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Abstract

Synthetic genomics is a field of engineering biology that involves modifying or
constructing viruses, bacteria, and eukaryotic cells with synthetic genomes.
Synthetic genomes are used to alter or create new functions in cells, such as the
production of high protein expression. This chapter examines the latest discov-
eries in synthetic genomics, focusing on the study design and modern strategies
applied to create synthetic genomes. Several techniques are used to engineer and
modify both eukaryotic and prokaryotic cells. The study conducted by Fredens
and colleagues discovered the first living organism with a fully synthetic DNA
code, called Escherichia coli Syn61, by using a prokaryotic cell. The Yeast 2.0
project is a well-known example of synthetic genomics where eukaryotic fungi,
Saccharomyces cerevisiae, were genetically modified with artificial genomes to
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create a fully synthetic yeast strain. These artificial genomes are used by
researchers to better understand how genomes function, the organism’s metabo-
lism, and the production of chemical molecules for medicines or biofuels.
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Introduction

Synthetic biology (SynBio) is a new interdisciplinary field of study which combines
biology and various branches of engineering to design and create new biological
components as well as the redesign of existing organismal systems (Brooks and
Alper 2021; Xu et al. 2023). The advances in knowledge and techniques of SynBio
technology gave rise to synthetic genomics which introduces new functional mod-
ules or artificially modified genomes from pre-existing life forms into an organism
(in most cases, microorganisms) which results in the reprogramming of the cells’
DNA transforming the organism to serve as a chassis (Hamese et al. 2023; Wang
et al. 2023; Ma et al. 2024a). In this field, a synthetic genome is an artificially
constructed DNA built from scratch by scientists, and a microbial chassis is defined
as a platform that acts as a framework containing genetic components along with
biological resources that will allow the components to function.

The origins of SynBio can be traced back to the 1960s, were Jacob and Monod
discovered the first gene regulatory mechanism, known as the lactose operon (lac
operon, followed by the development of molecular cloning and PCR in the 1970s
and 1980s) (Rheinberger 2023). By May 1996, the first complete synthetic yeast
genome was sequenced using automated DNA sequencing techniques and advanced
computational tools (Chen et al. 2022). The early 2000s marked the emergence of this
growing biotechnology field, where scientists designed the first synthetic gene circuits,
namely, the genetic toggle switch and the repressilator, both important for controlling
gene expression (Lezia et al. 2021). Finally, the 2010s and 2020s contained significant
scientific advancements, combining computer tools and molecular biology to design
and produce microbial cell factories or chassis for vaccine, therapeutic, and industrial
applications, among others (Crocker et al. 2021; Hamese et al. 2023; Mugwanda et al.
2023). In 2010, scientists working at the J. Craig Venter Institute (JCVI) designed and
engineered the first self-replicating synthetic bacterial cell (Pelletier et al. 2021),
Mycoplasma mycoides (M. mycoides) JCVI-synl.0, which was later modified into
M. mycoides JCVI-Syn3.0 by the same research group (Gibson et al. 2010). As of
2020, scientists recently used advanced technologies to design and engineer personal-
ized medicine for various diseases including type 2 diabetes (Venkatachalapathy et al.
2021), gene therapy for cancer treatment and vaccine development, namely, mRNA
vaccine with enhanced efficacy and stability for infectious diseases (Zhang et al. 2023).
Table 10.1 illustrates the brief history of synthetic biology.
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Table 10.1 Timeline showing the history of synthetic genomics. This timeline starts from the
1980 and expands to the 2020s

Year Milestone reached Source

1980 In 1983, Kary Mullis discovered the molecular technique, known | Mullis (1990)
as Polymerase Chain Reaction (PCR).
The first recombinant Vaccine for Hepatitis B was developed by Pattyn et al.
Maurice Hilleman and his team in 1986. (2021)

1990s | Francisco Mojica was the first to discover the principles of Shmakova et al.
CRISPR technology in 1993. (2022)

2000s | In 2002, Eckard Wimmer’s group at Stony Brook University Moles et al.
successfully engineered the first synthetic virus, the poliovirus, (2024)
from its chemical code.
In 2003, the Chinese SFDA approved the first gene-targeted Arabi et al.
therapy product, called Gendicine, indicated for head and neck (2022)
cancer.
The first synthetic bacterial genome assembled, M. genitalium Gibson et al.
JCVI-1.0. (2008)

2010s | The construction of the world’s first minimal synthetic bacterial Gibson et al.
cell, M. mycoides JCVI-syn1.0. (2010)
In 2012, Emmanuelle Charpentier and Jennifer Doudna developed | Strzyz (2020)
the CRISPR-CAS9 technology, revolutionizing genome editing.
In August 2017, the FDA approved the first CAR T cell therapy, Mitra et al. (2023)
tisagenlecleucel (Kymriah) for the treatment of Acute
Lymphoblastic Leukemia.

2020s | The Pfizer’s COVID-19 vaccine was the first mRNA vaccine to Vitiello and

receive full FDA approval in the United States.

Ferrara (2021)

Scientists use synthetic genomes to study biological systems of natural organisms
which help in understanding how genomes function and the complex biological
systems of the organisms (Fu and Shen 2024). These genomes are also used for
engineering organisms with desired traits important for vaccine production of
emerging viruses and pandemics, like the mRNA vaccines for COVID-19 that
were created in less than one year (Venter et al. 2022; Demongeot and Fougére
2023). Additionally, they help to develop new technologies which assist with
medicine production by creating new therapeutic proteins for pharmaceutical or
industrial use, and food production by creating synthetic crops that are tolerant to
stress conditions, have higher yield and use nutrients efficiently (Ye et al. 2024).
They are also used for waste management using the process of bioremediation for the
purpose of removing pollutants from water, air, and soil to keep our environment
clean (Kuppan et al. 2024). Furthermore, these artificial genetic materials can be
used for advanced cell therapy by expressing desired proteins or providing new
biological features, such as targeting cancer cells with high specificity and develop-
ing pathogen resistance treatments for infectious diseases.

The main challenges in designing and engineering synthetic genomes include:
i) difficulties in accurately assembling large DNA fragments (Ma et al. 2024b);
ii) unintended consequences which could have unknown or unintended effects on
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cellular function causing health problems; iii) and the potential release of engineered
organisms (synthetic viruses or bacteria or cells) to the environment which may
cause health or safety issues (Bohua et al. 2023). These challenges can be countered
by using recently advanced technologies, such as computational genome modeling,
before running experiments to identify the presence of essential genes and minimiz-
ing the genome by removing non-essential genes (Xu et al. 2023). The minimal
synthetic genomes have improved stability characteristics, are easy to model, and
grow rapidly (LeBlanc and Charles 2022). In addition, scientists are also using next-
generation sequencing (NGS) technology for the analysis of the whole genome and
CRISPR-CASY editing tools to precisely manipulate DNA sequences within a
genome. The use of SynBio and bioinformatics tools to design and modify bacteria
resulting in the production of oral vectors or the secretion of biomolecules is an
emerging area of research with great clinical potential (Guo et al. 2023). The secreted
biomolecules (peptides, cytokines, enzymes, or bacteriocins) function as probiotics
which can strengthen the immune system and protect against infectious diseases
(Silva et al. 2020). The key areas of future development in synthetic genomes
include: 1) enhanced organ engineering used to produce functional synthetic organs
for transplantation; ii) personalized medicine to target specific disease mutations
resulting in efficient therapies (Stefanov and Fussenegger 2022; Yan et al. 2023;
Nazir et al. 2024); iii) using sustainable biofuel production to precisely convert
renewable resources to biofuels (Carrillo-Martinez et al. 2023); iv) enhanced vaccine
development by creating synthetic viruses with optimized antigen presentation
which could lead to faster response time to emerging diseases (Viana Invengao
et al. 2021; Khan et al. 2022).

Over the past three decades, the world has experienced various disease outbreaks,
some of which led to disastrous outcomes, such as high death rates, as we were not
properly prepared to develop effective medical countermeasure responses in time.
The major pandemic outbreaks experienced in the twenty-first century include
respiratory corona viruses, namely, the SARS-CoV1 which had 8422 reported
cases with 916 deaths (Moghaddasi et al. 2021), and the most recent SARS-CoV2
(COVID-19 virus) which had 79,232,5555 confirmed cases and 1,754,493 deaths by
December 2020 (Bhadoria et al. 2021; Deb et al. 2025). Followed by mutated
influenza pandemic viruses of the twentieth century, the influenza A HIN1 with
reported cases close to 700 million to 1.4 billion (Bhadoria et al. 2021) with 18,500
reported deaths (Eslami et al. 2025), the influenza A H2N2 which caused the 1957
Asian Flu pandemic resulted in over 1 million deaths, and the influenza subtype
H3N2 which resulted in a mortality rate between 1 to 4 million (Honigsbaum 2020).
Evidence shows that the frequency of reported epidemic and pandemic infectious
disease outbreaks has increased, with predictions that this rise will continue due to
environmental changes and global travel, among others. So, WHO designed an R&D
blueprint list of priority diseases and included Disease X. The goal of this list is to
accelerate the production of medical countermeasures for future health crisis to
prevent social, economic, and political disruptions. Therefore, in the current study,
the authors aim to design and engineer Lactobacillus casei (L. casei) and/or
Lactococcus lactis (L. lactis) microbial cell platforms that will function as prototypes
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for the rapid production of vaccines against an unknown disease (Disease X) using
computational methods, bioinformatics tools, and experimental molecular tech-
niques. The development of the L. lactis and L. casei microbial cell factories is
critical for protein production, gene therapy, and vaccine production which will
lessen the impact of the next pandemic. In this chapter, the author discusses the
concept of synthetic biology, the evolution of synthetic genomes, and strategies used
by research scientists to design artificial genomes to understand the characterization
of the synthetic genome better.

Concept of Synthetic Biology

Synthetic biology involves manipulating or reprogramming DNA sequences of
organisms to give them new or altered functions. Synthetic biology has a wide
range of applications, which include healthcare, pharmaceutical, industrial, biotech-
nological, biomedical, and environmental fields (Garner 2021). This field of study
has generated basic tools, namely, DNA synthesis, DNA sequencing, chassis,
transcriptional engineering, genome modification, and computer-aided tools to
address many societal issues and needs. For example, in previous studies, SynBio
researchers have modified and engineered bacteria that can produce biofuels (Zhang
et al. 2021) and detect heavy metals using microbial biosensors (Somayaji et al.
2022). In other studies, researchers engineered microorganisms that were used
during fermentation to produce many daily food products such as bread, chocolate,
yogurt, and beverages. There are two different but complementary approaches for
SynBio used to design artificial microbial chassis: the top-down approach which
derives microbial chassis from the biological cells of living organisms, and the
bottom-up approach which produces artificial microbial chassis de novo, for novel
applications. These research strategies can be used to engineer and modify both
eukaryotic and prokaryotic cells as seen in previous studies. The synthetic biological
systems designed using SynBio tools are intended to maintain the central dogma for
efficient production of biomolecules used to solve societal challenges, such as
vaccine development, replacing fossil fuels, food production, and improving drug
targeting systems (Sun et al. 2022; Bhatia et al. 2025).

The top-down approach produces synthetic chassis from existing living organisms
with the aim of reducing their genome by repeated deletions of non-essential genetic
components resulting in “minimal” cells (Kim et al. 2024). The synthetic chassis
designed using the top-down approach is usually living and still closely related to the
biological cell that created it but performs new or enhanced functions. The minimal
cell’s genome only encodes a minimum number of essential genes needed for the cell to
survive. In 2016, Xu and coworkers mentioned that these minimal cells are expected to
assist researchers to better understand and regulate essential life processes. The key steps
in top-down approach workflow include: i) genome annotation and analysis to identify
functional regions of the genome such as essential genes; ii) target gene deletion by
using genetic engineering editing tools like CRISPR-CAS9 to precisely remove or
modify specific genes of known genomes to form a synthetic cell with desired
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characteristics; iii) validation and characterization to asses viability and functionality
after each experimental manipulation; iv) and interactive optimization by repeating
rounds of gene deletion and manipulation, based on the results of previous characteri-
zation, to reduce the genome, see Fig. 10.1.

The advantages of this approach include access to the host cell’s machinery
(Hamilton et al. 2021; Karbalaei-Heidari and Budisa 2024), faster development
compared to the bottom-down strategy and improved experimental control since it
uses known biological pathways (Denies et al. 2020). A well-known example for this
approach is the minimal genome projects, which allow the identification of essential
genes of a specific organism. The Mycoplasma genitalium (M. genitalium) genome
sequenced in 1995 is the smallest known genome of all living organisms, used in a
study by Fraser and colleagues, who discovered that the parasitic bacterium has
517 genes making this microorganism ideal for “minimal” cell development (Feng
et al. 2024). Subsequently, in 2004, Gil and his colleagues performed computational
analysis and experimental applications to further remove non-essential DNA seg-
ments from the genome of M. genitalium bacterium, reducing the number of genes to
206 for the bacterial cell to maintain its ability to live, grow, and evolve (Kumar et al.
2023b; Kim et al. 2024).
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Fig. 10.1 The top-down and bottom-up synthetic biology approaches for the design and synthesis
of synthetic minimal cells. (Created with BioRender.com)
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Compared to the top-down approach, the bottom-up approach starts from scratch
using three essential elements to synthesize an entire genome (Hamese et al. 2023). It
aims to construct a minimal synthetic cell capable of replication and evolution by
assembling a stack of biological and or non-biological components (Xu et al. 2016).
The first component of this approach is the molecules carrying information (DNA or
RNA) which define the cell’s nature and function; followed by the plasma membrane
which serves as the barrier of the cell, they are semi-permeable meaning they allow
some molecules into the cell, block some nutrients, and remove the waste products.
Finally, the third component is metabolism process which generates energy for the
cells to grow, maintain structures, reproduce, survive, evolve, synthesize, and
respond to the environment. The bottom-up approach has many advantages which
include helping scientists understand the mechanisms and origins of life;
constructing new applications such as biosensors (Gaba et al. 2024); and creating
advanced drug-delivery platforms or microbial cell factories that can be used in a
wide range of applications to improve the standard of life (Emir Diltemiz et al.
2021). A well-known example of a bottom-up approach is the design and creation of
M. mycoides JCVI-Syn3.0 bacterium, where scientists built the synthetic genome
piece by piece from short DNA fragments (oligonucleotides) (Hutchison et al. 2016;
Singh 2020). Figure 10.1 demonstrates the flow of the top-down and bottom-up
approaches in synthetic biology.

Strategies to Develop Synthetic Genomes
The Workflow for Designing and Engineering Synthetic Genomes

As previously described, synthetic genomes are artificial genetic materials produced
from manipulating existing life forms or by producing new DNA molecules. The
design and production of artificial cells start with minimal genome synthesis using
computational and laboratory genetic engineering tools to determine the following:
1) essential genes which can be added into the synthetic genome using the bottom-up
approach; ii) or non-essential genes which can be removed from existing genomes
using the top-down approach. The resulting minimal synthetic cells contain only
essential genes, which are important for cell survival, replication, and metabolism.
Figure 10.2 illustrates the general workflow of designing and constructing a syn-
thetic genome following the design-build-test-learn and repeat cycle of synthetic
genomics.

Step 1: Designing the Sequence of the Genome

Scientists design synthetic genomes using computational models to differentiate
between essential and non-essential genes located on the genome. This method
involves stripping existing genomic data to contain only essential genes or replacing
existing genes with chemically synthesized DNA to form artificial cells with
enhanced functions (Xu et al. 2023). The first step of designing a genome is data
collection from open databases like National Center for Biotechnology Information
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Fig. 10.2 An overview of the general workflow for synthetic genome design and construction.
(Illustration created with BioRender.com)

(NCBI), Kyoto Encyclopedia of Genes and Genomes (KEGG), Cluster of Essential
Genes (CEG), and Database of Essential Genes (DEG) (Guo et al. 2021). Followed
by the analysis of the data using machine learning algorithms, such as generative
adversarial networks (GANS), recurrent neural networks (RNNs), and convolutional
neural networks (CNNs) to predict essential genes which researchers use to create
computational models (Shen et al. 2022). The methods used to test the performance
of the models with essential genes include cross-validation, holdout validation,
bootstrapping, and permutation tests, among others (Guo et al. 2021; Wilimitis
and Walsh 2023). After testing the models, computational software is developed to
implement the analysis and predict algorithms (Guo et al. 2021). The final stage
involves the use of the software to design minimal synthetic genomes by deleting
non-essential genes using specific computational tools, namely, Minesweeper and
GAMA (Rees-Garbutt et al. 2020).

Step 2: Oligonucleotide Synthesis

Oligonucleotide synthesis is a highly automated process of chemically constructing
short precise sequences of single-stranded DNA or RNA molecules known as
oligonucleotides (Currin et al. 2021). The oligonucleotides are used in various
applications including DNA sequencing, genetic testing, and molecular cloning
(Kumar et al. 2023a). The desired oligonucleotide chains are built using two
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methods, either the liquid-phase method which uses soluble polymer supports
(usually polystyrene and polyethylene glycol) to immobilize reagents and catalysts;
or the solid-phase method which utilizes phosphoramidite molecules as building
blocks for the synthesis (Creusen et al. 2020). The solid-phase approach is the most
widely used oligonucleotide synthesis method, which sequentially binds acid-
activated phosphoramidite nucleotides to a growing DNA sequence attached to a
solid support. The phosphoramidite nucleotides are added in the 3’ to 5’ direction
and each cycle goes through four critical reactions, namely, detritylation, coupling,
capping, and oxidation (Creusen et al. 2020). The cycle is initiated by the removal of
the 5'-DMT (4,4’-dimethoxytrityl) protecting groups from the last base, making it
reactive to the new nucleotide. Once the DMT has been removed, the next nucleotide
is added to the growing chain of oligonucleotide by reacting to the free 5’-hydroxyl
groups (5’-OH) of the solid-support-linked nucleotide; followed by the capping step
where an acetyl group for DNA or a tert-butylphenoxyacetic anhydride reagent for
RNA is added to any unreacted 5’-OH groups of the growing oligonucleotide chain
to prevent deletion mutations, degradation or formation of unwanted side products.
The final step adds oxygen to stabilize the bonds of the coupled nucleotides by
converting unstable phosphite triester bonds formed during the coupling reaction
step to the stable phosphate triester (Kiesman et al. 2021). These cycles repeat a
series of these four steps until the desired oligonucleotide sequence is complete. At
the end of synthesis, oligonucleotides are cleaved from the solid-phase support using
substances such as ammonium hydroxide, which also removes the remaining pro-
tecting groups from heterocyclic bases and phosphodiester backbones (Yamamoto
et al. 2023; Ma et al. 2024b). Oligonucleotide chain is ready for purification after the
removal of any remaining protective groups. The purification step is crucial for the
selection of only full-length oligonucleotides from capped, truncated fragments and
other impurities using different methods, such as polyacrylamide gel electrophoresis
(PAGE), “Trityl ON” purification, or the most used high-performance liquid chro-
matography (HPLC).

Step 3: The Assembly of the Oligonucleotides

Oligonucleotide assembly is a process that joins purified oligonucleotides together to
create larger double-stranded DNA sequences. The oligonucleotides assembly pro-
cess can be performed using polymerase chain reaction (PCR) technique to assemble
the oligonucleotides, or the ligase chain reaction (LCR) which joins the overlapping
synthetic oligonucleotides together to form complete synthetic genes. The PCR
assembly method for creating long DNA molecules includes two steps: the first
step of PCR involves a pool of oligodeoxynucleotides annealing and elongating to
produce a full-length synthetic genome. In the second PCR step, the specific length
of the desired artificial genome is amplified using primers specific to the desired
length. In contrast, the LCR method uses DNA ligase enzymes which link comple-
mentary ends of DNA strands to build a complete synthetic DNA genome through
repeated cycles of denaturation-annealing-ligation, guided by oligonucleotide “brid-
ges” (short DNA sequences).
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Step 4: Delivery of Synthetic Genome into the Cell

The resulting synthetic genome produced in step three must be analyzed using
technologies like NGS to verify accuracy by checking the structure of the whole
genome before cloning into an organism (Satam et al. 2023). The cloning process
starts with isolation of the desired DNA sequence from the synthetic genome and
choosing a vector like plasmids to carry the foreign DNA inserts; followed by cutting
of the plasmid DNA at specific sequence sites using restriction nuclease enzymes.
The final step involves inserting the gene of interest into the cut site of plasmids
using ligase enzymes to seal the sticky ends resulting in a recombinant plasmid
containing antibiotic resistance gene. The antibiotic resistance gene helps plasmids
to survive in the presence of antibiotics during the selection step. The recombinant
DNA plasmid is introduced into bacterial cells, such as Escherichia coli (E. coli),
L. lactis, or L. casei through heat shock transformation process which compels them
to take up the synthetic DNA. The bacterial colonies containing plasmids are
antibiotic resistant, so they will survive nutrients containing antibiotics on the agar
plates, while the ones without plasmids die. The transformed bacteria carrying the
recombinant plasmid are amplified and validated using technologies such as PCR for
further use in downstream applications like medicine and biotechnology, including
biofuel production, crop improvement, vaccine, and antibody production
(Mugwanda et al. 2023; Ye et al. 2024).

Evolution of Synthetic Genome

The field of synthetic genomics has evolved over time with new discoveries of
technology and the development of new tools allowing for more ambitious experi-
ments. Scientists use a combination of modern biotechnologies such as DNA
synthesis, NGS, and CRISPR-CAS9 editing tools to produce viral or bacterial
cells containing synthetic genomes (Venter et al. 2022). The evolution of synthetic
genomes began in the early 2000s with the successful synthesis of viral genomes,
like poliovirus cDNA (~7.9 kb), which paved the way for designing and creating
more complex organisms such as bacteria (Fu and Shen 2024). The key milestones in
synthetic genomics evolution include the first synthetic bacterial genome
(M. mycoides JCVI-Syn1.0), followed by the discovery of the minimal bacterial
cell (M. mycoides JCVI-Syn3.0), the E. coli and yeast synthetic genomes, and
synthetic viruses (Fig. 10.3). The main goal is to use these artificially constructed
cells for various applications including medicine, agriculture, research, and industry.

Minimal Synthetic Bacterial Cell

Mycoplasma genitalium is the smallest known bacteria with minimal metabolic
requirements, lack of genomic redundancy, and capable of self-replication. The
key characteristics of M. genitalium microbes include a lack of cell wall, very
small circular DNA size (around 580 kb), 482 protein-coding genes, and a low
Guanidine + Cytosine (G + C) content. These characteristics make this bacterium an
ideal candidate for constructing synthetic genomes for future applications. In a study
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conducted by Gibson and colleagues, a bottom-up synthetic approach was used to
create the largest man-made DNA structure by assembling and chemically synthe-
sizing 582,970 base pairs (bp) DNA genome of M. genitalium bacterium, resulting in
synthetic genome named M. genitalium JCVI-1.0 (Gibson et al. 2008). The
researchers assembled overlapping “cassettes” of 5—7 kilobase pairs (kbp) from
chemically synthesized oligonucleotides, joined by in vitro recombination to make
intermediate assemblies, which were all cloned to form bacterial synthetic chromo-
somes in E. coli, and later transferred into yeast to fully assemble the length of the
genome. Following the 2008 studies, Gibson and collaborators used digitized
genome sequence information of parent Mycoplasma mycoides to produce the first
complete synthetic genome containing 901 genes, known as Mycoplasma mycoides
(M. mycoides) JCVI-Syn1.0 (1.08-mega-bp) which was chemically synthesized, and
transformed into a recipient host cell, Mycoplasma capricolum (M. capricolum), to
create new artificial M. mycoides cells which function like a living bacteria by self-
replicating, resulting in cell growth (Gibson et al. 2010).

In a recent study, researchers used the bottom-up construction approach to design
and modify M. mycoides JCVI-Syn1.0 genome to form M. mycoides JCVI-Syn3.0
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bacterium (Singh 2020). The synthesis process started from short synthetic DNA or
RNA molecules, then assembled gradually into a genome via methods such as
Assembly PCR and transformation association recombination cloning in yeast,
followed by the removal of the genome from yeast and installed into
M. capricolum cell to test its robust growth (Xu et al. 2023). The M. mycoides
JCVI-Syn3.0 bacterium is the first real minimal cell produced in a lab and has a
minimal genome of 531 kbp containing 473 genes (438 protein-coding and
35 RNA-coding) needed for the survival of a living bacterium. The research
concluded that M. mycoides JCVI-Syn3.0 is a versatile synthetic chassis for studying
major gene functions, gene manipulation, metabolic pathways, and exploring whole-
genome design to better understand life and improve applications. Similarly, in other
studies, using a different kind of microorganism, lactic acid bacteria (LAB), scien-
tists reported that LAB are versatile microbial chassis important for food fermenta-
tion and as probiotics promoting health (Wu et al. 2021; Mugwanda et al. 2023).
Figure 10.4 shows the overview of the development of the first synthetic bacterial
cell JCVI-Syn3.0).

Escherichia coli and Yeast Synthetic Genomes

Escherichia coli is a gram-negative, rod-shaped, non-spore forming, coliform bac-
teria belonging to the genus Escherichia and are mostly found in the lower intestines
of humans and animals but can also occupy other habitats such as the environment,
food, and water (Basavaraju and Gunashree 2023). The E. coli strains are the most
studied bacterial cell models in labs for synthetic biology because they are well-
characterized, versatile, and easy to manipulate (Kurokawa and Ying 2020). Addi-
tionally, this bacterium is used in many applications including genetic engineering
for constructing and testing genetic circuits; genetic research for understanding how
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genes influence health and disease; the production of biopharmaceuticals like insu-
lin; and metabolic engineering used to produce chemicals for food and agriculture
(Basavaraju and Gunashree 2023). The top-down reduction of E. coli microbe is
another example of bacterium used as a host for engineering chassis that can be used
for medical and industrial applications (Singh 2020). The wild type E. coli strain
K-12 MG 1655 was the first fully sequenced genome studied in 1997, followed by
the genome sequencing study of another wild type E. coli strain W311 (Kurokawa
and Ying 2020), aiming at deleting non-essential genes from the genome giving rise
to new strains. Choe and colleagues reported that most of the E. coli strains had
grown equivalent to their parental strain but showed a higher productivity level
compared to the ancestral strain (Choe et al. 2016).

Recently, researchers at the Medical Research Council Laboratory of Molecular
Biology in Cambridge used the most common model organism (E. coli bacterium) to
create the first living organism with a fully synthetic DNA code. This living
synthetic bacterial strain with redesigned genetic code is called Escherichia coli
Syn61 (contains four million-base genome). The research team developed a robust
method using an iterative recombination-based approach, REXER (Replicon Exci-
sion Enhanced Recombination) and GENESIS (Genome Stepwise Interchange Syn-
thesis), to substitute more than 100 kilobases (kb) genomic DNA of E. coli with
synthetic DNA fragments (Robertson et al. 2021; Gao et al. 2024). The synthetic
genome of strain Syn61 was computationally designed to contain 61 codons for
protein synthesis by replacing and removing specific codons (Xu et al. 2023). The
team replaced all occurrences of the serine amino acid codons TCG and TCA with
AGC and AGT, respectively, and the TAG stop codon was replaced with TAA in all
open reading frames (ORF). Furthermore, they deleted genes for the tRNAs that
decode TCG and TCA, and the gene for RF-1 which terminates protein synthesis at
the TAG stop codon (Spinck et al. 2023). Finally, the redesigned genetic code was
chemically synthesized and added to E. coli bacterium where it replaced the organ-
ism’s natural genome. The success of the Syn61 genome project shows for the first
time that living organisms can be created with compressed genetic codes and still be
functional for use in creating industrial bioprocesses, producing proteins with new
functions and other applications in research (Xu et al. 2023).

The yeast microbe, specifically the species Saccharomyces cerevisiae
(S. cerevisiae), is considered a model organism, like E. coli bacteria, but while
E. coli is a model prokaryote, S. cerevisiae is a model eukaryote, making it valuable
for studying eukaryotic cell biology (Parapouli et al. 2020). They are both widely
used in research because of their simple genomes, fast growth rates, and well-studied
characteristics. The S. cerevisiae microbe is a single-celled fungus, usually 5-10 pm
in diameter, facultative anaerobic, contains 12,068 kb nuclear genomic DNA, and
has a thick polysaccharide cell wall (Parapouli et al. 2020). They are usually
spherical, cylindrical, or oval cells and are found in different habitats like soil, on
plants, and in sugary liquids (fruit and flowers). The genome of S. cerevisiae was the
first completely sequenced eukaryotic organism by Goffeau in collaboration with
other research scientists from around the world. In 1996, it was reported that
S. cerevisiae contains 6275 genes compactly organized in 16 chromosomes, of
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which 5885 were predicted to be protein-encoding genes; which was later reduced to
5570 protein-encoding genes due to the deletion of hypothetical genes and pseudo-
genes. Since then, the yeast genome continues to be studied by scientists working in
different fields like genetics, biotechnology, and synthetic biology to improve yeast
strains for industrial applications.

In 2010, scientists used a single yeast colony (S288C) along with modern sequenc-
ing techniques to construct an updated reference genome sequence for the S. cerevisiae
yeast strain, known as S288C 2010. The significance of S288C 2010 yeast strain is to
enhance our understanding of eukaryotic genomes and it can be used as an anchor for
further research. In another study by Murakami and coworkers, the top-down synthetic
strategy was used to produce novel eukaryotic yeast strains, where the genome of
S. cerevisiae was sequenced completely using a computer program that was created to
predict non-essential regions on the yeast genome. Followed by the process of
PCR-mediated chromosome splitting (PCS) which enabled the splitting of the yeast
chromosome at any desired site, resulting in the deletion of mutants (MFY1158,
MFY1160, and MFY 162), the remaining essential genes in the yeast genome provided
increased levels of ethanol and glycerol production. Synthetic Yeast Genome Project
Sc2.0 (Yeast 2.0 project) is another well-known example of synthetic genomics where
organisms are genetically modified with artificial genomes, with the key difference
being, yeast is a eukaryotic fungus while E. coli Syn61 is a prokaryotic bacterium
(Venter et al. 2022). The Yeast 2.0 project was first launched in 2014, and it is led by
Professor Jef Boeke from New York University in collaboration with other interna-
tional researchers. This project aims to construct the first fully synthetic eukaryotic
organism by using the open-source tool BioStudio to redesign and replace genes
within the yeast genome. The BioStudio computer tool tracks all changes made to
the native yeast chromosome and facilitates common assembly strategy and shared
language for describing designed chromosomes. To date, research scientists have
successfully synthesized and characterized all 16 native chromosomes of
S. cerevisiae microorganism including the 17th de novo synthetic tRNA neo-
chromosome (Zhao et al. 2023). Furthermore, over seven synthetic chromosomes
were successfully combined into a single functional cell resulting in a yeast strain
containing more than 50% Synthetic DNA. The completion of a fully synthetic
eukaryotic cell is an ongoing study with the aim of consolidating the remaining
synthetic chromosomes starting with the most recent modified version of
S. cerevisiae, which will result in a genome with 100% synthetic DNA. The Yeast
2.0 project could lead to advancements in the field of synthetic biology, medicine,
food, and biofuel production, including understanding metabolic pathways in eukary-
otes. Figure 10.5 demonstrates the construction of the first prokaryotic and eukaryotic
cells using E. coli and budding yeast S. cerevisiae strains, respectively.

Synthetic Viruses

In a globalized world, the interactions between humans and various animal
populations have increased due to several reasons such as deforestation and agricul-
tural expansion, thereby resulting in increased risk of “zoonotic disease spillover.”
The term “zoonotic disease spillover” refers to transmission of infectious disease
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Fig. 10.5 Illustration of the generation of the first prokaryotic and eukaryotic living microorgan-
isms controlled by synthetic DNA material. (Diagram created with BioRender.com)

pathogens (bacteria, fungi, viruses, or parasites) from vertebrate animals to people
(Ellwanger and Chies 2021). Therefore, there is a high chance of another pandemic
outbreak. Synthetic vaccines are considered the best countermeasure response
because they are safer and have improved therapeutic efficacy compared to tradi-
tional vaccines. Synthetic viruses are constructed in the lab (in vitro) using viral
DNA through the process of synthetic virology. Synthetic virology is a multi-
disciplinary field that uses a combination of computational biology, molecular
technology, and bioinformatic tools to build viral vectors that trigger adaptive
immune responses which can prevent and protect against diseases (Brisse et al.
2020; White 2021). The production of synthetic viruses includes the following steps:
i) sequencing a virus’s whole genome and using it to create a synthetic version;
ii) then oligonucleotides are synthesized and assembled to create a synthetic virus;
iii) alterations of the structure and function of a virus’s genetic information can be
made; iv) synthetic virus morphological evaluation using transmission electron
microscopy (TEM) to ensure a detailed image of the virus’s internal structure and
surface features before validation of the host (White 2021).

The first synthetic virus engineered was the poliovirus, which was chemically
assembled in 2002 from synthetic oligonucleotides (Moles et al. 2024). Researchers
used the basic synthetic genome construction workflow as described previously.
They used commercially available information of poliovirus chemical code, then
engineered the DNA version of the virus, known as synthetic cDNA, before RNA as
it is unstable, and they used RNA polymerase enzyme to transcribe the DNA into
viral RNA. After transcription, the virus was assembled from synthetic
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oligonucleotides resulting in artificial poliovirus which killed mice and was nearly
identical to the original virus. The synthetic poliovirus study was used as proof-of-
concept in the synthesis and assembly of other viral genomes including phiX174
bacteriophage, the 1918 Spanish influenza virus, Herpes simplex virus type
1 (HSV-1), horsepox virus, and the recent SARS-CoV-2 (COVID-19) virus,
among others (Moles et al. 2024; White 2021). Synthetic viruses have many
potential uses in medicine such as vaccine production, treating drug-resistant infec-
tions, and cancer treatments (bin Umair et al. 2022). Additionally, they can be used
in research applications to study viral replications, host-virus interactions, and viral
evolution. Figure 10.6 demonstrates the general construction of synthetic viruses (a)
along with the characteristics of various types of synthetic viruses (b).

Future Perspective: Lactic Acid Bacteria Synthetic Genomes

Lactic acid bacteria are a functional heterogeneous group of gram-positive, non-
spore forming, immotile, lack cytochrome, rod or cocci-shaped microorganisms that
convert soluble carbohydrates into lactic acid and their DNA has low G + C content
(Cho et al. 2020; Wu et al. 2021). The LAB microorganisms are natural inhabitants
of human reproductive and gastrointestinal tract (GIT) and promote health benefits
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(Wu et al. 2021). This group of bacteria has high tolerance to low pH, heat
treatments, increased levels of salt concentrations, and can survive in the presence
of additives (Onyeaka and Nwabor 2022). They are divided into two physiological
groups, homo-fermentative or hetero-fermentative, based on the type of sugars
available for fermentation. Homo-fermentative LAB metabolizes carbohydrates
into lactic acid as the main end-product, while by contrast, hetero-fermentative
species produce lactic acid in addition to other products, namely, ethanol, carbon
dioxide, and acetic acid (Sharma et al. 2020). Apart from being widely used in the
food fermentation industry, most LAB strains are considered ideal candidates used to
produce microbial chassis that can be modified and engineered for vaccine, thera-
peutic, and industrial applications (Mugwanda et al. 2023). This is due to their ability
of adapting to various environments, their metabolic functions, their small genome
size approximately 2—3 mega-base pair (bp), and the simplicity in sugar and energy
metabolism (Sharma et al. 2020; de Jesus et al. 2022).

They are also regarded as the live vehicles for the delivery of therapeutic
molecules, including antigens, cytokines, antibiotics, peptides, and enzymes to the
mucosa of the human GIT (Wu et al. 2021; Mugwanda et al. 2023). Additionally,
due to their probiotic properties, LABs are regarded as GRAS (generally recognized
as safe) by the United States Food and Drug Administration (FDA), playing an
important role in maintaining health, and the prevention, and treatment of different
human diseases (Cho et al. 2020; de Jesus et al. 2022). The most widely studied LAB
species are the L. casei and L. lactis bacteria belonging to genus Lactobacillus and
Lactococcus, respectively, with Lactobacillus being the largest genus which cur-
rently contains about 261 validly described species (Onyeaka and Nwabor 2022).
The L. casei microbes are facultatively hetero-fermentative, meaning they can either
be homo- or heterofermentative bacteria. Previous studies have successfully reported
that engineered bacterial strains (chassis) belonging to the L. casei group, may
decrease lactose intolerance, food allergies, diarrhea, and even constipation (Jarocki
et al. 2020). Similarly, other studies also reported on the positive use of this bacteria,
proposing that it can be used as new anti-cancer therapeutic agents, treatment for
colon diseases, and treatments for inflammatory bowel diseases by stimulating the
immune system, and restoring microbial balance (Chen et al. 2023). Other
researchers used a close relative of L. casei species, L. lactis bacteria, to create a
synthetic microbial chassis. The L. lactis microbes are used to manufacture lactic
acid, cheese, and other dairy foods through the homo-fermentation process (Saleena
et al. 2023). Like L. casei, they are regarded as efficient microbial chassis used to
produce biomolecules, such as heterologous proteins that play a role in different
applications including biopharmaceutical industry. The results of several studies
have demonstrated the use of engineered or modified L. lactis bacteria as vehicles
delivering antigens or cytokines or therapeutic proteins to the immune system.
Preisser and team reported that orally administered L. lactis carrying cytokines,
namely, interleukin-4 (/L-4) and interleukin-10 (/L-10), were used to trigger an
immune response against Type 1 Diabetes (Preisser et al. 2021). In another recent
study, orally modified L. lactis bacteria were used as vaccine against Porcine
deltacoronavirus to test the mucosal immune responses (Zhai et al. 2023). The
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LAB species are used as live vectors because of their non-invasive nature thus
reducing the risk of side effects, and they are non-pathogenic due to their safety
profile. Looking at past and current studies, LAB microbes have been proven to be
beneficial in vaccine development, food industry, and pharmaceutical applications.
Therefore, in the current study, the authors aim to design and engineer Lactobacillus
casei (L. casei) and/or Lactococcus lactis (L. lactis) microbial cell platforms that will
function as prototypes for the rapid production of vaccines against an unknown
disease (Disease X) using computational methods, bioinformatics tools, and exper-
imental molecular techniques (Fig. 10.7). The development of the L. lactis and
L. casei microbial cell factories is critical for gene therapy and vaccine production
which will lessen the impact of the next pandemic. So, in this current study, the
authors will use LAB species, specifically L. casei and L. lactis strains with minimal
genomes to design and construct efficient microbial cell factories for Disease X
vaccine production. The author will use modern technologies, such as NGS for data
analysis; digital PCR for quantification of DNA libraries and validation of NGS
results; CRISPR-associated protein 9 (CRISPR-Cas9) system for editing or modi-
fying genes (knock-in and/or knock-outs); and finally validate the success of gene
engineering through CRISPR-CAS9 by NGS technology. This will be one of the first
Lactochassis platforms using LAB microbes for vaccine development. The newly
designed microbial cell factories can be used for antigen and vaccine production
reducing the response time to less than 6 months. Additionally, these synthetic
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Fig. 10.7 Diagram showing the use of lactic acid bacteria (LAB) microbial cell factories (MCFs)
in diverse applications, including, food production, vaccine development, and biofuel production
amongst others. (Created with BioRender.com)
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microbial platforms can also be used for communicable diseases, cancer studies, and
neurogenerative diseases, among others. Furthermore, the project will foster collab-
oration between laboratories with different scientific backgrounds and establish
many international and industrial partnerships.

Thus, previous research has demonstrated the significance of using the newly
emerging multidisciplinary field of study, synthetic biology, in creating artificial
genes with new or enhanced functions. The engineered artificial genes are intro-
duced into the host cell using an integration of computational tools and molecular
techniques to produce synthetic organisms or chassis which are used in many
applications including healthcare for vaccine development, agriculture for crop
production, pharmaceutical for manufacturing drugs, and industrial for biofuel
production. As human populations grow, so does deforestation and agricultural
expansion into wildlife habitats which results in increased interactions between
humans and wild animals leading to high risks of “zoonotic disease spillover.” So,
since there is a high possibility of a future pandemic health crisis, synthetic vaccines
engineered using the field of synthetic genomics are considered the best counter-
measure response to infectious diseases. The synthetic genomic tools are used to
construct personalized medicine for type 2 diabetes, gene therapy, and for cancer
treatments, amongst others. The synthetic genomes are designed on the computer,
then built in the lab via oligonucleotide synthesis and assembly, followed by gene
manipulation by insertion of synthetic material into the host cell to study biological
systems for further use in industrial and biopharmaceutical applications. Although
there are challenges like error correction during synthesis, the authors are confident
that synthetic biology is the future of engineering and manufacturing medicines,
drug-targeted therapies, and many more.
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