opens the possibility for a variety of other bacterial red light-inducible 

split proteins. 

 
4.6. Discussion 

 The tools developed here will enable further research into how the timing of 

antibiotic resistance acquisition impacts bacterial survival at the population and single-

cell level. By co-activating resistance and fluorescence, we can characterize precisely 

when cells begin to express resistance genes, and compare single-cell or population-level 

variances to understand what conditions allow resistant bacteria to proliferate. The dual-

color stoplight reporter will assist with future optimization of Cre-activated resistance 

cassettes, with new designs that may further reduce basal expression levels or increase 
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total expression for a next generation of inducible resistance genes. Finally, red light-

inducible recombination shows the potential to be multiplexed with existing blue light-

inducible systems and be applied to control engineered cells in the gut. 

In particular, the optogenetic nature of these systems can allow for novel studies 

exploring the spatial impacts of antibiotic resistance on nearby susceptible cells. It is 

known that beta-lactamases have a protective effect on susceptible neighbors,181 and 

likely that the tetracycline efflux pump will harm nearby cells by increasing local 

antibiotic concentrations.184 Through spatial patterning with a digital micromirror device, 

we can create cell geometries that let us explore more precisely how different resistance 

and antibiotic types shape interactions between resistant cells and susceptible neighbors. 

The inducible nature of our system also allows us to explore how populations change 

when these impacts first emerge, as would be seen with horizontal gene transfer or the 

initial acquisition of a resistant pathogen in the gut. It is our hope that this preliminary 

work will act as a precursor to a wide variety of experiments examining what 

environmental and cellular factors in single cell resistance acquisition lead to bacterial 

population-scale survival, and help inform future treatment strategies to prevent the 

further spread of antibiotic resistance.  

4.7. Methods 

Strains and plasmids 

All experiments use E. coli strain MG1655. We constructed plasmids using the 

Gibson assembly method,116 or using Golden Gate assembly167 in cases where the 

constructs contained fragments under 100 base pairs in length. Chromosomally integrated 
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constructs were inserted using the Lambda Red recombinase system117 downstream of 

nupG (forward homology site: 

GGTTCTGGCCTTCGCGTTCATGGCGATGTTCAAATATAAACACGT, reverse: 

GGCGTGAAACGGTTGTACGGTTATGTGTTGAAGTAAGAATAA). Antibiotic 

resistance cassettes flanked with FRT sites were used to select successful integrations (we 

used knt for bla and cat activation constructs, cat for knt and tetA activation constructs). 

The plasmids used for OptoCreVvd2 expression were derived from Sheets et al.133,163 All 

plasmid-based resistance constructs contain the p15A origin. We thank Cristina Tous and 

Wilson Wong for the donation of plasmids containing the REDMAP dimers from Zhou et 

al.,193 and Loran Gliford for her contributions in designing REDMAP constructs. We 

thank Jeffery Tabor for depositing pNO286-3 (Addgene Plasmid #107746) from Ong et 

al.25 

 

Light exposure 

Strains were grown overnight from a single colony in selective LB media 

containing 100 μg/mL carbenicillin, 30 μg/mL kanamycin, 25 μg/mL chloramphenicol, 

and 50 μg/mL spectinomycin as required for plasmid maintenance. Selective M9 minimal 

media (M9 salts supplemented with 2 mM MgSO4, 0.1 mM CaCl2, and 0.1% glucose) 

was used for resistance activation studies, and LB was used for Cre stoplight and 

REDMAP studies. Cultures were refreshed 1:100 for two hours with 100 μM IPTG for 

induction of split recombinase production. Cultures were then either exposed to blue light 

or kept in the dark for two hours unless otherwise noted. Light exposure was performed 
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using a 24-well light plate apparatus (LPA)104 using 1 mL cultures with two 465 nm 

wavelength LEDs per well (ThorLabs LED465E), with a total output of 120 μW/cm2 per 

well.  

For REDMAP induction studies, light exposure was performed using 24-well 

optoWELL device (OptoBiolabs). optoWELL blue light exposure was at 460 nm 

wavelength and 2.58 mW/cm2, and red light exposure was at 660 nm wavelength and 

0.69 mW/cm2. All REDMAP constructs were co-transformed with pNO286-3, which 

contains the genes for PCB production. Although pNO286-3 shares the same p15A origin 

as the lox and FRT reporters, it has a unique selective resistance to spectinomycin and did 

not impact the performance of OptoCreVvd transformed with the lox reporter and 

pNO286-3. Additionally, all samples were used within one refresh after transformation 

before any selective plasmid is likely to be lost.198 

Immediately after light exposure, resistance activation samples were taken for 

minimum inhibitory concentration experiments, otherwise samples were refreshed in LB 

overnight to allow full mCherry and sfgfp expression and maturation. Samples were 

measured after ~18 hours for OD absorbance at 600 nm (OD600), red fluorescence 

(excitation 584 nm; emission 610 nm), and green fluorescence (excitation 485 nm; 

emission 515 nm) using a BioTek Synergy H1 plate reader.  

 

Minimum inhibitory concentration measurement 

Minimum inhibitory concentrations (MICs) were measured based on the protocol 

outlined in Wiegand et al.170 Antibiotic stocks were made by dissolving the antibiotic in 
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sterile distilled water (carbenicillin, kanamycin, tetracycline) or 99% ethanol 

(chloramphenicol), with concentrations normalized for potency based on CLSI 

standards.171 Assay plates for measuring the MIC were prepared by performing serial 

dilutions of antibiotic in 100 μL M9 minimal media in 96-well plates. Low glucose media 

was used to reduce growth variability by creating carbon-limiting, rather than nutrient-

limiting, growth conditions.146 Antibiotic concentrations were selected to include values 

that spanned the MIC levels for the dark and light state cultures in each experiment. 

Immediately following light exposure, cultures were normalized by dilution to the lowest 

optical density (OD) of each experiment. Normalized cultures were then diluted 1/25 into 

96-well plates in triplicate and grown overnight for 18 hours at 37°C. Each well was then 

measured for OD absorbance at 600 nm (OD600), red fluorescence (excitation 584 nm; 

emission 610 nm), and green fluorescence (excitation 485 nm; emission 515 nm) using a 

BioTek Synergy H1 plate reader.  

 

Microscopy and image analysis 

Post light-exposure samples were refreshed overnight in LB medium with 100 

μg/mL carbenicillin and 30 μg/mL kanamycin for plasmid maintenance to allow full 

mCherry and sfgfp expression and maturation. Before imaging, samples were refreshed 

for 1 hour in 1:100 in selective M9 minimal media. Samples were then placed on 1.5% 

low melting agarose pads made with MGC medium. Cells were imaged at 100x using a 

Nikon Ti-E microscope. Images were segmented and analyzed using the DeLTA 2.0 

software.173  
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CHAPTER 5. Alternate optogenetic system designs 

Over the course of this thesis, we developed and tested multiple gene control 

constructs which did not function or performed suboptimally compared to existing 

systems. We present those here. 

When developing tools for genetic control, important metrics are the basal-state 

expression, speed of induction, and total activation level. These were all key factors when 

developing OptoCreVvd in Chapter 2, and applying it to control antibiotic resistance in 

Chapter 3. Although OptoCreVvd performed well on these metrics, we were particularly 

interested in improving the induction speed through changes to the recombinase itself, 

and decreasing basal-state expression through modifying the loxP reporter. We also 

discuss efforts to create a directly light-inducible beta-lactamase, as a way to reversibly 

control antibiotic resistance at the protein level. The recombinase, reporter, and split 

protein variants cataloged here did not outperform the original OptoCreVvd and reporters 

discussed in Chapters 2 and 3. Despite this, the systems here can form a useful starting 

point for future optimization and development of novel optogenetic systems. Many of 

these systems show the potential for optimization in a similar manner to OptoCreVvd, or 

highlight pitfalls in light-inducible system development. 

5.1. Alternate light-inducible recombinases 

Through photodimer, split site, and recombinase optimization, we developed blue 

light-inducible recombinase OptoCreVvd2. Although this construct worked well, one 

downside was that it requires one or more hours of blue light for full reporter activation. 

In an effort to improve the speed and efficiency of OptoCreVvd2, we continued to test 
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alternate optogenetic constructs. Although these constructs do not work well as-is, their 

current efficiency and mechanisms of failure may provide insights for the design of a 

more efficient light-inducible recombinase in the future. 

5.1.1. Vivid photodimer variants 

One variant was a modified version to the original Vvd photodimers, with 

improved binding (Vvd**) or slower dissociation (Vvd**slow) kinetics (Figure 5-1a). 

These are based the version of Vvd used to make a light-inducible AraC23 and the 

intermediates between Vvd and Magnets,103 with key mutations to increase binding or 

prevent dissociation while bound (Figure 5-1b). When working with Vvd and Magnets in 

developing OptoCreVvd (Chapter 2), generally Vvd-based constructs were more likely to 

stay off in the dark state but less likely to activate in the light state, while the more 

enhanced Magnet-based constructs often had leaky dark-state expression and strong light-

state expression. Our hope here was that in using an intermediate between Vvd and 

Magnets, we could find a construct that stayed off in the dark state but had improved or 

faster activation in blue light. All versions of Vvd used, including the one used in 

OptoCreVvd, include a 36-AA truncation of the N-terminal, which creates a more stable 

protein without changing the photocycle or light responsiveness.101 The Vvd** variant 

has three single amino acid changes which are known to enhance the stability of the Vvd 

dimer under blue light (W50Y,199 N56K,200 C71V199), while Vvd**slow has these as well 

as two amino acid changes which have been found decelerate dimer dissociation by 

lengthening the Vvd photocycle (M135I and M165I).201 Additionally, Vvd** and 

Vvd**slow gene sequences are based on the Vvd used in Romano et al., which has been 
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codon optimized differently than the Vvd used in OptoCreVvd.23 

We tested this system with either ten or sixty minutes of blue light to compare 

leaky activation and activation timing between variants (Figure 5-1c). OptoCreVvd with 

the standard Vvd variant showed little basal activation, and almost complete activation 

with one hour of blue light, consistent with previous characterization. The Vvd** variant 

showed faster activation, with only 10 minutes of light giving near complete activation, 

but also showed much higher levels of leaky basal activation. The Vvd**slow variant 

showed complete activation from leaky expression in the dark. Overall, the high dark-

state leak from Vvd** and Vvd**slow make them poor candidates for an optogenetic 

recombinase tool, but the rapid activation of Vvd** indicates that other photodimers or 

Vvd variants may enable rapid activation without increasing basal expression. This work 

shows a potential avenue for future optimization of OptoCreVvd by screening multiple 

known or predicted Vvd mutants for further optimized optogenetic recombinases. 
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Figure 5-1. Variants of the Vvd photodimer tested with OptoCreVvd2.  

(a) The Vvd** variant improves binding kinetics, and Vvd**slow further decreases the rate at 
which Vvd dimers dissociate in the dark state. (b) Protein sequences of Vvd, Vvd**, and 
Vvd**slow, with changes highlighted in red. (c) Light activation dynamics of Vvd variants after 10 
or 60 minutes of darkness or blue light. 
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5.1.2. Single-chain LiCre 

Another variant was the AsLOV2-based single-chain LiCre,45 which had been 

shown to work in yeast and mammalian systems with rapid activation and minimal basal 

expression. Compared to most dimer-based split protein systems, LiCre uses the blue 

light-activated unfolding of the Jα helix of the AsLOV2 photoreceptor domain from 

Avena sativa to regulate Cre expression. In the dark, the tightly wound Jα helix deforms 

the N-terminal of a destabilized Cre recombinase, which is hypothesized to prevent Cre 

from tetramerizing and performing recombination.45 Under blue light, the Jα helix 

relaxes, freeing the Cre N-terminal and allowing active recombination (Figure 5-2a). 

We tested this system with the high-copy colE1 and low-copy SC101 origins in 

the same genetic context as OptoCreVvd2 with the SC101 origin, with two or four hours 

of light. Compared to OptoCreVvd2, we found no activation with the colE1 origin, and 

minimal activation with the SC101 origin (Figure 5-2b). Although the system did not 

show strong activation, it did show very minimal basal expression. This suggests that 

further optimization of LiCre could create a promising tool for bacterial optogenetics. In 

particular, developing a similar construct lacking some of the destabilizing mutants used 

in the initial study could help improve the light-activated recombination. Alternately, 

different LOV variants or different linkers between AsLOV2 and Cre could be tested to 

improve LiCre activation. 
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Figure 5-2. Single-chain, light-inducible Cre recombinase LiCre tested in E. coli.  

(a) LiCre is made light sensitive through an asLOV2 domain fused to the N-terminal of Cre. In 
the dark, the tight caging of the Jα-helix of the LOV domain prevents Cre recombination. When 
the Jα-helix relaxes upon blue light exposure, Cre can perform recombination. (b) Light 
activation dynamics of LiCre on the colE1 and SC101 plasmid origins compared to 
OptoCreVvd2. 

5.1.3. Discussion 

Ultimately, none of these systems showed improved function over the original 

OptoCreVvd2 system. While Vvd** and Vvd**slow showed greatly increased basal 

recombination, LiCre did not show substantial activation. As with OptoCreVvd itself, 

further optimization efforts may yield promising recombinases using these or other 

photodimers. Continuing to test novel photodimers and recombinase variants as they are 

developed could create a faster optogenetic recombinase or systems with other specific 

functions. 
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5.2. Alternate recombinase reporters 

The recombinase reporter was another candidate for optimization. In Chapter 3, 

we discussed extensive tuning of reporter strength through copy number, promoter, and 

ribosome binding site strength. These led to a range of basal and maximal expression 

levels for the resistance genes they controlled. We also described an alternate 

transcription terminator we tested, which did not change basal expression levels of the 

reporter (Figure AII-3). In addition to these efforts, we developed and tested a variety of 

alternate reporter constructs to improve system performance by increasing the activation 

fold change, decrease basal expression, or improve speed.   

5.2.1. Irreversible loxP variants 

The lox71/lox66 mutants are variants of the loxP site which when recombined, 

create an inactive lox site. Each variant individually has one end of the lox sequence 

which has a slightly lower affinity for Cre. When recombined, they form one standard 

loxP sequence, and one double mutant sequence with a much lower affinity for Cre. This 

creates a system where recombination is likely to occur once in the forward direction, but 

unlikely to occur again.202 We hypothesized that this variant may improve performance 

by removing the chance for re-insertion of the transcription terminator, or by preventing 

any potential transcription interference caused by Cre binding to the loxP site left after 

recombination. We tested the activation of this construct with OptoCreVvd2 (Figure 5-3). 

Overall, we did not find this lox variant had any impact on reporter output. 
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Figure 5-3. Optogenetic activation of irreversible loxP variants. 

Error bars show standard deviation around the mean (n = 3). 
 

5.2.2. Inversion loxP reporters 

Inversion-based recombination is another common way to gate gene expression, 

by placing a gene inside lox sites facing each other, where a gene element is flipped into 

the correct direction by active Cre recombinase. Here, we placed the W4 promoter used 

in the reporter in a reverse position between lox sites facing each other. Our hope was 

that this construct may decrease basal expression, as transcription terminator readthrough 

would no longer be an issue with a reversed promoter (Figure 5-4a). However, this 

construct showed very high basal expression levels. We also tested a different inversion 

variant, where instead the RBS and mCherry were flipped into the correct position by Cre 

(Figure 5-4b). Although this variant showed a small fold-change when exposed to blue 
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light, it had both a higher basal expression level and lower total activation. The lower 

induced activation was expected, as the construct can reversibly flip and would 

equilibrate to 50% of reporters in the correct position. This could also be corrected with a 

FLEX switch design, where alternate lox variants are used to permanently stabilize the 

construct the active position after recombination.203 However, due to the higher basal 

expression we did not pursue this strategy further. More complex designs may also 

enable improved reporters, such as flipping a promoter and terminator together to prevent 

activation in the off-state, or placing a reversed terminator after mCherry when flipping 

the gene itself. 
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Figure 5-4. Inversion-based activation of mCherry. 

(a) Light activation dynamics of a reporter with lox sites flanking a constitutive promoter. (b) 
Light activation dynamics of a reporter with lox sites flanking a RBS and mCherry gene. Error 
bars show standard deviation around the mean (n = 3). 
 

5.2.3. RNA toehold repression 

Toehold switches are powerful tools that regulate gene expression at the 

translational level.204 Through RNA binding regions, they can be used in a variety of 
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ways to make a RBS or start codon inaccessible until certain conditions are met. 

Translational inhibition is an especially appealing optimization tactic for recombinase 

reporters, as basal expression can still be minimized even with some terminator 

readthrough. This approach could also give greater flexibility in the choice of promoter 

and other genetic components regulating the reporter. Here, we use a toehold switch 

designed into a lox excision reporter construct in an attempt to decrease basal expression 

of the reporter (Figure 5-5a). Using NUPACK,205 we designed and tested multiple 

toehold switch variants. Concept Th1.123 and Th1.32 were designed for repression in the 

off state using a larger hairpin loop, and high activation after recombination. Design 

Th1.32 was a three-way junction, another form of RNA-based repression.206 Concept 

Th2.1 and Th2.2 were designed for minimal interference with the existing reporter 

structure.  

We then tested activation of toehold-based constructs with OptoCreVvd2 in the 

dark and when exposed to blue light (Figure 5-5b). Construct Th1.123 showed both 

increased basal expression and decreased maximal expression compared to the original 

reporter. Constructs Th1.32 and Th2.1 both showed similar performance to the original 

reporter. Construct Th2.2 showed no activation. Ultimately, none of this first set of 

reporters showed decreased basal activation while retaining their function. In the future, 

trying other variants of these constructs or novel RNA toehold design holds promise for 

decreasing basal expression of the off-state construct at the translational level, without 

limiting the total on-state expression. 
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Figure 5-5. Toehold switch-based repression of inactive loxP reporters.  

(a) At the DNA level, little transcription happens until the transcription terminator is removed by 
OptoCreVvd. At the RNA level, any transcripts created prior to recombination further repress 
mCherry expression through sequestering the RBS in a hairpin, preventing ribosome binding and 
translation initiation. After recombination, homology sites for the sequence around the RBS will 
no longer be present in the transcript, allowing ribosome binding and mCherry translation.  
(b) Characterization of toehold constructs with and without light exposure. Error bars show 
standard deviation around the mean (n = 3). 
 

5.2.4. Discussion 

Although these reporters did not show substantial improvement over the original 

transcription terminator excision reporters, they each highlight potential avenues for 

further optimization. Use of variant lox sites and reporter architectures could be used to 
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create alternate outputs or tune for specific expression levels. Further optimization of 

toehold-switch based repression could enable control of gene expression at both the 

transcriptional and translational levels, allowing tight regulation while keeping strong on-

state expression. 

5.3. Split beta-lactamase 

Transient control of antibiotic resistance has the potential for more complex 

temporal studies investigating single-cell resistance to antibiotics such as carbenicillin. 

Optogenetic control at the protein level also enables the potential for a faster temporal 

response than control at the genetic level. Using an established functional split site in the 

TEM beta-lactamase previously used for protein fragment complementation assays,207 we 

designed and created a split beta-lactamase linked to Magnet or Vivid blue light-

inducible photodimers (Figure 5-6a). From preliminary experiments, this split enzyme 

did not enable resistance to even low concentrations of carbenicillin with or without light 

exposure (Figure 5-6b,c). 

5.3.1. Results 

To develop the split beta-lactamase, we used Gibson Assembly to insert a pair of 

Magnet or Vivid photodimers into the TEM-116 beta-lactamase gene. Photodimers were 

connected by 10 AA flexible GS linkers to Gly196 and Leu198 respectively, based on the 

established split site from literature.207 The split beta-lactamases were controlled by the 

native bla promoter and RBS, and created with p15A (medium copy) and pSC101 (low 

copy) origins to enable multiple expression levels with different plasmid copy numbers 

(Figure 5-6a). 
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When testing for resistance, light-induction samples were pre-induced with blue 

light for four hours to enable the best chance for survival upon antibiotic exposure. At the 

end of four hours, light and dark state samples were diluted 1/20 into a MIC assay 

(Figure 5-6c). Dark-state samples were kept in the dark for the entire process, and the 

light induction MIC plate was exposed to blue light continuously for 18 hours of growth. 

For positive and negative growth controls, constitutively resistant cells and wild type 

MG1655 cells with no plasmid were used respectively. We tested a range of carbenicillin 

concentrations, starting from just above the wild type MIC. No cells other than the 

positive controls showed growth in any concentration of carbenicillin tested. 
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Figure 5-6. Design of an optogenetic split beta-lactamase.  

(a) Split beta-lactamase fragments are linked to Magnet or Vvd photodimers and expressed under 
their native promoter and RBS. When exposed to blue light, Mag or Vvd dimerizes, theoretically 
forming an active beta-lactamase with the ability to degrade carbenicillin. (b) The system was 
designed so that beta-lactamase is activated by blue light, degrading carbenicillin and allowing 
cell survival. The system did not allow survival of carbenicillin upon exposure to blue light. (c) 
Minimum inhibitory concentration curves of split beta-lactamase constructs with the p15A and 
pSC101 origins. Light exposed samples were pre-treated with light for four hours then kept under 
blue light, and dark samples were kept in the dark for the entire experiment. 
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5.3.2. Discussion 

Although our initial test did not develop a functional system for protein-level 

control of carbenicillin resistance, other approaches may enable this goal. Similarly to the 

development of OptoCreVvd, alternate split sites or photodimers may enable light-

inducible carbenicillin resistance at the protein level. Other protein engineering tools, 

such as circular permutation,208 site-directed mutagenesis,209 or computational prediction 

of alternate split sites107,210 may also create a functional induction system. Additionally, 

the bla gene used in the original study used TEM-1 without the periplasmic secretory 

signal sequence consisting of the first 23 amino acids.207 This was due to the mammalian 

context in which it was used and seems unlikely to impact split function, but may be 

worth testing in future works. This previous work also only used bla to hydrolyze 

nitrocefin for a color change, rather than induce antibiotic resistance, so this split has not 

been tested to confirm efficiency at a level that would confer antibiotic resistance. With 

these factors in mind, future work could also consider using different antibiotic resistance 

genes, with computationally or structurally predicted split sites. These protein-level split 

resistances could enable faster response times to light and complex temporal dynamics. 

5.4. Methods 

Strains and plasmids 

All experiments use E. coli strain MG1655. We constructed plasmids using the 

Gibson assembly method,116 or using Golden Gate assembly167 in cases where the 

constructs contained fragments under 100 base pairs in length. The plasmids used for 

OptoCreVvd2 expression were derived from Sheets et al.133,163 All plasmid-based 



112 
 

 

resistance constructs contain the p15A origin. We thank Caroline Blassick for creating 

the Vvd** and Vvd**slow variants proteins based on Romano et al.23 and Kawano et al.103 

We thank Gaël Yvert for depositing pGY416/LiCre (Addgene Plasmid #166660) from 

Duplus-Bottin et al.45 We thank Justin Letendre and Wilson Wong for donation of 

plasmids containing the lox71/lox66 sequences. We thank Chris Kuffner for creating the 

mCherry inversion reporter plasmid. We thank Alexander Green for refining the RNA 

toehold design, James Robson for designing the RNA toehold sequences in NUPACK,205 

and Hellen Huang for cloning the toehold constructs.  

 

Blue light exposure 

Strains were grown overnight from a single colony in selective LB media 

containing 100 μg/mL carbenicillin, 30 μg/mL kanamycin, and 25 μg/mL 

chloramphenicol as required for plasmid maintenance. Selective M9 minimal media (M9 

salts supplemented with 2 mM MgSO4, 0.1 mM CaCl2, and 0.1% glucose) was used for 

resistance activation studies, and LB was used for all other studies. Cultures were 

refreshed 1:100 for two hours with 100 μM IPTG for induction of split recombinase 

production for recombinase experiments. Cultures were then either exposed to blue light 

or kept in the dark for two hours unless otherwise noted. Light exposure was performed 

using a 24-well light plate apparatus (LPA)104 using 1 mL cultures with two 465 nm 

wavelength LEDs per well (ThorLabs LED465E), with a total output of 120 μW/cm2 per 

well.  

Immediately after light exposure, resistance activation samples were taken for 
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minimum inhibitory concentration experiments, and all other samples were refreshed in 

LB overnight to allow full mCherry expression and maturation. Fluorophore activation 

samples were measured after ~18 hours for OD absorbance at 600 nm (OD600), red 

fluorescence (excitation 584 nm; emission 610 nm) using a BioTek Synergy H1 plate 

reader. 

 

Minimum inhibitory concentration measurement 

Minimum inhibitory concentrations (MICs) were measured based on the protocol 

outlined in Wiegand et al.170 Carbenicillin stocks were made by dissolving the antibiotic 

in sterile distilled water, with concentrations normalized for potency based on CLSI 

standards.171 Assay plates for measuring the MIC were prepared by performing serial 

dilutions of antibiotic in 100 μL M9 minimal media in 96-well plates. Low glucose media 

was used to reduce growth variability by creating carbon-limiting, rather than nutrient-

limiting, growth conditions.146 Antibiotic concentrations were selected to include values 

that spanned the MIC levels for the dark and light state cultures in each experiment. 

Immediately following light exposure, cultures were normalized by dilution to the lowest 

optical density (OD) of each experiment. Normalized cultures were then diluted 1/25 into 

96-well plates in triplicate and grown overnight for 18 hours at 37°C. Each well was then 

measured for OD absorbance at 600 nm (OD600) using a BioTek Synergy H1 plate 

reader.  
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CHAPTER 6. Conclusion 

 Antibiotics and resistance genes are both important tools across biology, 

medicine, and bioengineering. As scientists and clinicians have discovered, applied, and 

expanded these tools, we have fundamentally altered medicine and our ability to engineer 

organisms. In this work, we make a small step to enhance the control we have over 

antibiotic resistance and expand our understanding of how bacteria use resistance genes. 

Here, we developed an optogenetic recombinase for use in Escherichia coli, used this 

recombinase to control cell survival through antibiotic resistance, and applied these light-

inducible resistance genes for metabolic engineering and bacterial resistance studies. 

 In Chapter 2, we develop a blue light-activated recombinase that functions in E. 

coli by splitting a recombinase protein into photodimer-linked halves. By testing Cre and 

Flp recombinases, Magnet and Vivid photodimers, and multiple recombinase split sites 

derived from literature, rational prediction, and computational models, we find an optimal 

variant with low basal activity and high fold change. We then characterize this variant, 

examining the impacts of light intensity and exposure length on bulk culture and single 

cells. Next, we expand the use of this split recombinase by optimizing antibiotic 

resistance induction cassettes in Chapter 3. We tune induction of bacterial survival 

through antibiotic resistance to four antibiotics: ampicillin/carbenicillin, kanamycin, 

chloramphenicol, and tetracycline. In this process we use various optimization 

approaches, varying gene copy number, promoter strength, ribosome binding site 

strength, and enzyme strength to enable control of bacterial survival across antibiotic 

concentrations. We then characterize a subset of these systems through single-cell 
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microscopy, and apply them to increase yields of octanoic acid by using resistance to 

select for cells actively expressing a bioproduction enzyme of interest. 

 Ultimately, we hope these systems will be used to study the activation dynamics 

of antibiotic resistance, and their impact on survival with clinical relevance. We make the 

first steps towards this class of studies in Chapter 4 by coupling resistance and 

fluorescence activation, tuning fluorescence ribosome binding site strength and gene 

order to create dual-induction systems. Using fluorescence, we can know precisely when 

cells begin expressing resistance genes, and can characterize the impact of gene 

activation on survival relative to antibiotic exposure timing. This has relevance for 

horizontal gene transfer, and understanding what kind of antibiotic dosing schedules can 

best prevent the spread of resistance. Finally, we characterize a variety of notable but 

nonfunctional systems in Chapter 5. In the development of functional recombinase and 

resistance systems, we tested multiple light-inducible recombinase, gene induction 

cassette, and split protein alternatives that did not function as well as our existing 

systems. We include these here to inform future optogenetic system engineering efforts. 

 In summary, this thesis presents novel tools for the control of bacterial gene 

expression and survival, and shows initial applications for these tools. We hope that these 

light-inducible proteins and the engineering approaches used to build them set a path for 

even faster, more precise, and highly functional gene and resistance control platforms. As 

future applications, we hope that the approach taken to select high metabolic producers 

can be used to boost bioproduction for other compounds, and that improved control of 

antibiotic resistance can inform how resistance spreads from the single-cell to population 
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level, leading to clinical approaches to prevent antibiotic resistance and expanding our 

understanding of microbial community dynamics.
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APPENDIX I: Supplementary Information for Chapter 2 

 
Figure AI-1. Growth defect in Cre-Mag 254 compared to Cre-Vvd 43. 

(a) Single-cell phase contrast microscopy of fully induced Cre-Vvd 43 cells (left) or Cre-Mag 254 
cells (right) without blue light exposure, and after 2 hours of 120 μW/cm2 blue light exposure. 
Note the elongated cells visible in the Cre-Mag 254 case, which are independent of light exposure 
status. Scale bar = 10 μm. (b) Growth curve data for cultures with reporter and Cre-Vvd 43 (left) 
or Cre-Mag 254 (right) with and without light exposure (for hours 2 to 4), the reporter plasmid 
only, or no plasmid. Shaded error bars show standard deviation around the mean from plate 
reader data (n = 3 wells). Note that Cre-Vvd 43 is the construct we denote OptoCreVvd. 
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Figure AI-2. Split sites for Flp-Mag.  

Numbers shown for split sites on the x-axis are the length of nFlp (AA). Error bars show standard 
error around the mean for microscopy data (average n » 100 cells per sample). Statistical 
significance comparing conditions with and without light use a two-tailed Welch’s t-test using 
microscopy images as replicates. *P < 0.05, **P < 0.005. 
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Figure AI-3. Consistent off-state of OptoCreVvd in the dark. 

Replicate experiments from different days showing cell cultures of OptoCreVvd induced for 4 
hours with 100 μM IPTG but not exposed to light, and refreshed overnight before microscopy. 
Cultures show a consistent low off state. Data taken from: 1, Fig 2-2b; 2, Fig 2-3a; 3, Fig 2-3b 1 
hour; 4, Fig 2-3b 4 hours; 5, Fig 2-4a; Controls, Fig 2-2b. Error bars show standard error around 
the mean for microscopy data (average n » 600 cells per sample). 
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APPENDIX II: Supplementary Information for Chapter 3 

 
Figure AII-1. Nonfunctional resistance constructs. 

Optogenetic activation of (a) OptoCre-bla and (b) OptoCre-tetA on the p15A plasmid origin 
using promoter P and RBS R. MIC is quantified by OD600 after 18 hours (n = 3 biological 
replicates).  
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Figure AII-2. Impact of light intensity & duration on chloramphenicol resistance. 

Tuning chloramphenicol resistance by changing light intensity and duration with p15A plasmid-
based OptoCre-cat using catT172A with promoter P and RBS R. MIC is quantified by OD600 after 
18 hours (n = 3 biological replicates).  
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Figure AII-3. Characterization of alternate terminator sequence. 

Characterization of synthetic terminators BBa_B0015 and L3S2P21 using mCherry fluorescence 
(n = 3 biological replicates). Terminator BBa_B0015 is used in all OptoCre antibiotic activation 
cassettes. 
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Figure AII-4. Growth recovery of cells from time-course microscopy. 

Growth recovery of (a) chromosomal OptoCre-knt with promoter P* and RBS R on agarose pads 
containing 400 µg/mL kanamycin, and (b) p15A plasmid-based OptoCre-cat using catT172A with 
promoter P and RBS R on agarose pads containing 60 µg/mL chloramphenicol. Recovery is 
measured as percent cells present in the first frame that have divided at or before a given time 
point. Measurements are cumulative across three imaging positions for each condition.  
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Figure AII-5. Single-cell time lapse microscopy of OptoCre-cat activated by DMD. 

Single-cell time lapse microscopy of resistance induced by illuminating half of the field of view 
with a digital micromirror device (DMD). Activation of p15A plasmid-based OptoCre-cat using 
catT172A with promoter P and RBS R on agarose pads containing 60 µg/mL chloramphenicol 
(scale bar = 10 µm). DMD light activation was carried out on the right half of the frame from 
hours 6 to 12 of the experiment. This experiment was repeated three times on separate days, with 
similar results for all experiments.  
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Figure AII-6. Growth time-course for octanoic acid production strains.  

(a) Activation of p15A plasmid-based OptoCre-cat with promoter P and RBS R and catT172A, and 
RBS R’ expressing CpFatB1. Light induction was from 4.5-6.5 hours, with chloramphenicol 
added at 6.5 hours for the indicated strains. (b) Activation of p15A plasmid-based OptoCre-tetA 
with promoter Ptet and RBS Rtet expressing tetA, and RBS R’ expressing CpFatB1. Light 
induction was from 4-6 hours, with tetracycline added at 6 hours for indicated strains. Shaded 
error bars show standard deviation around the mean (n = 3 biological replicates). 
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