
Strain engineering and bioprocess
development for bio-based
production of porphyrins

by

Bahareh Arab

A thesis
presented to the University of Waterloo

in fulfillment of the
thesis requirement for the degree of

Doctor of Philosophy
in

Chemical Engineering

Waterloo, Ontario, Canada, 2025

© Bahareh Arab 2025



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner: Guneet Kaur
Assistant professor, School of Engineering, University of Guelph

Supervisor(s): Perry Chou
Professor, Dept. of Chemical Engineering, University of Waterloo

Murray Moo Young
Professor Emeritus, Dept. of Chemical Engineering,
University of Waterloo

Internal Member: Yilan Liu
Assistant professor, Dept. of Chemical Engineering, University of
Waterloo

Internal Member: Valerie Ward
Associate professor, Dept. of Chemical Engineering, University of
Waterloo

Internal-External Member: Subha Kalyaanamoorthy
Assistant professor, Dept. of Chemistry, University of Waterloo

ii



Author’s Declaration

This thesis consists of material all of which I authored or co-authored: see Statement
of Contributions included in the thesis. This is a true copy of the thesis, including any
required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

iii



Statement of Contributions

I was the sole author for Chapters 1, 2, and 8 which were written under the supervision of
Dr. Perry Chou and Dr. Murray Moo-Young.

This thesis consists in part of five manuscripts written for publication. As the lead
author of all of these chapters, I contributed to conceptualizing the study design, conduct-
ing data collection and analysis, and drafting the manuscripts. My coauthors provided
guidance throughout the research process and provided feedback on manuscript drafts.

Citations:

Chapter 3 Arab, B., Westbrook, A., Moo-Young, M., & Chou, C. H. P. (2022).
A toolkit for effective and successive genome engineering of Escherichia
coli. Fermentation, 9(1), 14.

Chapter 4 Arab, B., Westbrook, A. W., Moo-Young, M., Liu, Y., & Chou, C.
P. (2024). Bio-Based Production of Uroporphyrin in Escherichia coli.
Synthetic Biology and Engineering, 2(1), 10002.

Chapter 5 Arab, B., Westbrook, A., Moo-Young, M., Liu, Y., & Chou, C. P.
(2024). High-Level Bio-Based Production of Coproporphyrin in Es-
cherichia coli. Fermentation, 10(5), 250.

Chapter 6 Arab, B., Moo-Young, M., Liu, Y., & Chou, C. P. Two-Step Bio-Based
Production of Heme: In Vivo Cell Cultivation Followed by In Vitro En-
zymatic Conversion. Fermentation, Submission No: 3544795 [Accepted].

Chapter 7 Arab, B., Moo-Young, M., Liu, Y., & Chou, C. P. (2025). Manipulating
Intracellular Oxidative Conditions to Enhance Porphyrin Production in
Escherichia coli. Bioengineering, 12(1), 83.

iv



Abstract

Bio-based production using microbial cell factories has emerged as a transformative ap-
proach to addressing the limitations of petrochemical processes, offering renewable, sus-
tainable, and environmentally friendly alternatives for manufacturing valuable chemical
compounds. Among various microbial systems, Escherichia coli (E. coli) has become a
popular and versatile host for biomanufacturing due to its rapid growth, genetic tractabil-
ity, and extensive history of industrial use. Through advances in synthetic biology, genome
engineering, and metabolic engineering, E. coli can be tailored to produce a wide array
of chemicals, including structurally complex compounds like porphyrins. Porphyrins and
their derivatives, such as heme and chlorophyll, are critical for various biological and in-
dustrial applications, ranging from pharmaceuticals and diagnostics to renewable energy
solutions. Despite their significance, challenges such as pathway bottlenecks, feedback
inhibition, and intracellular toxicity of intermediates hinder microbial production of por-
phyrins. This thesis addresses these challenges by implementing integrated engineering
strategies to enhance porphyrin biosynthesis in E. coli and establish a robust framework
for scalable production.

A foundation of this work was the development of a genome engineering toolkit that
integrates CRISPR-Cas9 and transposon-based methods. This system allowed for site-
specific insertion of heterologous genes and precise inactivation of endogenous genes, achiev-
ing editing efficiencies exceeding 90%. Such flexible manipulation of the E. coli genome
facilitated the construction of optimized strains for biomanufacturing. For example, the
toolkit enabled the creation of a plasmid-free strain capable of producing polyhydroxyalka-
noates, demonstrating its potential for industrial applications and providing the foundation
for metabolic engineering efforts targeting porphyrin biosynthesis.

For the subsequent part of our thesis, the biosynthesis of uroporphyrin (UP), a key
precursor for heme, was enhanced by implementing the Shemin/C4 pathway in E. coli.
Strategies to increase intracellular succinyl-CoA availability and express a synthetic operon
containing genes such as hemA, hemB, hemC, and hemD led to UP titers of 901.9 mg/L
under batch bioreactor conditions. Furthermore, most of the UP produced was secreted
extracellularly, simplifying downstream purification and demonstrating the feasibility of
large-scale production. These advancements highlight the effectiveness of pathway opti-
mization in overcoming metabolic bottlenecks.

We used the information obtained from previous chapter to enhance coproporphyrin
(CP) biosynthesis. Dual synthetic operons controlled by strong promoters regulated key
pathway genes, including hemA, hemB, hemD, hemE, and hemY. Bioreactor cultivation of
the engineered strains using glycerol as the primary carbon source under aerobic conditions
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led to CP titers of up to 353 mg/L with minimal byproduct formation. To the best of our
knowledge this study marked the first targeted bio-based production of CP in E. coli,
laying the groundwork for its industrial-scale synthesis and emphasizing the importance of
precise gene regulation in pathway optimization.

Addressing the complexities of heme biosynthesis required a novel two-step strategy
integrating in-vivo and in-vitro approaches. Engineered E. coli strains expressing the
coproporphyrin-dependent (CPD) pathway produced �85 mg/L of coproheme and �18
mg/L of heme in-vivo. However, intracellular heme accumulation posed significant toxicity
challenges due to limited secretion into the extracellular medium. These challenges were
mitigated by developing an optimized in-vitro enzymatic conversion process, achieving a
77.2% reaction yield for the conversion of coproporphyrin III to coproheme and a 45.8%
yield for the conversion of coproheme to heme. This integrated approach bypassed intracel-
lular toxicity, enabling controlled and scalable production while addressing key bottlenecks
in microbial production systems.

In our final study, to further enhance porphyrin biosynthesis, strategies were developed
to mitigate reactive oxygen species (ROS)-induced stress and redirect dissimilated carbon
flux toward type-III porphyrin biosynthesis. Antioxidant supplementation with ascorbic
acid (up to 1 g/L) improved the UP-III/UP-I ratio from 0.62 to 2.57, enhancing the
production of type-III porphyrins. Additionally, overexpression of ROS-scavenging genes
such as sodA and kat significantly increased porphyrin yields. Notably, overexpression of
sodA alone resulted in a 72.9% increase in total porphyrin production, reaching titers of
1.56 g/L, while improving the UP-III/UP-I ratio to 1.94. These findings underscore the
importance of addressing oxidative stress to optimize metabolic fluxes and enhance type-III
porphyrin biosynthesis in E. coli. The study provides a practical platform for improving
bio-based porphyrin production at industrial scales.

Taken together, this thesis demonstrates the potential of integrating strain engineering,
synthetic biology, and metabolic engineering to enhance porphyrin biosynthesis in E. coli.
The innovative strategies developed provide scalable, sustainable, and economically viable
solutions for producing porphyrins and their derivatives. These advancements open new
avenues for industrial applications in pharmaceuticals, diagnostics, and renewable energy,
establishing E. coli as a powerful platform for biomanufacturing complex biomolecules.
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Chapter 1

Introduction

The growing demand for sustainable alternatives to petrochemical-based processes has
resulted in signi�cant advancements in bio-based production. Bio-based production o�ers
a renewable, environmentally friendly, and e�cient solution to meeting global demands
for valuable chemical compounds. This approach contrasts with traditional petrochemical
methods, which are often associated with high environmental costs, non-renewable resource
depletion, and complex processing requirements [1]. By leveraging microbial cell factories,
bio-based production achieves remarkable speci�city in converting simple substrates into
high-value products through biological pathways [2, 3]. Among microbial hosts,Escherichia
coli has emerged as a leading platform for biomanufacturing due to its well-characterized
genetics, rapid growth rate, and adaptability to diverse bioprocessing conditions [4, 5].

The versatility of E. coli has been further enhanced by breakthroughs in synthetic biol-
ogy and metabolic engineering. These �elds have provided tools to reprogram the metabolic
networks of microorganisms [6], allowing the synthesis of complex biomolecules with high
e�ciency. Among the diverse classes of molecules produced via microbial fermentation,
porphyrins and their derivatives stand out due to their critical roles in biological systems
and their broad industrial applications. Porphyrins, including heme and chlorophyll, are
essential cofactors in processes such as oxygen transport, electron transfer, and photo-
synthesis. Industrially, they �nd use in pharmaceuticals, renewable energy technologies,
and diagnostics [7, 8, 9]. However, producing porphyrins at scale using microbial systems
remains challenging due to the inherent complexity of their biosynthetic pathways, issues
with pathway regulation, feedback inhibition, and the toxicity of certain intermediates
[10, 11, 12].

Porphyrin biosynthesis inE. coli involves a series of enzymatic reactions that transform
simple precursors such as glycine and succinyl-CoA into complex tetrapyrrole compounds
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[13]. While the natural pathways for porphyrin biosynthesis are well understood, their en-
gineering to achieve industrial-scale production requires addressing multiple bottlenecks.
These include enhancing precursor availability, optimizing the expression of biosynthetic
enzymes, overcoming feedback inhibition [10, 14, 12], and managing intracellular oxidative
stress. Moreover, the accumulation of toxic intermediates, such as heme, poses signi�-
cant challenges, as these compounds can disrupt cellular homeostasis and reduce microbial
viability [12, 15]. Therefore, the development of innovative strategies to bypass these
limitations is crucial to unlocking the potential of E. coli as a biofactory for porphyrin
production.

This thesis focuses on addressing these challenges through a multidisciplinary approach
integrating genome engineering, metabolic pathway optimization, and innovative biopro-
cessing strategies. The research aims to establish a scalable framework for porphyrin pro-
duction in E. coli by systematically addressing the limitations of the biosynthetic pathways
and exploring solutions to enhance product yield, purity, and scalability. We hypothesized
that by developing a robust genome engineering toolkit, implementing advanced metabolic
engineering strategies, and mitigating production bottlenecks such as oxidative stress and
intracellular toxicity, we could enhance porphyrin biosynthesis inE. coli and improve over-
all production e�ciency.

1.1 Research Objectives

The primary objectives of this research are described as follows:

1. To develop a genome engineering toolkit forE. coli that enables precise and e�cient
genomic modi�cations to support strain optimization for bio-based production.

2. To engineer and optimize biosynthetic pathways for porphyrin intermediates such
as uroporphyrin and coproporphyrin by improving precursor availability, �ne-tuning
gene expression, and addressing bottlenecks in the metabolic network.

3. To establish a two-step production strategy for heme, combining in-vivo biosynthesis
with in-vitro enzymatic conversion to overcome challenges related to intracellular
toxicity and enhance scalability.

4. To explore and implement strategies to mitigate oxidative stress to improve the e�-
ciency of type-III porphyrin biosynthesis.
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1.2 Thesis Organization

This thesis is structured into eight chapters. Following this introduction, Chapter 2
presents a comprehensive literature review that delves into the theoretical and practical
aspects of biomanufacturing, genome engineering, and porphyrin biosynthesis. It examines
the potential of E. coli as a microbial cell factory and highlights existing challenges and
opportunities in the �eld.

Chapter 3 details the development of a versatile genome engineering toolkit that com-
bines CRISPR-Cas9 and transposon technologies. This chapter explains the design and
functionality of the toolkit and demonstrates its application in creating genetically engi-
neeredE. coli strains. The system's e�ciency in knockouts and knock-ins is also discussed.

In Chapter 4, the focus shifts to the engineering ofE. coli for uroporphyrin produc-
tion. This chapter describes the implementation of the Shemin/C4 pathway, strategies for
enhancing precursor availability, and the optimization of biosynthetic pathways to achieve
high titers of uroporphyrin with minimal byproduct formation.

Chapter 5 expands on the biosynthesis of coproporphyrin, detailing the development of
dual-operon systems regulated by strong promoters. The chapter highlights the successful
production of coproporphyrin inE. coli, emphasizing the importance of pathway regulation
and metabolic 
ux optimization in achieving e�cient biosynthesis.

Chapter 6 introduces a two-step strategy for coproheme and heme production. This
chapter outlines the integration of in-vivo and in-vitro approaches to overcome the toxicity
challenges associated with intracellular heme accumulation. The development of enzymatic
conversion processes to improve product yields is discussed in detail.

In Chapter 7, the role of oxidative stress in limiting porphyrin biosynthesis is explored.
This chapter presents strategies to mitigate reactive oxygen species through antioxidant
supplementation and the overexpression of ROS-scavenging enzymes, leading to enhanced
type-III porphyrin production and improved scalability.

Finally, Chapter 8 highlights the original contributions of this research, summarizing
the key �ndings and their implications for industrial biotechnology. Recommendations
for future research directions are provided, emphasizing the potential for further advance-
ments in metabolic engineering and synthetic biology to overcome remaining challenges
and expand the applications of bio-based production systems.

3



Chapter 2

Literature Review

2.1 Biomanufacturing

Biomanufacturing, the use of biological systems to produce commercially valuable prod-
ucts, has revolutionized industries ranging from pharmaceuticals to renewable energy. This
innovative approach capitalizes on the natural capabilities of biological entities, such as mi-
croorganisms and enzymes, to produce high-value compounds. For instance, the production
of insulin, an essential treatment for diabetes, is now predominantly achieved through ge-
netically engineeredEscherichia coli (E. coli) or yeast [16, 17]. Similarly, biomanufacturing
has enabled the large-scale production of monoclonal antibodies used in cancer therapies
[18], as well as biofuels derived from algae and other renewable resources [19]. These ex-
amples illustrate the versatility and transformative potential of biomanufacturing across
diverse sectors.

Other bioproducts have also signi�cantly bene�ted from biomanufacturing. Antibiotics
such as penicillin and streptomycin, originally extracted from natural sources, are now
produced in industrial quantities using optimized strains of microorganisms [20]. Organic
acids like lactic acid, a precursor for biodegradable plastics, and citric acid, widely used
in food and beverages, are manufactured using microbial fermentation [21]. Moreover,
biopolymers such as polyhydroxyalkanoates (PHAs) are produced by bacteria as environ-
mentally friendly alternatives to conventional plastics [22]. These innovations highlight the
breadth of applications biomanufacturing supports, showcasing its pivotal role in advancing
sustainable industrial practices.

Unlike traditional chemical synthesis, which often relies on harsh reaction conditions
and non-renewable resources, biomanufacturing leverages the precision and e�ciency of
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biological systems to catalyze complex reactions. This approach has gained signi�cant at-
tention due to its potential to address global challenges in sustainability, cost-e�ectiveness,
and scalability [2, 3].

2.1.1 Comparison of Biological Methods with Chemical Synthe-
sis

While biomanufacturing has proven to be a transformative approach, it is essential to un-
derstand how it compares with traditional chemical synthesis methods. Chemical synthesis
has been a mainstay of industrial production, o�ering well-established methods for gener-
ating a wide range of compounds [23]. However, this approach faces signi�cant limitations,
particularly when synthesizing complex molecules. For example, chemical synthesis often
requires high temperatures, toxic reagents, and multi-step processes with low overall yields
[1]. Such requirements make chemical synthesis both energy-intensive and environmentally
taxing, with the added burden of generating hazardous byproducts.

Biological methods, by contrast, o�er a fundamentally di�erent approach. Enzymes and
microorganisms operate under mild conditions, such as ambient temperatures and pres-
sures, which signi�cantly reduce energy consumption [24]. Furthermore, biological systems
utilize renewable feedstocks, such as sugars or agricultural byproducts, thereby aligning
with principles of green chemistry [25]. A key advantage of biomanufacturing is its inher-
ent speci�city. Enzymatic processes are �nely tuned to catalyze precise reactions, reducing
the formation of undesired byproducts and simplifying downstream puri�cation processes.
These characteristics make biomanufacturing an attractive alternative for sustainable and
e�cient production [26]. A detailed comparison is presented in Table 2.1.
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Table 2.1: Comparative Analysis of Chemical Synthesis and Biomanufacturing

Aspect Chemical Synthesis Biomanufacturing Ref.

Raw Materials Petroleum-based,
non-renewable

Renewable feedstocks (e.g.,
sugars, agricultural
byproducts)

[27, 28]

Reaction
Conditions

High temperature and
pressure; often harsh
conditions

Mild (ambient temperature
and pressure)

[29]

Energy
E�ciency

Low due to
energy-intensive processes

High due to e�cient
biological catalysts

[24, 30]

Environmental
Impact

Generates hazardous
byproducts; high carbon
footprint

Minimal waste; aligns with
green chemistry principles

[31, 32]

Scalability High scalability for bulk
chemicals; complex for
intricate molecules

Highly scalable with
advancements in
fermentation and bioreactors

[24, 23]

Speci�city of
Products

Moderate; lacks �ne-tuned
speci�city

High; enzymes and cells o�er
precision and selectivity

[33]

Production
Costs

High for complex
molecules; moderate for
bulk chemicals

Lower for complex and
high-value products;
competitive for bulk products

[34]

Byproduct
Management

Requires signi�cant
processing to handle toxic
byproducts

Environmentally friendly;
most byproducts are
biodegradable

[35]

2.1.2 Genetic and Metabolic Engineering in Biomanufacturing

The ability to manipulate the genetic makeup of microorganisms has been a cornerstone
of advancements in biomanufacturing. Genetic engineering allows the introduction of new
pathways or the optimization of existing ones to increase the yield and e�ciency of bioprod-
uct synthesis [36]. For example, the overexpression of pathway-speci�c enzymes has been
widely employed to enhance metabolic 
ux toward desired products. Additionally, genome
editing tools, such as clustered regularly interspaced short palindromic repeats (CRISPR)
coupled with Cas9, have enabled precise modi�cations, reducing unwanted byproducts and
improving strain robustness [6, 18].

Metabolic engineering integrates genetic manipulation with a systems-level approach
to redesign cellular metabolism. This involves optimizing carbon 
ux, balancing cofac-
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tor availability, and alleviating bottlenecks within biosynthetic pathways [37, 33]. In the
context of porphyrins metabolic engineering strategies include the ampli�cation of rate-
limiting enzymes, redirection of precursor pathways, and engineering of transport mecha-
nisms to facilitate product secretion [38, 39, 40].

Moreover, synthetic biology has further revolutionized the �eld by introducing modular
design principles. This allows the creation of synthetic gene circuits and the incorporation
of non-natural pathways into microbial systems [41]. Such approaches have been instru-
mental in achieving high-level production of complex molecules like porphyrins.

In addition to strain engineering, advancements in omics technologies, such as tran-
scriptomics, proteomics, and metabolomics, have provided deeper insights into cellular
physiology. These tools enable the identi�cation of potential targets for genetic manip-
ulation and the evaluation of engineered strains under various conditions. As a result,
researchers can iteratively improve microbial platforms for biomanufacturing applications
[42].

2.2 Advantages of E. coli in Biomanufacturing

2.2.1 Historical Context and Model Organism Status

Since its �rst characterization in the late 19th century, E. coli has been a cornerstone of
molecular biology and biotechnology. Its relatively simple genome, rapid growth rate, and
ease of cultivation in laboratory settings have establishedE. coli as a model organism for
biological research. The groundbreaking discovery of DNA replication mechanisms, gene
expression regulation, and recombinant DNA technology was largely achieved usingE.
coli as the experimental system. Consequently, its utility in biomanufacturing has grown
alongside advancements in molecular biology techniques [43, 4, 5].

One of the earliest commercial applications ofE. coli was the production of human
insulin, achieved through recombinant DNA technology in the 1980s [44]. This success
demonstrated the feasibility of using genetically modi�ed microorganisms to produce com-
plex therapeutic proteins at scale. Since then,E. coli has been extensively utilized in
the production of enzymes, biofuels, and small molecules, showcasing its adaptability and
economic advantages [45].
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2.2.2 Comparison with Alternative Hosts

While E. coli is a leading workhorse in biomanufacturing, other organisms such asBacillus
subtilis, yeast, and mammalian cells also play signi�cant roles in industrial biotechnology.
Each system o�ers unique strengths and limitations:

ˆ Bacillus subtilis : Known for its ability to secrete proteins directly into the growth
medium,B. subtilis simpli�es downstream processing for protein-based products [46].
However, it has less genetic tractability compared toE. coli and is less e�cient for
the production of certain metabolites [47].

ˆ Yeast : Saccharomyces cerevisiaeis a robust eukaryotic system capable of performing
post-translational modi�cations essential for complex protein production [48]. How-
ever, its slower growth rate and the need for more complex media increase production
costs [49].

ˆ Mammalian Cells : Mammalian systems such as Chinese Hamster Ovary (CHO)
cells are indispensable for producing biopharmaceuticals requiring human-like gly-
cosylation patterns [50]. Yet, their high cost and stringent cultivation requirements
limit their use for bulk production of simpler molecules [51].

Compared to these alternatives,E. coli o�ers unparalleled growth rates, scalability, and
ease of genetic manipulation. However, its inability to perform certain post-translational
modi�cations and the accumulation of endotoxins in its cell wall are notable limitations
for applications requiring therapeutic-grade products [52].

2.3 Genetic and Metabolic Engineering in E. coli

2.3.1 Genome Engineering Methods in E. coli

Biomanufacturing usingE. coli relies heavily on robust genome editing techniques to ef-
fectively manipulate the bacteria toward e�cient biosynthesis of desired products. Precise
genetic modi�cations allow the optimization of metabolic pathways, enhance production
yields, and reduce unwanted byproducts. Over the years, several genome engineering meth-
ods have been developed forE. coli, ranging from foundational techniques to cutting-edge
advancements.

Various methods have been employed for genome engineering inE. coli :
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ˆ Recombineering Method : Recombineering relies on homologous recombination to
integrate or delete genetic elements using 
anking homologous DNA sequences. Al-
though highly speci�c, traditional homologous recombination is time-consuming and
often requires extensive screening to identify successful edits [53]. It has, however,
served as a cornerstone of early genetic engineering inE. coli. The e�ciency of this
method has been signi�cantly enhanced by the� Red recombinase system, which
utilizes phage-derived enzymes to catalyze recombination at speci�c loci . This sys-
tem accelerates the process compared to traditional homologous recombination and
has been widely applied for genetic modi�cations, such as deletions and insertions.
Despite its advantages,� Red recombinase still requires careful design of homologous
regions and is limited by the size of the DNA fragment being integrated [54].

ˆ Chemical Mutagenesis: Historically, chemical mutagenesis has been employed
to introduce random mutations into the E. coli genome. This technique involves
exposing cells to UV radiation or chemical mutagens to induce mutations, followed
by phenotype screening to identify bene�cial traits. While simple and equipment-free,
it lacks precision and requires extensive screening [55].

ˆ Zinc-Finger Nucleases (ZFNs) and Transcription Activator-Like E�ectors
(TALEs): These protein-based genome editing tools enable targeted modi�cations
by binding speci�c DNA sequences and introducing double-strand breaks. Although
they provide more precision compared to earlier methods, their design complexity
and cost have limited widespread adoption [56].

ˆ Base Editing and Prime Editing: These methods allow precise, single-base
changes without introducing double-stranded breaks. While base editing changes
single nucleotides, prime editing enables small insertions or deletions, making these
approaches particularly useful for �ne-tuning genetic modi�cations [57, 58].

ˆ Genetic/Genome Recombination and Multiplex Automated Genome En-
gineering (MAGE): Genetic recombination has been a cornerstone of genetic engi-
neering. MAGE builds upon this concept by enabling the simultaneous introduction
of multiple mutations, o�ering unparalleled 
exibility for rapid strain optimization
[59].

ˆ Phage Transduction and Bacterial Conjugation: Phage-based systems like P1
transduction use bacteriophages to transfer genetic material betweenE. coli strains.
Similarly, bacterial conjugation enables DNA transfer through direct cell-to-cell con-
tact. Both techniques have been critical in facilitating horizontal gene transfer and
genetic diversity [60].
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ˆ CRISPR-Cas Systems: CRISPR-based systems have revolutionized genome edit-
ing by enabling rapid and precise genetic modi�cations. These systems use RNA-
guided endonucleases to target speci�c DNA sequences, allowing for highly e�cient
knockouts, knock-ins, and regulatory alterations. The versatility and accuracy of
CRISPR-Cas systems make them valuable for metabolic engineering and strain op-
timization [61].

ˆ Transposon-Based Genome Engineering: Transposon-based approaches facili-
tate stable genetic integrations by leveraging mobile genetic elements that can insert
into speci�c or random genomic locations. These systems are particularly useful
for introducing biosynthetic pathways, random mutagenesis, and operon integration,
providing robust solutions for metabolic engineering and functional genomics [62].

2.3.2 CRISPR-Cas9: Mechanism and Applications

CRISPR-Cas9 is a revolutionary genome editing tool that has transformed genetic engi-
neering due to its precision, simplicity, and adaptability [63, 61]. The system relies on two
main components: a guide RNA (gRNA) and the Cas9 nuclease. The gRNA directs the
Cas9 protein to speci�c genomic locations through complementarity to the target DNA
sequence [64]. The gRNA consists of two parts: a CRISPR-derived RNA (crRNA) that
recognizes the target sequence and a trans-activating crRNA (tracrRNA) that binds to
Cas9, forming a functional RNA-protein complex [65]. Upon introduction into the cell, the
Cas9-gRNA complex scans the genome for a protospacer adjacent motif (PAM), a short
conserved sequence (typically NGG inE. coli ) that is critical for initiating DNA binding
(Figure 2.1) [66].

Once the PAM is identi�ed, the Cas9 protein unwinds the adjacent DNA, allowing the
gRNA to pair with the complementary strand. If the gRNA matches the target sequence
with high �delity, Cas9 induces a double-stranded break (DSB) at a precise location three
base pairs upstream of the PAM site [67, 68]. This DSB activates the cell's DNA repair
machinery, which resolves the break through one of two pathways. Homologous recombi-
nation (HR) utilizes a donor DNA template to introduce speci�c changes, such as gene
insertions or point mutations, enabling precise editing. Alternatively, non-homologous end
joining (NHEJ) repairs the break without a template, often resulting in small insertions or
deletions that disrupt gene function and create knockouts [69].

The high e�ciency of the Cas9-mediated DSB is due to its molecular architecture. The
nuclease consists of two distinct domains: RuvC and HNH. The RuvC domain cleaves the
non-complementary strand of DNA, while the HNH domain cleaves the complementary
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Figure 2.1: DNA targeting and cleavage by Cas9-gRNA complex

strand [66]. Together, these domains ensure a clean and accurate cut, making CRISPR-
Cas9 a powerful tool for targeted genome modi�cations [70]. Advanced variations of Cas9,
such as nickase Cas9 (nCas9) and dead Cas9 (dCas9), have further expanded its applica-
tions. nCas9 introduces single-strand breaks instead of DSBs, reducing the likelihood of
o�-target e�ects. dCas9 lacks nuclease activity and is used for transcriptional regulation
by recruiting e�ector proteins to speci�c genomic loci [71].

CRISPR-Cas9 o�ers several advantages over traditional genome editing methods. Its
precision is unmatched, as the high speci�city of gRNA-Cas9 interactions minimizes o�-
target e�ects when designed carefully [70]. Additionally, its versatility allows for a wide
range of applications, including gene knockouts, knock-ins, and transcriptional regulation,
making it an indispensable tool in genetic engineering [72].

However, CRISPR-Cas9 is not without limitations. The requirement for a PAM se-
quence near the target site restricts potential editing locations, posing challenges for mod-
ifying certain genomic regions. Imperfect gRNA-DNA binding can result in o�-target
e�ects, leading to unintended mutations that may impact cellular function [69, 68]. To
mitigate these issues, researchers have developed engineered Cas9 variants with relaxed
PAM requirements or enhanced speci�city, as well as transient delivery systems to mini-
mize metabolic stress [70]. Despite these challenges, CRISPR-Cas9 remains a cornerstone
of modern genetic engineering, continually evolving to address its limitations and expand
its capabilities [72].

2.3.3 Transposons: Mechanism and Applications

Transposons, often referred to as "jumping genes," are DNA sequences that can move
from one genomic location to another. This mobility is facilitated by transposase enzymes,
which recognize speci�c sequences at the ends of the transposon and catalyze its excision
and integration [62]. The mechanism of transposition involves several key steps. First, the
transposase enzyme binds to the terminal inverted repeats (TIRs) 
anking the transposon.
These sequences are essential for the recognition and excision of the transposon from its
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original genomic location. Once excised, the transposase forms a nucleoprotein complex
which facilitates the search for a target site in the genome. The selection of the target site
can be random or semi-speci�c, depending on the type of transposon used. Upon locating
a suitable target, the transposon integrates into the genome by cleaving the target DNA
and ligating its ends to the transposon ends, completing the insertion process [73, 74, 75].

In E. coli, transposons have been extensively utilized for genetic manipulation and
metabolic engineering. One common application is the creation of random mutagene-
sis libraries, which allow researchers to identify genes involved in speci�c phenotypes or
metabolic pathways [76]. Additionally, transposons have been employed to introduce en-
tire biosynthetic pathways into the genome, enabling the production of complex molecules
such as antibiotics and biofuels [75].

Despite their utility, transposons are not without limitations. The randomness of target
site selection can lead to unintended disruptions of essential genes, necessitating careful
screening to identify desired mutants. Furthermore, the stability of transposon insertions
can vary, with some insertions being prone to excision or rearrangement. To address these
challenges, researchers have developed engineered transposons with improved speci�city
and stability [77].

Transposons also o�er unique advantages over other genome editing tools. Unlike
CRISPR-Cas9, which relies on precise DNA targeting and repair mechanisms, transposons
operate independently of host repair pathways [75], making them particularly useful in
strains with compromised DNA repair systems. Additionally, their ability to integrate
large DNA fragments enables the transfer of entire operons or metabolic pathways, a fea-
ture that is challenging to achieve with other editing technologies .

Recent advancements in transposon technology have further expanded their applica-
tions. Hybrid systems combining transposons with site-speci�c recombinases or CRISPR-
Cas components have been developed to enhance targeting precision [78] making them a
versatile tool in the �eld of synthetic biology and metabolic engineering.

2.4 Overview of Porphyrin Biosynthesis

2.4.1 Porphyrins

Porphyrins are a class of tetrapyrrolic compounds with essential roles in biological and
industrial applications. Their derivatives, such as heme and chlorophyll, serve as vital
cofactors in biological processes, including oxygen transport, electron transfer, and pho-
tosynthesis. In the biomedical �eld, heme derivatives are used in photodynamic therapy,
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where they serve as photosensitizers to target cancer cells [7, 8]. Additionally, porphyrins
play a central role in diagnostic imaging and as cofactors in various pharmaceutical com-
pounds [9]. Industrial applications are equally diverse; for instance, porphyrins are used
as catalysts in chemical synthesis, while heme is essential to the development of arti�cial
blood substitutes and diagnostic kits for detecting blood-related disorders [79].

In renewable energy, porphyrin-based compounds have emerged as pivotal components
in dye-sensitized solar cells, o�ering a sustainable solution for harnessing solar energy [80].

As global demand for porphyrins continues to grow, driven by advancements in health-
care, energy, and biotechnology, the need for scalable and cost-e�ective production methods
has become increasingly evident. The global heme market alone is projected to reach ap-
proximately $530 million by 2026, with prices ranging from$482 to $548 per kilogram
over the past six years, underscoring the economic value and commercial potential of
porphyrin-based compounds [81, 82]. However, the structural complexity of porphyrins
presents signi�cant challenges for traditional synthesis. Harsh chemical conditions often
degrade these molecules, further complicating their production [83]. Biomanufacturing
overcomes these obstacles by leveraging microbial systems and enzymatic pathways to
produce these compounds e�ciently and at scale, preserving their functional integrity [84].
Tailoring fermentation conditions, such as nutrient composition, pH, and oxygen availabil-
ity, can further maximize e�ciency and minimize resource consumption [85]. The choice
of microbial hosts is another critical factor; for instance,E. coli has become a preferred
organism due to its rapid growth, well-characterized genetics, and ease of genetic manip-
ulation [86]. Collectively, these strategies enable the development of robust bioprocesses
capable of meeting the growing demand for porphyrins while addressing sustainability and
economic considerations.

2.4.2 Porphyrin Biosynthesis pathway

The biosynthesis of porphyrins is a highly conserved process, beginning with the pro-
duction of 5-aminolevulinic acid (5-ALA), a universal precursor. 5-ALA synthesis oc-
curs via two distinct pathways: the C4 pathway and the C5 pathway [87, 13]. In the
C5 pathway, used by archaea and most bacteria, glutamate is �rst ligated to glutamyl-
tRNA by glutamyl-tRNA synthetase. This intermediate is then reduced to glutamate-1-
semialdehyde by glutamyl-tRNA reductase, which is subsequently converted to 5-ALA by
glutamate-1-semialdehyde aminotransferase. The C4 pathway, predominant in eukaryotes
and some bacteria, involves the condensation of glycine and succinyl-CoA, catalyzed by
5-ALA synthase, to form 5-ALA (Figure 2.2). This step is tightly regulated as it often
serves as the rate-limiting point of porphyrin biosynthesis [84].
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Once 5-ALA is synthesized, it enters one of three downstream pathways: the protoporphyrin-
dependent (PPD) pathway, the coproporphyrin-dependent (CPD) pathway, or the siroheme-
dependent (SHD) pathway. These pathways diverge depending on the organism and envi-
ronmental conditions [10, 39, 88, 89].

The PPD pathway is commonly found in gram-negative bacteria and eukaryotes. It
progresses through a series of enzymatic steps. First, two molecules of 5-ALA condense
to form porphobilinogen (PBG), catalyzed by 5-ALA dehydratase (HemB). Four PBG
molecules are then polymerized into hydroxymethylbilane by porphobilinogen deaminase
(HemC). This linear tetrapyrrole is cyclized into uroporphyrinogen III by uroporphyrino-
gen III synthase (HemD). Uroporphyrinogen III is decarboxylated by uroporphyrinogen
decarboxylase (HemE) to form coproporphyrinogen III. Subsequently, coproporphyrinogen
III is oxidatively decarboxylated by coproporphyrinogen oxidase (HemF/HemN) producing
protoporphyrinogen IX.

Protoporphyrinogen IX is then oxidized to protoporphyrin IX by protoporphyrinogen
oxidase (HemG). The �nal step involves the insertion of a ferrous ion (Fe2+ ) into proto-
porphyrin IX, catalyzed by ferrochelatase (HemH), resulting in the production of heme
[90, 91, 92, 87].

The CPD pathway, prevalent in gram-positive bacteria, also begins with the synthesis
of 5-ALA and its conversion to PBG, hydroxymethylbilane, and uroporphyrinogen III. Fol-
lowing this, uroporphyrinogen III is decarboxylated to coproporphyrinogen III by uropor-
phyrinogen decarboxylase. However, in contrast to the PPD pathway, Coproporphyrinogen
III is then oxidized to coproporphyrin III by coproporphyrinogen oxidase (HemY). Subse-
quently, coproporphyrin III undergoes iron (Fe2+ ) insertion by ferrochelatase (HemH) to
form Fe-coproporphyrin III (Coproheme). Finally, Fe-coproporphyrin III is converted to
heme by HemQ, completing the pathway [93, 94].

In E. coli, the multifunctional enzyme siroheme synthase (CysG) catalyzes the con-
version of uroporphyrinogen III to siroheme.. This process involves the methylation of
uroporphyrinogen III to form precorrin-2, followed by its oxidation to sirohydrochlorin,
and the subsequent chelation of Fe2+ to produce siroheme. However, in some archaea and
sulfate-reducing or methanogenic bacteria, siroheme serves as an intermediate in the SHD
pathway for heme biosynthesis. In these organisms, siroheme is converted to heme through
additional enzymatic steps. Siroheme decarboxylase (AhbA and AhbB) �rst decarboxy-
late the acetate side chains of siroheme and AhbC then removes two acetate side chains to
produce Fe-coproporphyrin III (coproheme). Finally, AhbD catalyzes the decarboxylation
of the propionate side chains of Fe-coproporphyrin III, producing heme [95, 96, 97, 81].
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Figure 2.2: Overview of heme biosynthesis pathways. The purple arrow represents the Chemin/C4 pathway; the gray arrows represents
the PPD pathway found in Gram-negative bacteria and eukaryotes; the pink arrows represents the SHD pathway from archaea and
sulfate-reducing bacteria; and the green arrows represents the CPD pathway found in Gram-positive bacteria.
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2.4.3 Regulation of Porphyrin Biosynthesis

The regulation of porphyrin biosynthesis in bacterial cells is a complex process in
uenced
by various factors, including oxygen levels, iron availability, and post-translational mod-
i�cations of enzymes involved in the biosynthetic pathways [10, 11, 98]. This intricate
regulatory network ensures that porphyrin production aligns with cellular demands while
minimizing the risks associated with the accumulation of toxic intermediates.

A key regulatory mechanism is feedback inhibition, particularly at the �rst and rate-
limiting step of the pathway. 5-ALA synthase, responsible for the synthesis of 5-ALA, is
tightly regulated by heme, the pathway's end product. Heme serves as a feedback inhibitor,
ensuring the pathway is activated only when cellular heme levels are insu�cient [12, 99].
This prevents excessive accumulation of porphyrin intermediates, such as 5-ALA, which are
known to contribute to oxidative stress through the generation of reactive oxygen species
(ROS) [15, 100].

Transcriptional regulation also plays a critical role. Genes encoding the biosynthetic
enzymes are upregulated under conditions of heme demand, such as low oxygen or iron
availability. This ensures that su�cient heme is produced to support essential cellular
functions, particularly during stress or metabolic shifts [10, 101].

Post-translational modi�cations, including phosphorylation and acetylation, add an-
other layer of control by dynamically altering enzyme activity, stability, or interactions
[102]. Bottlenecks in the pathway highlight the need for balanced regulation to enhance
overall 
ux. Experimental studies have shown that overexpression of rate-limiting enzymes
like 5-ALA synthase and ferrochelatase can improve production yields [14, 103]. However,
these approaches often require concurrent strategies to mitigate feedback inhibition and
ROS accumulation for sustainable results.

By integrating these regulatory mechanisms, bacterial cells maintain a delicate bal-
ance in porphyrin biosynthesis, ensuring cellular integrity and meeting physiological needs.
This understanding provides a framework for metabolic engineering aimed at optimizing
porphyrin and heme production for industrial and therapeutic applications.
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2.5 Reactive Oxygen Species (ROS) and Their Im-
pact

2.5.1 Biochemical Basis of ROS Generation in Porphyrin Biosyn-
thesis

ROS are chemically reactive molecules derived from molecular oxygen, including species
such as superoxide anions (O��2 ), hydrogen peroxide (H2O2), and hydroxyl radicals (OH� )
[104]. In biological systems, ROS play a dual role, acting as signaling molecules at low
concentrations but causing cellular damage when present at high levels [105]. The biosyn-
thesis of porphyrins inadvertently contributes to ROS generation, particularly during the
oxidation and reduction reactions involved in heme synthesis [100].

Certain steps in porphyrin biosynthesis are highly oxygen-dependent and can lead to
the generation of ROS as byproducts, contributing to oxidative stress within the cellular
environment [94]. Additionally, the accumulation of porphyrin intermediates, such as pro-
toporphyrin IX, can exacerbate oxidative stress resulting in ROS production, creating a
feedback loop that impacts cellular metabolism and viability [106].

2.5.2 Cellular Impact of ROS

Excessive ROS levels can lead to oxidative damage of cellular macromolecules, including
DNA, proteins, and lipids. DNA damage results from the formation of strand breaks
and base modi�cations, impairing genetic integrity. Protein oxidation disrupts enzymatic
functions, a�ecting metabolic pathways crucial for porphyrin biosynthesis and other cel-
lular processes. Lipid peroxidation compromises membrane integrity, leading to increased
permeability and ion leakage [107].

The accumulation of ROS during porphyrin biosynthesis also induces cellular stress
responses, such as the upregulation of antioxidant defense systems. Elevated ROS levels
can signi�cantly reduce yield and productivity [108], necessitating targeted strategies to
mitigate oxidative stress.

2.5.3 Strategies to Mitigate ROS E�ects

To mitigate the detrimental e�ects of ROS, various genetic and process optimization strate-
gies have been employed:
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1. Genetic Engineering of Antioxidant Systems : Enhancing the expression of
native or heterologous antioxidant enzymes is a common approach. Superoxide dis-
mutase (SOD) converts superoxide anions to hydrogen peroxide, while catalase de-
composes hydrogen peroxide into water and oxygen, reducing oxidative stress. Co-
expression of these enzymes has been shown to improve microbial tolerance to ROS
[109, 110].

2. Optimization of Fermentation Conditions : Limiting dissolved oxygen levels
during fermentation can reduce ROS formation. Oxygen-limiting strategies, such as
fed-batch cultivation or microaerophilic conditions, help maintain a balance between
oxygen supply and cellular demand [109].

3. Supplementation with Antioxidants : Adding exogenous antioxidants, such as
ascorbic acid, glutathione, or tocopherols, to the culture medium can scavenge ROS.
These compounds protect cellular components from oxidative damage, improving cell
viability and productivity [111].

4. Engineering Redox Balance : Modulating the expression of enzymes involved in
NADH/NADPH generation, such as glucose-6-phosphate dehydrogenase, enhances
redox homeostasis. Improved availability of reducing equivalents strengthens the
cell's antioxidant defenses [112].

2.5.4 Challenges of ROS Management in Industrial Bioprocesses

Despite signi�cant advancements, managing ROS in industrial-scale bioprocesses remains
challenging. High cell density cultures, often employed to maximize yields, inherently gen-
erate elevated levels of ROS due to increased metabolic activity and oxygen consumption.
This exacerbates oxidative stress and limits the scalability of engineered strains [113].

Furthermore, the heterogeneous nature of large-scale fermentations creates microen-
vironments with varying oxygen levels, complicating the consistent application of ROS
mitigation strategies. These gradients can result in localized oxidative damage, reducing
overall process e�ciency [114]. Addressing these issues requires advanced bioreactor de-
signs and real-time monitoring tools capable of assessing ROS levels at micro and macro
scales [115].
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2.6 Glycerol as an Ideal Feedstock

Glycerol has emerged as a highly advantageous feedstock for biomanufacturing processes
due to its abundance, cost-e�ectiveness, and versatility. As a byproduct of biodiesel pro-
duction, glycerol is readily available in large quantities, making it an economically viable
option for industrial applications [116, 117]. Its chemical structure makes it a highly re-
duced carbon source, allowing microorganisms to e�ciently convert it into a variety of
value-added products with minimal metabolic energy expenditure [118].

One of the primary bene�ts of glycerol is its compatibility with diverse microbial sys-
tems. Many industrially relevant microorganisms, includingE. coli, Clostridium spp., and
Saccharomyces cerevisiae, can metabolize glycerol through well-characterized pathways
such as the glycerol kinase pathway or glycerol dehydrogenase pathway [119]. These path-
ways enable the production of biofuels, organic acids, polyols, and other biochemicals. For
instance,E. coli has been engineered to utilize glycerol as a substrate for the production of
ethanol, succinic acid, and polyhydroxyalkanoates (PHAs) [120, 121]. Furthermore, recent
studies have demonstrated that glycerol can serve as a precursor for high-value compounds
such as dihydroxyacetone, 1,3-propanediol, and biosurfactants, which have applications in
cosmetics, pharmaceuticals, and biodegradable plastics [122]. Examples of bioproducts
derived from glycerol metabolism, along with the microorganisms involved, are presented
in Table 2.2.

Table 2.2: Bioproducts derived from Glycerol Metabolism.

Bioproduct Microorganism Reference

Ethanol E. coli, Saccharomyces cerevisiae [123, 124]
Succinic acid Actinobacillus succinogenes, E. coli [125, 126]
1,3-Propanediol Clostridium butyricum , Klebsiella pneumoniae [127, 128]
Polyhydroxyalkanoates Ralstonia eutropha, Pseudomonas putida [129, 130]
Biosurfactants Pseudomonas aeruginosa [131]
Citric acid Yarrowia lipolytica [132]
Hydrogen Enterobacter aerogenes [133]
Lactic acid Lactobacillus plantarum, E. coli [134, 135]
Propionic acid Propionibacterium acidipropionici [136]
Butanol Clostridium acetobutylicum [137]
Isoprenoids E. coli [138]

In addition to its metabolic e�ciency, glycerol o�ers signi�cant environmental advan-
tages. Its utilization aligns with principles of green chemistry, as it reduces waste from
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biodiesel manufacturing and minimizes reliance on non-renewable feedstocks [139]. Fur-
thermore, glycerol-based bioprocesses often operate under mild conditions, reducing energy
consumption and the generation of hazardous byproducts compared to traditional petro-
chemical processes [140]. By integrating glycerol as a feedstock, industries can achieve a
circular economy model, transforming a biodiesel byproduct into a valuable resource.

However, the use of glycerol is not without challenges. Crude glycerol derived from
biodiesel production contains impurities such as methanol, salts, and free fatty acids, which
can inhibit microbial growth and fermentation e�ciency. Pretreatment and puri�cation
steps are often required to enhance glycerol quality, adding to the overall production cost
[141].

Another signi�cant advantage of glycerol is its high reduction potential, which is partic-
ularly bene�cial for the production of reduced metabolites such as fatty acids, bioethanol,
and isoprenoids. Glycerol metabolism produces twice as many reducing equivalents, such
as NADH, compared to glucose, thereby enhancing the e�ciency of biosynthetic path-
ways. This property makes glycerol particularly suitable for microbial production of redox-
intensive compounds [142, 118].

Continued research into optimizing microbial pathways and fermentation processes will
further unlock the potential of glycerol as a feedstock. By addressing current limitations
and leveraging its inherent advantages, glycerol could play a central role in the transition
to sustainable and economically competitive biomanufacturing, supporting the production
of a diverse array of bio-based chemicals, fuels, and materials.
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Chapter 3

A toolkit for e�ective and successive
genome engineering of Escherichia
coli

3.1 Introduction

Over the past decades, bacteriumEscherichia coli (E. coli ) has been exploited as a
workhorse for industrial applications [143], which often require the host strain to be genet-
ically modi�ed to develop proper phenotypes. Basically, genetic modi�cation is conducted
to change (i.e., increase, decrease or wipe out) the expression levels of key genes, either
native or foreign ones. Traditionally, enhancing (or reducing) gene expression relies on
the use of vector systems (e.g., plasmid or virus), whereas inactivating gene expression
is conducted by targeting endogenous genes on the host genome for mutation (i.e., gene
knockout). However, the presence of extrachromosomal plasmids containing foreign genes
can adversely impact cell physiology [144, 145]. On the other hand, genomic integration
of these foreign genes can enhance cell �tness and genetic stability [146], eliminating the
necessity of using antibiotics to maintain plasmid stability [147]. While extrachromosomal
plasmid systems appear to be relatively easy for implementation, targeting host genome
for manipulation remains challenging and it is not even common until recently when novel
biotechnologies for site-speci�c genome engineering become available.

Various genome engineering technologies were developed in early days based on (1)
random mutagenesis via strain exposure to UV radiation or chemical mutagens followed
by phenotype screening [148, 149], (2) zinc-�nger nuclease (ZFN) [150] and transcription
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activator-like e�ectors (TALEs) mutagenesis [151], (3) base editing [152] and prime editing
[153], (4) genetic/genome recombination [154] and Multiplex automated genome engineer-
ing (MAGE) [59], (5) transposon mutagenesis [155], (6) phage transduction [156], and bac-
terial conjugation [157]. However, these traditional technologies are more limited to gene
knockout and have various disadvantages, such as non-speci�c and non-reproducible mu-
tations, hard-to-characterize mutations/mutants, labor-intensive and time-consuming pro-
tocols, etc. In early 21st century, technologies for site-speci�c genome engineering started
to be developed, enabling targeted inactivation of endogenous genes inE. coli, and recom-
bineering was one of them. Basically, recombineering relies on homologous recombination,
which is mediated by phage recombinases such as RecET from Rac prophage or� Red pro-
teins (i.e., Gam, Beta, Exo) [158], to integrate a double-stranded and single-stranded DNA
fragment into the host genome [159]. In the� Red machinery, Gam prevents the degradation
of the foreign DNA [160], Exo (lambda exonuclease) generates single-stranded 3' overhangs,
and Beta mediates annealing of homology arms to the complementary DNA target in the
genome [161] (Figure 3.1a). Recombineering has been extensively applied to inactivate en-
dogenous genes and a comprehensiveE. coli mutant library containing the single mutations
to all non-essential genes, i.e., Keio collection, was constructed [162], signi�cantly facili-
tating derivation of E. coli gene-knockout mutants. On the other hand, recombineering
has major technological drawbacks, such as low recombination e�ciencies, especially upon
integrating large DNA cargos, and requiring multi-step processes [146, 163, 59], limiting
its primary application to gene knockout.
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Figure 3.1: Schematic representation of the two-plasmid system for genomic integration via transposon-associated CRISPR-Cas system.
(a) CRISPR-Cas9 coupled with� Red recombineering mechanism: The guide RNA (gRNA) comprised of a protospacer (PS), Cas9-binding
hairpin (CBH) and transcriptional terminator (ter), directs the Cas9 to the desired locus by recognizing the PAM sequence and the Cas9
cleaves the DNA through double strand breaks. Exo (lambda exonuclease) generates single-stranded 3' overhangs and Beta proteins
mediate annealing of the homology arms (HA) to the complementary DNA target in the genome. (b) Transposition mechanism: pE�ector
plasmid harboring the crRNA, VcCascade and transposition machinery. The CRISPR array comprises two repeats (R) and a protospacer
(PS) presented in violet. VcCascade consists of Cas6, Cas7 and Cas8 protein subunits presented in green. The transposition machinery
comprises TniQ subunit and transposition proteins TnsA, TnsB and TnsC presented in orange. pDonor plasmid harboring a DNA cargo,
i.e., bktB:phaB (2.2 kbp), phaC:phaA (3.3 kbp) or cas9 (5.5 kbp), 
anked by transposon right- (TR) and left- (TL) end sequences . The
crRNA which is principally responsible for the PAM site recognition and R-loop formation, binds to the VcCascade. The TniQ homodimer
is bound to the VcCascade to form the VcCascade-crRNA-TniQ complex. To insert the DNA cargo in the desired genomic site, the crRNA
directs the VcCascade-crRNA-TniQ complex to the desired locus, TniQ communicates with TnsC, and TnsC mediates the transposition
by employing TnsAB to excise the DNA from the its pDonor through double strand breaks, recognizing and binding to the TL and TR
end sequences of the DNA cassette and integrates the DNA approximately 50 bp downstream of the targeted locus.
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More recently, site-speci�c genome engineering based on the clustered regularly inter-
spaced short palindromic repeats (CRISPR) and CRISPR-associated proteins (Cas) was
developed. The CRISPR-Cas system is a well-known machinery that reinforces immunity
in bacteria and archaea by eradicating the invading foreign genetic elements [164, 165]. Ba-
sically, the CRISPR-Cas system employs sequence-speci�c protospacers that are expressed
as CRISPR RNAs (crRNAs) to guide Cas nucleases to the DNA/RNA target for degrada-
tion through the recognition of the protospacer-adjacent motif (PAM) downstream of the
targeted site [166, 61]. This natural defending mechanism in RNA-guided DNA cleavage
has been repurposed as a powerful toolkit for genome engineering, particularly site-directed
mutagenesis, in both prokaryotes and eukaryotes [167], successfully generating engineered
cells for a wide range of applications [168] such as therapeutics [169] and engineered food
crops [170].

Even with successful application to gene knockout and site-directed mutagenesis for
genome editing, the CRISPR-Cas system has a limited editing e�ciency upon inserting
DNA cargos, particularly large ones, into the genome. The issue can be complemented
by the new transposon-associated CRISPR-Cas system. Recent studies demonstrated the
e�ective synergy betweenVibrio cholerae Tn6677 transposon and type I-F CRISPR-Cas
system for site-speci�c DNA transposition inE. coli [171, 172, 173]. Basically, Vibrio
choleraeCascade (VcCascade), encoded byVibrio choleraeTn6677, consists of Cas6, Cas7,
and naturally fused Cas8-Cas5 (simply Cas8) protein subunits [174]. The hairpin on the
3' end of crRNA binds to Cas6, while the 5' end binds to Cas8 which is responsible for
PAM site recognition and R-loop formation [175]. The transposition machinery comprises
the TniQ subunit and transposition proteins of TnsA, TnsB, and TnsC. The TniQ ho-
modimer is bound to the Cas6 protein of VcCascade to form the VcCascade-crRNA-TniQ
complex [176]. To insert the DNA cargo, the crRNA directs the VcCascade-crRNA-TniQ
complex to the targeted locus of the genome. TniQ communicates with TnsC to mediate
the transposition by employing TnsAB to excise the DNA from its donor plasmid, recog-
nizing and binding to the transposon right- (TR) and left- (TL) end sequences of the DNA
cassette, and integrating it into the targeted locus [175, 177] (Figure 3.1b). Unlike most
transposons that randomly insert the DNA cargo into the genome, the Tn6677 transposon
associated with the CRISPR-Cas system precisely inserts the DNA cargo at a speci�ed
distance downstream of the targeted locus [178], i.e., approximately 50 base pairs down-
stream of the 3' end of the targeted site in either left to right or right to left orientation
[171, 179]. In addition to the programmability, this system can insert kilobase-pair-sized
DNA cargos with enhanced e�ciency and accuracy, making it a promising molecular toolkit
for large-scale and pathway-sized DNA integration into the genome [163, 180]. However,
the transposon-associated CRISPR-Cas system is unsuitable to perform gene deletion or
site-directed mutagenesis.
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In this study, by integrating the three biomolecular mechanisms of CRISPR-Cas, Tn6677
transposon, and recombineering, we developed a programmable and e�cient toolkit for ex-
tensive genome editing, including both site-speci�c inactivation of endogenous genes (gene
knockout) and insertion of large DNA cargos (gene knock-in). The toolkit contains key
engineeredE. coli strains for convenient implementation of multiple rounds of genome
editing and each editing round is based on one-step transformation with high editing
e�ciencies, enabling customized derivation of plasmid-freeE. coli strains for industrial
applications. As a demonstration, we used the developed toolkit to derive a plasmid-
free engineered strain for the production of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) through metabolically implementing a heterologous PHBV-biosynthetic pathway
(Figure 3.2) and then redirecting dissimilated carbon 
ux to the implemented PHBV-
biosynthetic pathway.
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Figure 3.2: Schematic representation of engineered PHBV pathway inE. coli using glyc-
erol as the carbon source. TCA cycle is presented in black. The reductive branch of the
TCA cycle is show with purple arrows. Blue arrows represent the glyoxylate shunt in TCA
cycle. The activated Sleeping beauty mutase (Sbm) pathway is presented in orange arrows.
PHBV pathway and heterologous enzymes fromC. necator are shown in green. Metabo-
lite abbreviations: PHBV, Poly(3-hydroxybutyrate-co-3-hydroxyvalerate); (R)-3-HB-CoA,
(R)-3- hydroxybutyryl-CoA; (R)-3-HV-CoA, (R)-3-hydroxyvaleryl-CoA; DHAP, dihydrox-
yacetone phosphate; PEP, phosphoenolpyruvate. Protein abbreviations: AceA, isocitrate
lyase; AceB, malate syn- thase A; AceK, isocitrate dehydrogenase kinase/phosphatase;
IclR, AceBAK operon repressor; LdhA, lactate dehydrogenase A; PckA, phosphoenolpyru-
vate carboxykinase; PPC, phosphoenolpyruvate carboxylase; PhaA, acetoacetyl-CoA thi-
olase; PhaB, acetoacetyl-CoA reductase; PhaC, PHA synthase; Sbm, methylmalonyl-CoA
mutase; SdhA, succinate dehydrogenase subunit.
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3.2 Materials and Methods

3.2.1 Bacterial strains, plasmids, editing template, and oligonu-
cleotides

Bacterial strains and plasmids used in this study are listed in Table 3.1, while oligonu-
cleotide sequences are presented in Table S3.1. Genomic DNA from bacterial cells was
isolated using the Blood & Tissue DNA Isolation Kit (Qiagen, Hilden, Germany).Taq
DNA polymerase was obtained from New England Biolabs (Ipswich, MA, USA).E. coli
HI-Control 10G chemically competent cells (Lucigen, Middleton, WI, USA) were used as
the host for plasmid cloning and propagation. The plasmids were extracted using Qiagen
Miniprep kit according to the manufacturer's instructions and con�rmed by DNA sequenc-
ing conducted by The Centre for Applied Genomics (TCAG) (Toronto, Ontario, Canada).
All plasmids were constructed using Gibson assembly [181] except for the gRNAs which
were constructed by ligation. All oligonucleotides were synthesized by Integrated DNA
Technologies (IDT) (Coralville, IA, USA). E. coli strains were stored as glycerol stocks at
-80°C.

Table 3.1: Strains and plasmids used in this study.

Name Description or Relevant Genotype Source

Host strains
HI-Control 10G mcrA � ( mrr-hsdRMS-mcrBC ) endA1 recA1

' 80dlacZ�M15 � lacX74 araD139 � ( ara leu)7697
Lucigen

galU galK rpsL (Strr) nupG � - tonA Mini-F lacIq1 (Gentr)
MG1655 K-12; F- � - rph-1 Lab stock
CPC-Sbm BW� ldhA, Ptrc::sbm (i.e., with the FRT-P trc cassette

replacing the 204-bp up-stream of the Sbm operon)
Lab stock

ST001 CPC-SbmendA::(PBAD :: 
 :� :� ) Lab stock
ST002 CPC-SbmendA::(PBAD :: 
 :� :� )

yjcS::(P tetA ::spc.-gRNA.P279T-cas9)
This study

ST003 CPC-SbmendA::(PBAD :: 
 :� :� )
yjcS::(P tetA ::spc.-gRNA.P279T-cas9)
bcsA::(Pgracmax (T7.RBS)::bktB:phaB)

This study

ST004 CPC-SbmendA::(PBAD :: 
 :� :� )
yjcS::(P tetA ::spc.-gRNA.P279T-cas9) bcsA::

This study

(Pgracmax (T7.RBS)::bktB:phaB)
intF:: (Pgracmax (T7.RBS)::phaC:phaA

ST005 ST004 � iclR This study
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ST006 ST004 � iclR � sdhA This study
ST007 CPC-SbmyjcS::(P tetA ::spc.-gRNA.P279T-cas9) This study

Plasmids
pDonor Donor plasmid for V. Cholerae transposon system [163]
pE�ector E�ector expression for V. Cholerae transposon system [163]
pUC19 Subcloning plasmid for generating E�ector plasmids Lab stock
pTrc99a pBR322 ori, Ampr [182]
pSC101 pSC101ts ori, Cat r Lab stock
pDonor1 pBR322 ori, PtetA ::spc.-gRNA.P279T-cas9, Spcr This study
pDonor2 pBR322 ori, Pgracmax (T7.RBS)::bktB:phaB, Spcr This study
pDonor3 pBR322 ori, Pgracmax (T7.RBS)::phaC:phaA, Spcr This study
pE�ector1 pSC101ts ori, PJ23119::yjcS-gRNA.P882T, Cat r This study
pE�ector2 pSC101ts ori, PJ23119::bcsA-gRNA.P1249NT, Catr This study
pE�ector3 pSC101ts ori, PJ23119::intF- gRNA.P242T, Cat r This study
pbktB.phaB-
� bcsA

pBR322 ori, Pgracmax (T7.RBS)::bktB:phaB, Amp r This study

pCas9-� yjcS pBR322 ori, PtetA ::spc.-gRNA.P279T-cas9, Amp r This study
pgRNA1 pBR322 ori, PxylA .SphI ::yjcS-gRNA.P1032T, Spcr This study
pgRNA2 pBR322 ori, PxylA .SphI ::bcsA-gRNA.P1088T, Spcr This study
pgRNA3 pSC101ts ori, PxylA .SphI ::iclR-gRNA.P78T, Cat r This study
pgRNA4 pSC101ts ori, PxylA .SphI ::sdhA-gRNA.P392T, Cat r This study
pCas9 pSC101ts ori, P tetA ::spc.-gRNA.P279T-cas9, Catr Lab stock

Standard recombinant DNA technologies were applied for molecular cloning [183]. Ac-
tivation of the genomic Sbm operon in BW�ldhA to generate E. coli CPC-Sbm was de-
scribed previously [184].

To construct pDonor1, the gRNA cassette spc.-gRNA.P279T and cas9 were ampli�ed
using primer sets P001/P002 and P003/P004, respectively, from a lab-made plasmid for
expression ofcas9 in E. coli harboring the spc.-gRNA.P279T gRNA cassette and thecas9.
Primer sets P005/P006 and P007/P008 were used to amplify the TL and TR sequences,
respectively, which are recognized by the integrase to excise the harboring DNA cassette.
Primers P009/P010 were used to amplify the backbone from pDonor [163]. Finally, the �ve
fragments were Gibson-assembled to form pDonor1. To construct pDonor2,phaB and bktB
were ampli�ed using primer sets P011/P012 and P013/P014, respectively, with the genomic
DNA of wild-type Cupriavidus necator ATCC 43291 as the template. The backbone was
ampli�ed using primers P015/P016, and the TL and TR sequences were ampli�ed using
primer sets P017/P018 and P019/P020 from the pDonor template, respectively. The �ve
fragments were Gibson-assembled to form pDonor2. Similarly, pDonor3 was constructed by
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amplifying phaC and phaA using primer sets P021/P022 and P023/P024 from the genomic
DNA of wild-type C. necator ATCC 43291. The backbone was ampli�ed using primers
P015/P016, and the TL and TR sequences were ampli�ed using primer sets P025/P018
and P019/P020 from the pDonor template, respectively. Finally, the �ve fragments were
Gibson-assembled to form pDonor3.

All pE�ector-derived plasmids were constructed by assembling three common frag-
ments ampli�ed from the pE�ector [163] plasmid using primer sets P026/P027, P028/P029,
and P030/P031 and a speci�c protospacer ampli�ed from a subcloning plasmid using
P032/P033. To construct the subcloning plasmids, the protospacer sequences yjcS.P882T,
bcsA.P1249NT and intF.P242T were �rst constructed by annealing the sense and anti-
sense oligonucleotides using P034/P035, P036/P037, and P038/P039, respectively. The
annealed oligos were then ligated into BsaI-digested pUC19-derived plasmid in which the
ampicillin resistance marker was previously replaced with a spectinomycin cassette.

To construct the pbktB.phaB-� bcsAdelivery vector, we began by amplifying thebcsA
5' and 3' homology lengths (HL-5' and HL-3') using primer sets P040/P041 and P042/P043,
respectively, from the genomic DNA ofE. coli MG1655. The DNA cassette including
bktB and phaB was ampli�ed from pDonor2 using primers P044/P045. The fragments
were Gibson-assembled with the pTrc99a backbone ampli�ed by primers P046/P047 to
construct pbktB.phaB-� bcsA. The plasmid was then used as the template to obtain the
PCR-ampli�ed editing template using primers P040/P043. Similarly, to construct the
pCas9-� yjcS delivery vector, we ampli�ed the yjcS HL-5' and HL-3' with primer sets
P048/P049 and P050/P051, respectively, from the genomic DNA ofE. coli MG1655. The
gRNA cassette spc.-gRNA.P279T and cas9 were ampli�ed from pDonor1 using primers
P052/P053. The fragments were Gibson-assembled with the pTrc99a backbone ampli-
�ed by primers P054/P055 to construct pCas9-�yjcS. The plasmid was then used as the
template to obtain the PCR-ampli�ed editing template using primers p048/P051.

The gRNA plasmids harboring gRNA cassettesyjcS.P1032T, bcsA.P1088NT, iclR.P87T,
and sdhA.P392T were constructed by amplifying a single fragment using respective for-
ward primers P056, P057, P058, and P059 containing unique protospacers and a common
reverse primer, P060. A lab-made plasmid containing PxylA .SphI upstream of a gRNA cas-
sette (described previously [185]) with pBR322-ori was used as the template for pgRNA1
and pgRNA2. Another lab-made plasmid containing PxylA .SphI upstream of a gRNA cas-
sette with pSC101ts-ori was used as the template for pgRNA3 and pgRNA4. Finally, each
fragment was self-ligated to form gRNA delivery vectors.

pCas9 was constructed by amplifying the gRNA cassette spc.-gRNA.P279T using primers
P061/P062 and amplifyingcas9 using primers P063/P064 from pDonor1. The fragments
were Gibson-assembled with the two fragments of backbone ampli�ed using primer sets
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P065/P066 and P067/P068 from pSC101 plasmid.

The genotypes of derived knockout strains were con�rmed by colony polymerase chain
reaction (PCR) using the appropriate veri�cation primer sets listed in Table S3.1.

3.2.2 Competent cells preparation and transformations

To prepare chemically competent cells, bacterial cells on the overnight plate were used to
inoculate the prewarmed Luria-Bertani (LB) medium with the initial optical density at 600
nm (OD600) of 0.1. All experiments for CRISPR-Cas9 coupled with� Red recombineering
were conducted at 30°C and the cultures were induced by 15 mM L-arabinose at OD600 of
0.3-0.4 to trigger the � Red operon. The cultures for transposon-associated CRISPR-Cas
experiments were prepared at 37°C. Cells were harvested at OD600 of 0.5 and then washed
with ice-cold 15% glycerol three times. Finally, cells were concentrated 230 times and 40� l
of the competent cells were used per transformation. Approximately 250 ng of the donor
plasmid or editing template and 100 ng of the E�ector or gRNA plasmid were mixed with
40 � l of electrocompetent cells. Mixture of the cells and DNA were electroporated and
recovered in 1 mL SOC medium for 1.5 hours and then spread on selective LB agar plates
and incubated at 30°C overnight.

For the transposition experiments, prior to restreaking, the bacteria were pooled from
the plate by scraping the colonies, resuspending them in LB and appropriately diluting
before plating them again. This step is bene�cial for obtaining homogeneous colonies
since it has been reported that some of the colonies growing on the �rst plate might be
heterogeneous [171].

The derived mutations were con�rmed by applying colony PCR toward colonies re-
streaked from each plate using the appropriate primer sets listed in Table S3.1. The
editing e�ciencies of the mutations were reported as the ratio of the successful mutations
to the total number of colonies screened for colony PCR (12 colonies per plate).

3.2.3 Media and bacterial cell cultivation

All media components were purchased from Sigma-Aldrich Co. (St Louis, MO, USA)
except glucose, yeast extract, and tryptone which were obtained from BD Diagnostic
Systems (Franklin Lakes, NJ, USA). The optical cell density measurements were made
by appropriately diluting the samples with 0.15 M saline and using a spectrophotome-
ter (GENESYS—�40/50�Vis/UV-Vis, Thermo Fisher Scienti�c Inc., Waltham, MA, USA).
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When required, the media were supplimented with antibiotics at the following concentra-
tions: 40 � g/mL chloramphenicol and 90� g/mL spectinomycin. For double selection the
spectinomycin concentration was reduced to 80� g/mL.

E. coli mutants were streaked on LB agar plates and incubated at 30°C for 16 h. The
plates were then used to to inoculate 20 mL prewarmed LB broth in 125 mL conical

asks as starter cultures at 30°C and 280 rpm for 8 h in a rotary shaker (New Brunswick
Scienti�c, NJ, USA). The starter cultures were used to inoculate 215 mL prewarmed super
broth (SB) medium (32 g/L tryptone, 20 g/L yeast extract, and 5 g/L NaCl) as seed
cultures in 1 L conical 
asks. The seed cultures were grown at 30°C and 280 rpm for
16 h. The cells were then harvested by centrifugation at 5000Ög for 10 minutes and
resuspended in 50 mL fresh LB medium which was eventually used to inoculate a 1 L
stirred tank bioreactor (CelliGen 115, Eppendorf AG, Hamburg, Germany). The bioreactor
cultivations operate at 30°C and 430 rpm for 24 h and cultivation medium consists of 30
g/L glycerol, 10 g/L yeast extract, 10 mM NaHCO3, 0.4� M cyanocobalamin (vitamin
B12), 0.1 mM isopropyl � -D-1-thiogalactopyranoside (IPTG), 0.23 g/L K2HPO4, 0.51 g/L
NH4Cl, 49.8 mg/L MgCl2, 48.1 mg/L K2SO4, 2.78 mg/L FeSO4�7H2O, 0.055 mg/L CaCl2,
2.93 g/L NaCl, 0.72 g/L tricine and 1000th dilution (i.e., 1 mL/L) trace elements (2.86 g/L
H3BO3, 1.81 g/L MnCl2�4H2O, 0.222 g/L ZnSO4�7H2O, 0.39 g/L Na2MoO4�2H2O, 79� g/L
CuSO4�5H2O, 49.4 � g/L Co(NO 3)2�6H2O). Aerobic conditions were obtained by sparging
air into the bulk culture at 1 vvm. The pH of the culture was maintained at 7.0± 0.1
using 3 M NH4OH and 3 M H3PO4.

3.2.4 PHBV extraction and analysis

Intracellular polymer was extracted by applying the following procedure. The bacterial
cells from the bioreactor cultivations were harvested and centrifuged at 8000Ög for 10
minutes. The pellets were washed twice with distilled water and then lyophilized for 16
h. The dried cell weight (DCW) was measured prior to methanolysis. Methanolysis was
carried out at 100°C for 4 h by resuspending the pellets in 2 mL chloroform and 1 mL
PHA solution (i.e., 4 g/L benzoic acid and 15% sulfuric acid in methanol). The biphasic
mixtures were then cooled down to room temperature and then were vortexed after adding
1 mL distilled water to them. Finally, after phase separation, the chloroform phase was
�ltered with 0.45 � m Polytetra
uoroethylene (PTFE) �lters, appropriately diluted and
then analyzed by Agilent 6890 series GC system (Agilent Technologies, Santa Clara, CA,
USA) with a J & W Scienti�cs DB Wax column (30 m Ö 0.53 mm, �lm thickness 1� M)
(Agilent Technologies, Santa Clara, CA, USA). The oven program was set as following:
initial temperature was set at 80°C for 5 minutes, then ramped to 230°C at 7.5°C/min,
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and continued to ramp to 260°C at a faster rate 10°C/min followed by maintaining that
temperature for the analysis. The calibration curves for methanolysis assay were prepared
using the standards of methyl 3-hydroxybutyrate and methyl 3-hydroxyvalerate (Sigma-
Aldrich Co., St Louis, MO, USA). The PHA content is reported as the ratio of PHA mass
measured by GC to the DCW, expressed in weight percent. The 3-HV content is reported
as the ratio of 3-HV to the total of 3-HV and 3-HB, expressed in mole percent.

3.2.5 Statistical analysis

All experiments in this study were conducted in either triplicate (for genome engineering)
or duplicate (for bioreactor cultivations). We used t-test and ANOVA analysis to evaluate
our methods and data. Readers are encouraged to check supplementray Material for details
of each analysis.

3.3 Results

3.3.1 Genomic knock-in based on CRISPR-Cas9 coupled with
� Red recombineering

We �rst explored genomic integration of a DNA cargo (i.e.,cas9 as a large-size cargo
and bktB:phaB as a small-size cargo) inE. coli using CRISPR-Cas9 coupled with� Red

recombineering. To do this, strain ST001 was �rst derived by inserting the three� Red

recombineering genes ofexo (� ), beta (� ), and gam (
 ), whose expression was regulated
by the arabinose-inducible PBAD promoter, into the endA locus of the E. coli genome.
The three recombineering genes were annealed to the FRT-KnR-FRT cassette and the in-
sertion was conducted by Flp-FRT recombination. The FRT-KnR-FRT cassette was then
eliminated by transforming the strain with pCP20 [186], a temperature-sensitive plasmid
expressing a 
ippase (Flp) recombinase. Upon Flp-mediated excision of the KnR cassette,
a single Flp recognition site was generated. Plasmid pCP20 was then cured by grow-
ing cells at 42°C. Then, ST001 was transformed with pCas9 followed by two rounds of
� Red recombineering. In the �rst round, ST001 harboring pCas9 was co-transformed with
pgRNA1 expressing gRNA targetingyjcS and the large-size DNA cargo containingcas9

anked by 3' and 5' homologous arms. Genomic integration ofcas9 into the yjcS locus
was con�rmed by colony PCR using appropriate primer sets (Figure 3.3a). To prepare for
the next round of genome engineering, only pgRNA1 was evicted to form ST002 harboring
pCas9. Then, ST002 harboring pCas9 was co-transformed with pgRNA2 expressing gRNA
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targeting bcsA and the small-size DNA cargo containingbktB:phaB 
anked by 3' and 5'
homologous arms. Finally, after con�rming the successful integration ofbktB:phaB into
the bcsA locus by colony PCR (Figure 3.3a), both pCas9 and pgRNA2 were evicted to
form ST003.

E�ciencies of 91.7% and 22.2% were obtained for genomic integration of the small-
and large-size DNA cargo, respectively, with low volumetric CFU for both cases (Fig-
ure 3.3b). Note that both the integration e�ciency and volumetric CFU decreased with
an increased size of DNA cargo (t-test with p-values of 2.3e-3 and 1.5e-3 respectively), and
the integration e�ciency appeared to be limited by high numbers of unedited background
colonies (also known as escaper colonies) evading the Cas9 break. In addition, low gRNA
eviction e�ciencies were observed (Figure 3.3c), potentially due to a high copy number of
the plasmid with the pBR322 origin, limiting the applicability of this system for genome
engineering.

(a) (b) (c)

Figure 3.3: (a) Colony PCR screening ofcas9 and bktB:phaB integrations via � Red re-
combineering (column 2-3). To screen forcas9 integration , primers P069/P070 ampli�ed
an 858 bp fragment (column 2). To screen forbktB:phaB integration, primers P071/P072
ampli�ed a 930 bp fragment (column 3). (b) Integration e�ciency based on colony PCR
(ratio of colonies containing the desired mutation to the total number of colonies screened
for colony PCR) and colony count (CFU/mL) of each transformation employing� Red re-
combineering system to integrate small- and large-size DNA cargos. (c) pgRNA plasmid
eviction e�ciencies con�rmed by spectinomycin sensitivity (ratio of colonies with successful
plasmid eviction to total number of colonies screened for antibiotic sensitivity). All values
are reported as means± SD (n = 3).
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3.3.2 Genomic knock-in based on transposon-associated CRISPR-
Cas system

In light of the above technical disadvantages for the CRISPR-Cas9 coupled with� Red re-
combineering, we further explored transposon-associated CRISPR-Cas system for genomic
integration. To do this, ST001 was �rst used as the host for genomic insertion ofcas9
as a large-size cargo into theyjcS locus by co-transforming pDonor1 (which carriescas9)
and pE�ector1 (which carries the gRNA targeting yjcS). Genomic integration was con-
�rmed by colony PCR using appropriate primer sets (Figure 3.4a). For the next round
of genome engineering, both plasmids were evicted from the resulting engineered strain,
generating ST002. Then, the DNA cargo containingbktB:phaB as a small-size cargo was
integrated into the bcsAlocus of ST002 by co-transforming pDonor2 and pE�ector2. Both
plasmids were evicted from the resulting engineered strain, generating ST003. Finally, for
complete implementation of the PHBV biosynthetic pathway, another DNA cargo con-
taining phaC:phaA as a medium-size cargo was inserted into theintF locus of ST003 by
co-transforming pDonor3 and pE�ector3. Both plasmids were evicted from the resulting
engineered strain, generating ST004.

E�ciencies of 100%, 97.1%, and 88.9% were obtained for genomic integration of a
small-, medium-, and large-size cargo, respectively, with high volumetric CFU for all cases
(Figure 3.4b). Although the integration e�ciency based on Tn6677 transposition appeared
to decrease with an increased DNA cargo size, it was high enough to make the system a
feasible toolkit for genome engineering. The ANOVA analysis also con�rms that decrease
in the integration e�ciency is not signi�cant (See Table S3.2, p-value = 2.7e-1). A similar
decreasing trend, though not signi�cant (See Table S3.3, p-value = 2.3e-1), was observed in
volumetric CFU upon increasing the DNA cargo size. In addition, the e�ciency of plasmid
eviction, particularly for pDonor, also dropped considerably with an increased DNA cargo
size (See Table S3.4, p-value = 2.2e-3) (Figure 3.4c), potentially limiting the applicability
of this system.

3.3.3 Gene knockout based on CRISPR-Cas9 coupled with � Red

recombineering

Next, we assessed the feasibility of the CRISPR-Cas9 coupled with� Red recombineering
system for gene knockout using theiclR and sdhA genes for demonstration. To overcome
the low e�ciency for eviction of the pgRNA plasmids, the pBR322 origin was replaced
with the temperature-sensitive pSC101ts one. To knockouticlR, ST004 was co-transformed
with pgRNA3 expressing gRNA targetingiclR and a 60 bp oligonucleotide 
anked by 3'
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(a) (b) (c)

Figure 3.4: (a) Colony PCR screening ofcas9, bktB:phaB and phaC:phaA integrations
via Tn6677 transposons (column 2-4). To screen forcas9 integration, primers P070/P073
ampli�ed a 484 bp fragment (column 2). To screen forbktB:phaB integration, primers
P072/P074 ampli�ed a 641 bp fragment (column 3). To screen forphaC:phaA integration,
primers P075/P076 ampli�ed a 704 bp fragment (column 4). (b) Integration e�ciency (ra-
tio of colonies containing the desired mutation to the total number of colonies screened for
colony PCR) and colony count (CFU/mL) of each transformation employing transposon-
associated CRISPR-Cas system to integrate small-, medium- and large-size DNA cargos.
(c) pDonor and pE�ector plasmid eviction e�ciencies (ratio of colonies with successful
plasmid eviction to total number of colonies screened for antibiotic sensitivity). All values
are reported as means± SD (n = 3).

and 5' homology arms. The oligonucleotide containing six consecutive point mutations was
designed to introduce two consecutive stop codons and anAseI restriction site for screening
of successful recombination, which was con�rmed by colony PCR using appropriate primer
sets (Figure 3.5a). For the next round of gene knockout, pgRNA3 was evicted to form
ST005, which was then co-transformed with pgRNA4 expressing gRNA targetingsdhA
and the respective oligonucleotide for recombination. After con�rming successful knockout
by colony PCR, pgRNA4 was evicted from the resulting strain to form ST006.

E�ciencies of 61.1% and 94.4% were obtained for knocking out theiclR and sdhAgenes,
respectively (Figure 3.5b). Note that pgRNA plasmids were evicted with 100% e�ciency
for both rounds of gene knockout (Figure 3.5c), suggesting the feasibility of this system
for genome engineering. Also, note that the control experiments using ST007 (without
three � Red recombineering genes on the genome) as the host had no genomic integration
(data not shown), highlighting the importance of homologous recombination-mediated by
the � Red system for e�cient gene knockout.
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(a) (b) (c)

Figure 3.5: (a) Colony PCR screening oficlR and sdhA knockouts via � Red recombineer-
ing (column 2-3). To screen foriclR knockout, primers P077/P078 ampli�ed a 790 bp
fragment and successful recombination of the editing template generated products of 490
bp and 300 bp upon AseI digestion (columns 2). To screen forsdhA knockout, primers
P079/P080 ampli�ed a 1065 bp fragment and successful recombination of the editing tem-
plate generated products of 779 bp and 286 bp upon AseI digestion (column 3). (b) Gene
knockout e�ciency based on colony PCR (ratio of colonies containing the desired mutation
to the total number of colonies screened for colony PCR) and colony count (CFU/mL) of
each transformation employing� Red recombineering system to knockouticlR and sdhA
genes. (c) pgRNA plasmid eviction e�ciencies con�rmed by chloramphenicol sensitivity
(ratio of colonies with successful plasmid eviction to total number of colonies screened for
antibiotic sensitivity). All values are reported as means± SD (n = 3).

3.3.4 PHBV biosynthesis using genome-engineered strains

PHBV production mainly relies on the availability of the monomer of 3HV-CoA, which
is derived from succinyl-CoA in the tricarboxylic acid (TCA) cycle (Figure 3.2). It was
previously shown that, by inactivating the oxidative TCA branch with the sdhA mutation
and deregulating the glyoxylate shunt with theiclR mutation, the 3-HV monomeric fraction
in the PHBV copolymer could be regulated [187]. A similar demonstration was conducted
herein using the three genome-engineered and plasmid-free strains (i.e., ST004, ST005, and
ST006) for bioreactor cultivation under aerobic conditions. The results suggest that cell
growth was minimally a�ected by the iclR and sdhAmutations (Figure 3.6a). Although the
DCW was slightly reduced (i.e., 4% and 9% for ST005 and ST006, respectively, compared
to ST004), the PHBV content was higher for ST005 (51%) and ST006 (45.9%) compared
to ST004 (41.7%). Moreover, the 3-HV monomeric fraction of PHBV copolymer also
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increased in ST005 (13.2 mol%) and ST006 (17 mol%) compared to ST004 (11 mol%)
(t-test with p-values of 4.1e-2 and 2.5e-5 respectively) (Figure 3.6b). In addition, the
3-HV titer was also incresed by inactivating bothiclR and sdhA genes, con�rming the
successful 
ux channeling into the Sbm pathway (Figure 3.6c). Also, the titers of 3-HB
and 3-HV monomers suggest that the PhaC is the limiting factor for PHBV synthesis,
an outcome also described previously inE. coli [188]. The results suggest that not only
PHBV could be produced by these genome-engineered and plasmid-free strains but also
the 3-HV monomeric fraction of PHBV copolymer could be modulated by introducingiclR
and sdhA mutations.

(a) (b) (c)

Figure 3.6: PHBV biosynthesis of the metabolically manipulated strains (ST004, ST005,
ST006) (a) presenting cell optical density (OD600) and dried cell weight (g/L) (b) biopoly-
mer and 3-HV content represented by wt% and mol%, respectively and (c) Metabolite
production (g/L). All values are reported as means± SD (n = 2).

3.4 Discussion

Today, strategies based on CRISPR have been developed for genome engineering of various
microorganisms, particularlyE. coli. While most of these strategies mainly focus on gene
knockout, site-speci�c insertion of heterologous genes into the genome remains a challenge
[189, 190] particularly for large-size genes. In this study, we developed an e�cient toolkit
for both site-speci�c inactivation of native genes based on a traditional CRISPR-Cas9
coupled with � Red recombineering system (i.e., gene knockout) and site-speci�c insertion
of heterologous genes based on a transposon-associated CRISPR-Cas system (i.e., gene
knock-in) in E. coli. With speci�c engineered strains being developed, the number of plas-
mids simultaneously used for genome editing was minimized. Also, the toolkit showed
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high editing e�ciencies with e�ective plasmid curing, facilitating multiple rounds for suc-
cessive genome editing. Using the toolkit, customized engineered strains were developed
for heterologous production of PHBV in plasmid-freeE. coli.

To evaluate the system of CRISPR-Cas9 coupled with� Red recombineering for gene
knock-in, we �rst constructed a plasmid-free strain ST001 by insertion of a DNA cassette
containing the three� Red recombineering genes, i.e.,exo (� ), beta (� ), and gam (
 ) whose
expression was regulated by the arabinose-inducible PBAD promoter, into E. coli genome.
With the expression of the� Red recombineering genes in ST001, homologous recombina-
tion was signi�cantly enhanced for genomic insertion of DNA cargos while rejoining the
excised genome by CRISPR. Though the� Red recombineering genes might not be critical
for conducting CRISPR-mediated gene knockout which is often associated with the use of
a small editing template, our results clearly showed that they were required for conduct-
ing CRISPR-mediated gene knock-in and the editing e�ciency was a�ected by the size of
inserted DNA cargo. It was previously reported that, upon large fragment recombineer-
ing via � Red recombineering, the dsDNA cargo was prone to mutations and mismatches,
resulting in ine�cient DNA recombination [191]. Our �ndings are also in agreement with
a previous report of the size e�ects of DNA cargo, i.e., ine�ective genomic integration of
large DNA cargo up to 3 kbp and even failed integration when the size was increased to
3.8 kbp [192]. Similar reduction in integration e�ciency was observed by Maresca et al.
for DNA insertions greater than 3 kbp while slight decrease in e�ciency was reported for
gene deletion up to 50 kbp using� Red recombineering [193]. In another study, Jiang et
al. attempt to integrate a 4.5 kbp DNA cassette into theyjcS locus yielded the maximum
e�ciency of 28% [166]. Li et al. also reported signi�cant decrease in integration e�ciency
from 59% to 14% by increasing the DNA cassette size from 3 kbp to 8 kbp [194]. In
addition, the volumetric CFU decreased with an increased size of DNA cargo with the
appearance of many unedited escaper colonies. These colonies might have escaped the
double-strand break due to homologous recombination between the cleaved and un-cleaved
chromosome, deletion of targeted regions, or mutations in the protospacer sequence of the
gRNA [195, 196], limiting the genome editing e�ciency. A critical step for genome engi-
neering is plasmid curing to form the strain for successive genome editing. We observed
low plasmid curing e�ciency (< 10%) in the system of CRISPR-Cas9 coupled with� Red

recombineering potentially due to the small size and high copy number of the plasmid.
This issue was addressed by changing the plasmid origin to a low-copy one.

Given low editing e�ciency upon using CRISPR-Cas9 coupled with� Red recombineer-
ing for gene knock-in, we further evaluated the transposon-associated CRISPR-Cas sys-
tem with a pDonor plasmid carrying the DNA cargo and a pE�ector plasmid carrying
V. cholerae Tn6677 transposon, type I-F CRISPR-Cas machinery, and a protospacer tar-
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geting the desired locus. Upon performing a two-way ANOVA analysis on our results,
we concluded that though CRISPR-Cas9 coupled with� Red recombineering might be fea-
sible for integrating DNA cassettes up to 3 kbp, it was rather ine�cient compared to
the transposon-associated CRISPR-Cas system (p-value = 3.1e-4) which appeared to be
more suitable for integrating larger or pathway-sized DNA cassettes (t-test with p-value
= 9.7e-4). The ANOVA analysis also suggest that there is an interation between the
DNA cargo size and the method of integeration (See Table S3.5, p-value = 1.5e-3). The
transposon-associated CRISPR system also had much higher volumetric CFU and e�ective
plasmid curing upon genomic integration of large-size DNAs, compared to CRISPR-Cas9
coupled with � Red recombineering. In addition to high editing e�ciency and e�ective plas-
mid curing, DNA integration via Tn6677 transposons did not require long homologous
arms in the DNA cargo and the integration could occur in a single-step transformation.

Finally, we assessed the feasibility of combining the two systems for multiple rounds of
genome engineering, i.e., employing the CRISPR-Cas9 coupled with� Red recombineering
system for gene knockout whereas the transposon-associated CRISPR-Cas system for gene
knock-in. To facilitate the application, plasmid-free ST002 harboring both the three� Red

recombineering genes andcas9 on the genome was used as the base strain such that all
genome editing steps could be performed with one-step transformation and plasmid curing.
To address the low eviction e�ciency for plasmid curing, we used the temperature-sensitive
pSC101ts origin to reduce the copy number of the plasmids for genome editing. Further-
more, genomic expression of thecas9 gene will facilitate the eviction of pDonor plasmid
when using Tn6677 transposons. For the demonstration using ST002 with an activated
Sbm operon on the genome, we �rst knocked in four pathway genes (i.e.,bktB, phaA, phaB,
and phaC from C. necator) for heterologous biosynthesis of PHBV.� -ketothiolase which
is encoded byphaA and bktB, is involved in two reactions to condensate two acetyl-CoA
or an acetyl-CoA with propionyl-CoA to form acetoacetyl-CoA and 3-ketovaleryl-CoA,
respectively. Previous studies have shown thatbktB exhibits more selectivity towards
ketovaleryl-CoA formation, thus more favorable for increasing the 3-HV content of the
biopolymer [197]. Acetoacetyl-CoA reductase encoded byphaB reduces the acetoacetyl-
CoA and 3-ketovaleryl-CoA to 3-HB-CoA and 3-HV-CoA, respectively. Eventually, poly-
hydroxyalkanoate synthase encoded byphaC mediates the polymerization of 3-HB-CoA
and 3-HV-CoA monomers to form PHBV granules inE. coli cells (Figure 3.2) [198, 199].
Subsequently, we knocked out two native genes (i.e.,iclR and sdhA) to direct more dis-
similated carbon 
ux toward the Sbm pathway [200]. Since glycerol has a high degree of
reduction and compared to glucose it produces approximately twice the number of reduc-
ing equivalents (i.e., NADH) [118], it was used as the carbon source for PHBV production.
In addition, glycerol is an abundant byproduct in industry which makes it an inexpensive
carbon source [201]. The intermediate plasmid-free ST004, with the PHBV pathway genes
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being inserted into the genome of ST002, could heterologously produce PHBV at 41.7%
of the DCW with 11 mol% of the 3-HV monomeric fraction. With further introduction
of two knockouts of � iclR and � sdhA in ST006, the PHBV content was increased up to
45.9% of the DCW and the 3-HV monomeric fraction to 17 mol% without a�ecting cell
growth. Such metabolic e�ects for PHBV biosynthesis were similar to those previously
reported by Miscevic et al. using engineeredE. coli strains with expression plasmids con-
taining PHBV-biosynthetic genes [187]. They have reported slight impcats oficlR and
sdhAknockouts on cell growth and total biopolymer content of PHBV (i.e., OD600 35 and
DCW 12.5 g/L) in aerobic conditions. They also reported an increse in 3-HV monomeric
fraction of the PHBV by knocking these two genes, however, they obtained the 3-HV
monomeric fraction of 40.9 mol% which could possibly be due to higher expression levels
of the PHBV-biosynthetic genes by expression plasmids.

Overall, our toolkit can be conveniently applied for 
exible genome engineering by
designing user-speci�c gRNAs and DNA cargos. Using our base engineered strain, ST002,
we could facilitate genome engineering, either gene knockout or knock-in, through a single-
step transformation. Moreover, our method relies on the use of curable plasmids which
possess low copy number or temperature-sensitive origins. In addition, increasing the
expression levels of inserted genes can be achieved by modifying the donor DNA cassette
using strong promoters or ribosome binding sites, and even by integrating multiple copies
of the donor DNA cassette into di�erent loci in the genome.
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Chapter 4

Bio-Based Production of
Uroporphyrin in Escherichia coli

4.1 Introduction

Porphyrins are a group of colorful chemical compounds with an interconnected tetrapyrrole
structure [202]. Among them, heme and chlorophyll are the two most well-known members
which respectively give red color to blood and green color to plants, algae, and cyanobac-
teria. Due to versatile and novel applications in various sectors, including therapeutics,
molecular electronics, and polymers, porphyrins have gained signi�cant interest [203, 204].
Currently, most porphyrins are produced through chemical synthesis [205, 206, 207]. Ex-
traction from natural sources such as animal tissues and plants are also reported [208, 209].
However, the chemical methods might not be technologically e�ective and environmentally
friendly, and often result in low yields with no selective production of speci�c porphyrin
isomers [210, 11]. Extraction from biological sources is also limited by low yield, seasonal
variations, and complexities in puri�cation [211]. The complex downstream processing for
porphyrin puri�cation further impacts the e�ciency and economic feasibility of these meth-
ods. Bio-based production, which has been recognized as a more sustainable approach for
the production of many value-added chemicals and fuels [212], can o�er a potential solution
to overcome these limitations. Bio-based systems have potentials for continuous produc-
tion, thereby reducing time and resource consumption. Their scalability, higher yields, and
reduced environmental impact make them a promising alternative to traditional methods.

Heme biosynthesis is highly conserved across biological kingdoms and the associated
biosynthetic pathways, mechanisms, and enzymes are well documented [213]. Basically,
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the common precursor for biosynthesis of tetrapyrroles is 5-aminolevulinic acid (5-ALA),
which can be derived via either the C5 or C4/Shemin pathway with di�erent upstream
conversion steps for 5-ALA generation [214]. For post-5-ALA conversion steps, bacteria
develop two distinct, i.e., classical (protoporphyrin-dependent; PPD) and non-classical
(coproporphyrin-dependent; CPD), branches toward heme biosynthesis [213]. Portions of
the PPD and CPD branches might coexist in an organism, leading to di�erent mecha-
nisms/pathways for heme biosynthesis under di�erent environmental conditions and chal-
lenges. While bacteriumEscherichia coli (E. coli ) primarily utilizes the PPD branch for
heme biosynthesis (Figure 4.1), the simultaneous presence of several enzymes and pathways
diverging from the PPD branch o�ers potential opportunities for biosynthesis of speci�c
porphyrins other than heme, such as uroporphyrin (UP) and coproporphyrin (CP). Herein,
we focused on UP for its bio-based production inE. coli. Note that UP has potential ap-
plications in novel therapeutics and diagnostics, such as photodynamic therapy (PDT)
for cancer treatment and antimicrobial therapy [215]. Traditional chemical synthesis of
UP requires speci�c catalysts and involves complicated oxidation steps, making the pro-
cess intricate and environmentally unfriendly [207]. To date, there has been no report on
bio-based production of UP.

In E. coli, UP can be an end product in the metabolic branch divergent from the heme
biosynthetic pathway at either hydroxymethylbilane (HMB; leading to uroporphyrin I (UP-
I)) or uroporphyrinogen III (UPG-III; leading to uroporphyrin III (UP-III)) (Figure 4.1).
Although E. coli has the native C5 pathway, it can be metabolically and energetically con-
strained for 5-ALA generation since this route requires the expression of multiple tightly
regulated enzymes, the utilization of ATP and NADPH as limiting cofactors, and the for-
mation of unstable glutamate-1-semialdehyde (GSA) intermediates [216]. To address these
limitations in this study, we exploited the Shemin/C4 pathway by heterologous expres-
sion of hemA from Rhodobacter sphaeroidesas we have previously developed an e�ective
metabolic strategy [216] to redirect dissimilated carbon 
ux within the citric acid cycle
toward succinyl-CoA, which is a key precursor/moiety to form 5-ALA. Such metabolic
strategies were applied to enhance several value-added chemicals derived from succinyl-
CoA, including propionate [200], 3-hydroxyvalerate [217], porphobilinogen (PBG) [218],
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [187].
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