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Preface

Understanding complex biological systems and their relation to biological function
is a current challenge in biological sciences. During the last two decades, the field
of synthetic biology has allowed the design and construction of synthetic biologi-
cal systems at different scales of complexity. The first level of complexity to be
explored was related to the design of BioBricks (e.g., promoters, coding sequences,
terminators, reporters, and regulatory sequences), which are the essential building
blocks for pathway engineering. Over the last decade, an astonishing improvement
in sequencing technologies has resulted in millions of bits of information in public
databases. This is a valuable mine of data for identifying novel BioBricks so far not
elucidated, many of them attributed to novel biological functions.

Moreover, the development of low-cost DNA synthesis technologies has boosted the
rational design of these BioBricks and their subsequent integration into synthetic
gene networks. Many methodological approaches have been designed to simplify
cloning and BioBricks’ assembly into networks. This represents the second level

of complexity, where synthetic metabolic networks can be designed, constructed,
and studied as a modular part of a more complex biological system. Recently,
different attempts to integrate these modules into complex systems have opened
the possibility to engineer and construct entire synthetic genomes, representing

a tremendous advance in Synthetic Biology. Accordingly, a new research field has
emerged called synthetic genomics. The general goal of this novel area of synthetic
biology is to engineer synthetic genomes from scratch using a set of pre-designed
building blocks coupled in a hierarchical and modular way.

This book discusses the state of the art in synthetic genomics by presenting relevant
examples in this emerging area. The introductory chapter, “From BioBricks to
Synthetic Genomes,” describes the evolution of synthetic genomics, starting from
BioBricks design and ending with the construction of complete viral and bacterial
synthetic genomes. “Multi-Omics Data Mining: A Novel Tool for BioBrick Design”
provides a deeper explanation of the principles of BioBricks design. “Applications
of CRISPR/Cas Technology to Research the Synthetic Genomics of Yeast” and
“CRISPR-Cas9: Role in Processing of Modular Metabolic Engineered Bio-Based
Products” present examples of technologies employed to engineering genomes
using CRISPR-based approaches. The final chapter, “Synthetic Gene Circuits for
Antimicrobial Resistance and Cancer Research,” describes the use of mathematical
modeling for genome engineering. This book is a valuable tool for students and
scientists who would like to become familiar with this new research area.

We would like to thank the researchers from the Group of Product and Process
Design at Universidad de Los Andes, Colombia, and the Group of Biotechnology
at the Leibniz Institute of Plant Biochemistry, Germany, for their contributions,
correct observations, and excellent knowledge that improved this work. We would
like to especially thank Dr. Prof. Ludger Wessjohann, Dr. Prof. Luis H. Reyes,



and Dr. Martin Dippe for their valuable contributions and fruitful discussions. We
would also like to thank Author Service Managers Iva Ribic and Marijana Francetic
at IntechOpen for their support and contributions during the editorial process.
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Chapter1

Introductory Chapter: From
BioBricks to Synthetic Genomes

Luis Humberto Reyes and Miguel Ferndndez-Nifio

1. Introduction

One of the goals of Synthetic Biology is to design novel biological systems by the
rational assembly of biological parts (BioBricks) into artificial metabolic networks
[1-4]. These engineered networks can be further coupled to create highly complex
biological systems [3]. Such systems are arranged in living organisms that work as
biological chassis to hold and express the engineer networks and produce a desired
phenotype [4-7]. Several technologies have been developed during the last 20 years
to improve our ability to engineer novel biological systems. This has been observed
at different levels of complexity, including the development of technologies for the
identification, design, and synthesis of BioBricks and the expansion of innovative
protocols for pathway assembly/modeling and genome-editing technologies in the
fine-tuning of biological systems (Figure1).

Currently, BioBricks can be identified (mined) from the large amount of infor-
mation contained in public databases (e.g., BRENDA [8], GenBank [9], PANTHER
[10], UniProt [11], etc.) or by selecting pre-designed BioBricks from specialized
databases such as the iGEM Parts Registry [12] and the BioMaster DataBase [13].
These engineered BioBricks can be obtained by traditional methods, including
PCR [14], or by using cutting-edge technologies such as the de novo synthesis of
large fragments of nucleic acids (synthetic genes [15]), whose prices have been
remarkably decreasing during the last years. The selected BioBricks can be further
engineered to optimize their heterologous expression and ease subsequent assem-
bly, expression, and purification [2, 16]. Different protein tags have been designed
for this purpose, including solubility and affinity tags and tags aimed to simplify
subsequent cloning in expression vectors [17]. Once the desired BioBricks have been
obtained, they are usually coupled to other BioBricks to create artificial networks
of higher complexity [3, 18]. Several technologies have been developed to assemble
multiple BioBricks in artificial networks, including PCR-dependent cloning [19],
seamless cloning [20], recombinational approaches [21], among others.

The genetic expression of these engineered artificial networks can be further
optimized by modifying the network topology (e.g., changing from operon to
monocistronic topologies [20]) or by adding regulatory elements such as feedback
loops, oscillators, riboswitches, and protein scaffolds [3]. The behavior of these arti-
ficial networks and their regulatory elements can be studied through iz silico model-
ing to predict the most appropriate topology for the artificial system to be designed.
Several tools and software for iz silico modeling of metabolic pathways have been
designed to determine the effect of the expression of a particular artificial network
on the global metabolic response of the host organism [22-26]. For example, it is
currently possible to identify genes in the host organism through iz silico modeling,
whose deletion may result in a higher expression of the desired phenotype or even
predict the most efficient set of reactions required to produce valuable compounds
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Figure 1.

Frequently used steps to engineer artificial biological systems and synthetic genomes using BioBricks as
building blocks.

using reconstructed metabolic models [24, 25]. The predictive ability of these
models relies on our understanding of the genome, transcriptome, and the global
metabolism of the selected host. Thus, it is not surprising that most of the host
organisms used in synthetic biology are widespread model organisms such as well-
characterized strains of Escherichia coli and Saccharomyces cerevisiae, for instance.
These organisms have been studied for generations, and different toolboxes for their
metabolic engineering/genome editing have been previously designed [27].
Interestingly, with the reduction of sequencing prices and the development of
novel methodologies for long-read sequencing (e.g., Oxford Nanopore [28] and
PacBio technologies [29]), the genome of a large number of new (so far not char-
acterized) organisms have been recently elucidated. This has been concurrent with
the development of new technologies for the identification, characterization, and
quantification of metabolites, proteins, and lipids using last-generation liquid and
gas chromatographic columns coupled to mass spectrometry (LC-MS and GC-MS)
and the development of new devices for nuclear magnetic resonance (NMR) analyt-
ics [30-32]. In addition, novel technologies for improving genome editing such as
CRISPR-Cas9 have opened the possibility to expand our ability to engineer novel
biological systems in living cells, as never before [33, 34]. Thus, the opportunity
to design and construct an entire genome is now a reality with the current tech-
nological advances. This has opened a new field of research (known as Synthetic
Genomics [35]) to engineer and assemble entire artificial genomes or larger parts of
genomes in living organisms by using the principles of synthetic biology previously
summarized. A genome is considered synthetic if the building blocks used for its
assembly were originated by chemical synthesis [36].

1
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2. Current advances in Synthetic Genomics

“One needs to write synthetic DNA sequences in ovder to better understand the
grammay of life”-with this sentence, Schindler and co-workers, in their 2018 review,
accurately summarized the primary motivation behind the fast progress of syn-
thetic genomics [36]. Accordingly, one of the main goals of synthetic genomics is to
improve our understanding of genome fundamentals [35, 36]. Thus, the construc-
tion of entire synthetic genomes has allowed the study of their constitutive building
blocks, considering the effect of the whole biological system on biological function.

As previously described in this chapter, synthetic genomes are engineered
following a hierarchical and modular assembly starting from synthetic genes,
gene clusters, artificial metabolic pathways, and chromosomes. Currently, two
approaches can be utilized to assemble a synthetic genome into an organism:

(1) using a heterologous host or (2) using a native host as a chassis for chromo-
some replacement [35, 36]. Heterologous hosts are well-known model organisms
with an extensive toolbox for genetic engineering that simplify the subsequent
assembly (e.g., E. coli and S. cerevisiae). However, their engineering capacity might
be restricted by the size and number of synthetic chromosomes to be assembled.
On the other hand, native hosts are advantageous for chromosome replacement.
Still, most of them are not well-characterized organisms, or there is a lack of tools
for their genetic engineering. Currently, many native microorganisms have been
characterized in response to the fast development of sequencing and genome edit-
ing techniques as previously described [27-29].

Most of the synthetic genomes that have been successfully assembled are viral
and bacterial, with a smaller genome size than eukaryotes. For example, the viral
genome of the Poliovirus (7.5 kb size) was entirely synthesized 20 years ago [37]
with the technology available at the time. More than 15 years later, a fully synthetic
genome was assembled for the Horsepox virus (212 kb size) using the latest technol-
ogy, which allowed the assembly of a synthetic genome that is more than 20 times
bigger as compared to Polio genome size [38]. Remarkably, Thao et al. (2020) have
recently engineered and assembled the entire genome of the virus Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) responsible for the current
pandemic disease (COVID-19) using an S. cerevisiae platform [39]. This heterolo-
gous platform for the synthetic assembly of viral genomes constitutes a valuable
tool to reconstruct different RNA viruses (from different families) in a short time
using pre-designed synthetic building blocks [39]. Regarding the reconstruction
of synthetic bacterial genomes, most of the research has been focused on species
from the genus Mycoplasma with genome sizes ranging from 583 kb (in Mycoplasma
genitalium) to 1079 kb (in Mycoplasma mycoides) [40, 41]. It is important to mention
that up to now, there are no eukaryotic genomes that have been entirely recon-
structed. However, there are still several efforts to engineer eukaryotic genomes,
such as the Sc2.0 international project (Synthetic Yeast), aimed to assemble the
world first eukaryotic synthetic genome from scratch and the Genome Project-
write (GP-write) that is an international project aimed to reconstruct the entire
genome of a large number of cell lines within the next years.

Currently, the research in synthetic genomics has moved one step forward to
design new genomes that are different from the ones found in nature [35, 36]. Thus,
the synthetic genome of M. mycoides has been reduced in size by 49.3%, which
resulted in a new platform to discover new biological functions [42]. Similarly, a
synthetic E. coli genome is currently being developed [43] to remove/replace codons
in the codon sequence that allow the expression of proteins with non-natural amino
acids. These examples show the relevance of synthetic genomics as a promising
area to explore novel biological functions using completely unnatural biological
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systems. The research in this area is expected to increase in response to developing
novel technologies and bioinformatics tools to rational design and analyze complex
biological systems. Consequently, new platforms must be characterized to increase
the number of organisms used as a host for chromosome assembly. New bioin-
formatics tools (Genomic design software) must still be designed to predict and
study the behavior of the engineered synthetic genomes. Finally, it is important to
mention that this emerging area has not only the potential to boost science but also
can be used for harmful purposes. Consequently, a deeper discussion on synthetic
genomics’ ethical, social, and ecological consequences must still be conducted with
scientists, politicians, and communities.

3. Impact and risks

The intentional or accidental release of genetically modified organisms into the
environment could have significant negative impacts on both human and environ-
mental health. This biological revolution, together with advances in biotechnology,
could be used to improve the biological properties of viruses simply by altering
resistance to antiviral agents, modifying antigenic properties, modifying the tro-
pism, pathogenesis, and transmissibility of tissues, “humanizing” zoonotic viruses,
and creating designer super-pathogens. The main paradigm shift may be that the
approach is less technically demanding and more design-based, requiring only lim-
ited technical expertise because the genome can be synthesized and purchased from
commercial vendors, government-sponsored facilities, or from rogue basement
operations (e.g., bioterrorist sponsored organizations or private entrepreneur). The
main technical support could include a competent research technician and minimal
equipment to isolate recombinant pathogens from recombinant DNAs.

These potential impacts require governance methods and research guidelines
that promote their ethical and responsible use. Under the precautionary principle, a
rigorous risk assessment and inclusion of diverse stakeholder perspectives should be
applied in the development and management of innovative synthetic biology appli-
cations and products. The precautionary principle states that when human activities
can lead to unacceptable harm that is scientifically plausible but uncertain, steps
must be taken to avoid or lessen that harm.
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Abstract

Currently, billions of nucleotide and amino acid sequences accumulate in
free-access databases as a result of the omics revolution, the improvement in
sequencing technologies, and the systematic storage of shotgun sequencing data
from a large and diverse number of organisms. In this chapter, multi-omics data
mining approaches will be discussed as a novel tool for the identification and
characterization of novel DNA sequences encoding elementary parts of complex
biological systems (BioBricks) using omics libraries. Multi-omics data mining opens
up the possibility to identify novel unknown sequences from free-access databases.
It also provides an excellent platform for the identification and design of novel
BioBricks by using previously well-characterized biological bricks as scaffolds for
homology searching and BioBrick design. In this chapter, the most recent mining
approaches will be discussed, and several examples will be presented to highlight its
relevance as a novel tool for synthetic biology.

Keywords: genome, transcriptome, proteome, data mining, metabolic pathway,
BioBricks design, multi-omics, synthetic biology

1. Introduction
1.1 The omics revolution

Within the last decades, a magnificent transformation in biology took place
when a huge success in sequencing, bioinformatics, and bioanalytics was achieved.
Several technologies were created to decrypt the metabolism of cells or interactions
within tissues, organisms, and even entire ecosystems based on the identification of
genes (genomics), mRNA (transcriptomics), proteins (proteomics), and metabo-
lites (metabolomics) [1]. Since the discovery of the DNA structure by Watson and
Crick in 1953 [2], an ever-increasing number of technologies for gene identification
and characterization was established. One of the most relevant breakthroughs in
DNA characterization was the invention of Sanger’s sequencing in 1977 [3]. This
sequencing technique uses chemical analogs of the deoxyribonucleotides (ANTPs,
monomers of DNA strands) called dideoxynucleotides (ddNTPs), which lack the 3’
hydroxyl group that is required for extension of DNA chains and therefore cannot
form a bond with the 5 phosphate of the next dNTP [4]. The overall advantages of
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accuracy, robustness, and ease of use against other established methods led Sanger
sequencing to become one of the most common technologies used to sequence
DNA. Several improvements were subsequently applied to this technique, such

as the use of fluorometric detection and capillary-based electrophoresis, thus
contributing to the development of automated DNA sequencing machines [5-11].
These machines allowed researchers to obtain sequence reads slightly less than one
kilobase (kb) in length and boosted the development of other crucial technologies
such as the Polymerase Chain Reaction (PCR) in 1985 and the recombinant DNA
technology in the following years [12, 13].

In parallel to the development of large-scale dideoxy sequencing methods, a new
technique set the novum for next-generation DNA sequencers. This approach
remarkedly varies from the abovementioned methods as it does not involve the use
of radio- or fluorescently labeled dNTPs. Instead, it is based on a luminescent
method for measuring pyrophosphate synthesis in a process called pyrosequencing
[14]. This sequencing technology is a two-enzyme process starting with the con-
version of pyrophosphate into ATP (by an ATP sulfurylase) and the subsequent use
of ATP as a substrate for luciferase, thus emitting light proportional to the amount
of pyrophosphate available. Pyrosequencing became a popular technique for two
major reasons: (i) it uses natural nucleotides instead of modified ones, and (ii) that
sequencing results can be obtained in real-time without requiring time-consuming
electrophoresis. In addition to pyrosequencing, other sequencing technologies were
also devolved - the most important probably being the Solexa method, later
acquired by the company Illumina [15]. Hereby, adapter-bracketed DNA molecules
pass a lawn of complementary oligonucleotides bound to a flow cell. This method
involves solid-phase PCR with neighboring clusters of clonal DNA strands in a
process called “bridge amplification” [15-17]. Apart from Illumina, which is proba-
bly the most important technique currently in use, other sequencing companies
established their novel methodologies [18, 19], which are known as the second-
generation sequencing techniques. The most notable second-generation sequencing
platform is probably Ion Torrent. It is the first “post-light sequencing” technology
with neither using fluorescence nor luminescence. Its methodology is based on
beads bearing clonal populations of DNA fragments washed over a pico well plate,
thereby releasing protons measured via the generated pH difference [20].

Recently, a third sequencing generation started with the invention of S. Quake in
2003 termed Single Molecule Sequencing (SMS) [21, 22]. Its principle is similar to
[lumina but skipping bridge amplification. In SMS, DNA templates attached to a
planar surface and propriety fluorescent reversible terminator dNTPs (dubbed as
“virtual terminators”) are washed over one base at a time and imaged, before
cleavage and cycling the adjacent base over. SMS has been recently improved in the
Single-Molecule Real-Time (SMRT) platform from Pacific Biosciences, available for
the PacBio machines [23]. During SMRT runs, DNA polymerization happens in
arrays of microfabricated nanostructures called zero-mode waveguides (ZMWs)
which are essentially tiny holes in a metallic film covering a chip. It allows visuali-
zation of single fluorophore molecules because the zone of laser excitation is so
small that it allows distinction over the background of neighboring molecules in the
solution [24]. Nonetheless, the probably most anticipated third-generation DNA
sequencing method is nanopore sequencing which enables researchers to detect and
quantify all types of biological molecules [25]. Its principle was theoretically
established even before second-generation sequencing emerged by demonstrating
that single-stranded RNA or DNA could be driven across a lipid bilayer through a
large a-hemolysin ion channel by electrophoresis. Furthermore, passage through
the channel blocks ion flow, decreasing the current for a length of time proportional
to the length of the nucleic acid [26]. With Oxford Nanopore Technologies (ONT)
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as the first provider of nanopore sequencers and their nanopore platforms GridION
and MinION [27, 28], the latter of which is a small, mobile phone-sized USB device
(released in 2014) [29]. Despite the admittedly poor quality profiles currently
observed, it is hoped that such sequencers represent a genuinely disruptive tech-
nology in the DNA sequencing field in the future, producing incredibly long read
(non-amplified) sequence data far cheaper and faster than what was previously
possible [28, 30]. The average read length, error rate, total number of reads, and run
prices vary significantly among the different sequencing methodologies. Thus, the
selection of the appropriate technology for sequencing is a crucial step that depends
on the purpose of the study. For instance, Illumina and Ion Torrent produce accu-
rate short reads ideal for the analysis of fragmented DNA, while PacBio and Min-
ION produce long reads with a lower accuracy but very useful, for example, for the
assembly of scaffolds during genome sequencing.

Similar to the development of advanced techniques for sequencing nucleic acids,
other methods have been extensively developed for dissecting the proteome [31]
and metabolome [32] of a multitude of organisms. Of these omics approaches
metabolomics, however, is distinct from the others. In metabolomics not a set of
linear (1D) molecules with a sequence of defined monomers (4 bases or 21 amino
acids) is to be determined, but a wild bunch of different 3D compounds. Eventually,
a large number of databases have been developed to collect all these information,
which provide excellent platforms for data mining as will be discussed in the
following chapters.

2. Genome and transcriptome data mining

The exponential accumulation of data in genomic databases during the last
decades has motivated the creation of bioinformatics tools to explore, relate and
understand the genetic information from a vast number of organisms [33, 34].
These bioinformatics tools have been validated by experimental data, thus
strengthening the design and assembly of novel biological entities (i.e., genes, RNA
molecules, proteins, and metabolites). Those biological entities that can be used as
building blocks for the assembly of artificial biosynthetic pathways are known as
BioBricks. Consequently, the selection and design of BioBricks is important to
further create and understand complex biological systems and biofactories of rele-
vance in industrial biotechnology [35]. The general idea of comparing genomic
sequences to identify such novel components of different metabolic pathways is not
new. In fact, early in the 1970s, several efforts were performed to elucidate physi-
ological and metabolic information through the comparative analysis of genetic
sequences [36-38]. Classical genetics and reverse genetics approaches were then
used to identify, annotate, compare, and connect genetic clusters associated with
biosynthesis, using previously reported genetic data sets [39, 40].

It was not until 1999 that Genome Mining (GM) formally emerged as a strategy
for the computational analysis of genetic sequences that sought to recognize patterns
between them within the framework of the human genome project. Later, alongside
bioinformatics advances in the area of microbiology, GM acquires new attributes,
building the concept known today: a bioinformatics approach that aims to predict
DNA sequences associated with physiological and/or metabolic events, allowing the
elucidation/prediction of metabolic pathways that lead to secondary metabolites of
scientific and industrial interest [35, 38, 41, 42]. Today, GM is not limited only to
genomic predictions but seeks a holistic approach that includes the entire spectrum of
molecular biology, articulating the prediction of the products of gene expression, the
control of that expression, as well as the identity and structure of those potential

13



Synthetic Genomics - From BioBricks to Synthetic Genomes

metabolites, strengthening the creation of biological models that allow the compari-
son, understanding, and manipulation of cellular molecular systems [41, 43].

GM was initially developed in bacterial models and demonstrated a high relevance
for synthetic biologists and metabolic engineers, thus becoming one of the biggest
breakthroughs in molecular biology and biotechnology [38, 44]. Between the 1990s
and 2000s, the genus Streptomyces (which is well known for its production of valuable
antibiotics) was extensively studied at the experimental level, which allowed the
identification of a large number of gene sequences involved in secondary metabolite
production, regulation and antibiotic resistance. Comparison of gene sequences
between different species of this genus, revealed a total of about 30 Biosynthetic
Gene Clusters (BGCs) associated with the biosynthesis of such secondary metabolites
[45, 46]. Following these advances, GM was extended to study novel bacterial genera
with abundant genomic information and was initially used to fight against bacterial
resistance [47, 48]. During the last years, GM was successfully used as a tool for the
identification of alternative pathways for the biosynthesis of different natural prod-
ucts in diverse microorganisms [33, 49], an approach which usually proved to be
more efficient than other screening methods used for the identification of novel
enzymes of relevance for the biosynthesis of secondary metabolites [33, 49].

Recently, GM was also scaled up to eukaryotic models, thus revealing that
multiple BGCs contain not only relevant information regarding the biosynthesis of
secondary metabolites but also valuable information to study evolutionary events
and ecological adaptation of different gene clusters [38, 50, 51]. A good example of
the vast collection of BGCs predicted up to now can be found on the “Atlas of
Biosynthetic Gene Clusters”, a database of the Joint Genome Institute founded in
2015. This Atlas contains data on predicted and experimental gene clusters related
to many secondary metabolites. As of June 2021, there are a total of 411,006
biosynthetic gene clusters reported, of which only 1285 have been experimentally
validated [52]. GM is completely dependent on bioinformatics and computational
technology available for the analysis of a large dataset. Thus, to boost the potential
of this information, the development of novel computational tools and algorithms
as well as the interest of researchers to join this effort is still required [42, 51]. There
are currently a variety of methods for performing GM using the available genomic
information that will be further discussed hereafter.

2.1 Classical genome mining

The “classical” form of GM consists of the search for enzymes linked to the
synthesis of secondary metabolites, by mining highly conserved sequences [35].
Before the current databases (composed of hundreds of genomic datasets and
several bioinformatics tools) were established, novel sequences were evaluated by
using reverse genetics, where genomic libraries were scanned for basic biosynthetic
genes associated with a metabolic pathway of interest [38, 53]. Those annotations
had to be performed manually and by obtaining experimentally corroborated
results. This formed the basis of classical GM, which provided the first consensus
sequences to be compared with the vast amount of novel sequences obtained from
different next-generation sequencing platforms [54]. Both, reverse genetics and
GM follow the same mining pattern: one or several reference sequences, whose
enzymatic products were already experimentally validated, are used to compare
them with the genomes of interest and to identify homologous sequences in the
organism of interest. Sequences of interest are considered as being generally associ-
ated with catalytic domains and highly conserved motifs [35, 38].

Classical GM was initially focused on the identification of genomic clusters
associated with enzymes for the production of secondary metabolites, that involve
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the following bacterial groups of enzymes and bioactive peptides: (i) polyketide
synthases (PKSs); (ii) non-ribosomal peptide synthetases (NRPSs); and ribosomally
and post-translationally modified peptides (RiPPs) [55-57]. Sequence comparison
of these groups of proteins allowed the subsequent identification of conserved
motifs that are currently helping to identify novel BGCs in pre-existing genomes,
without resorting to the strenuous processes of experimentation and first consider-
ing the bioinformatic iz silico approach [58]. Thus, numerous examples have dem-
onstrated the advantage of GM as a successful screening tool for evaluating the
ability of one organism to produce a particular metabolite based on the available
BGCs information [59-61]. An example of this is presented by Su et al. who
performed GM on a strain of Bacillus subtilis (i.e., NCD-2), initially predicting its
potential for the production of fengicin, surfactin, bacillaene, subtilosin,
bacillibactin, bacillosin and other not previously reported molecules, that were later
detected by UHPLC-QTOF-MS/MS in its fermentation extracts [62]. The increasing
popularity of classical GM promoted the development of GM-specialized databases
and novel bioinformatics tools with improved homology searching tools, specialized
sequence analyses, and advanced prediction algorithms. A list of some currently
available GM specialized databases and related bioinformatics tools are presented in
Tables 1 and 2, respectively.

Currently, the most popular platform for GM of bacterial and fungal genomes is
antiSMASH. It is up to now the most comprehensive by integrating its own database
and incorporating different prediction tools [63]. The key of its popularity results
from the integration of different complex secondary metabolite-specific gene anal-
ysis methods using a much more researcher-friendly interface [82]. Unfortunately,
as shown in the tables, most advances have been made in bacteria and there is still a
need to improve or create new bioinformatics tools to enable GM in other organisms
such as fungi and especially plants, which commonly do not have biosynthetic gene
clusters but a separated, often compartmentalized (cell type specific) synthesis of
secondary metabolites, including transport of intermediates between cell types and
even organs [83, 84].

2.2 Comparative genome mining

Classical GM alone fails to identify BGCs in genomic regions that do not follow a
classical modular gene topology, as described by Donadio et al. since 1991. The

Database Description Ref.
antiSMASH Comprehensive resource on BGCs for secondary metabolites identified in [63]
database bacterial genomes.

BACTIBASE Open-access database used for the characterization of bacterial antimicrobial ~ [64]
peptides.

ClusterMine360 Contains over 200 curated entries of BGCs clusters including classification of ~ [65]
the potential compounds produced, taxonomic information of the producing
organisms, and links to original data.

CSDB/r-CSDB  Manually curated database containing more than 160 PKS, NRPS, and PKS/ [66]

NRPS BGCs.
DoBISCUIT Contains a literature-based collection of BGCs for PKS and NRPS. [67]
IMG-ABC Contains automatically identified gene clusters, clusters with known [68]

biosynthesis products, and secondary metabolites.

Table 1.
Main databases focused on biosynthetic gene clusters (BGCs) encoding secondary metabolites.
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Tool Description Ref.

antiSMASH Fully automated tool for extracting genome data from bacteria and fungi to  [69]
search for BGCs.

BiG-SCAPE Uses the distance between BGCs (identified with antiSMASH), to create [70]

sequence similarity networks.

CLUSEAN Allows homology searches and identification of conserved domains in BGCs  [71]
of genes encoding for PKS and NRPS. Also classifies enzymes and predicts
the domains specificity.

CLUSTER Uses a probability approach to recognize BGCs in genomic and metagenomic [72]
FINDER data.
EvoMining Uses phylogenetics to recognize, compare and identify BGCs associated with [73]

primary metabolism but that present a divergent phylogeny.

FunGeneClusterS Allows the prediction of BGCs based on genomic and transcriptomic data for [74]

fungi.
MIPS-CG Allows the identification of totally new BGCs using only genomic data. [75]
NaPDoS Detects and analyze genes associated with secondary metabolites. [76]
PhytoClust Detects BGCs of secondary metabolites in plant genomes. [771
PKMiner Predicts novel BGCs of type II PKS and aromatic polyketide chemotypes [78]
using their conserved aromatase and cyclase domains.
plantiSMASH An antiSMASH’ version that uses plant genomes. [79]
SBSPKS Allows chemical analysis of experimentally characterized BGCs for PKS/ [80]
NRPS proteins.
SMURF Used for mining BGCs in fungi to identify conserved domains in PKS, NRPS, [81]

PKS/NRPS hybrids, and terpenoid genes.

Table 2.
Main tools for mining secondary metabolite biosynthesis gene clusters.

organization of open reading frames (ORFs) associated with secondary
metabolite-producing genes that generally follow an order of distribution between
catalytic and structural domains for modular PKSs or NRPSs, for example, is called
a modular pattern [39]. These extensively described and annotated modules serve
as a template for comparison with new sequences from available genomes [42].

Leblond and coworkers found more than 3300 BGCs for about 16,500 possible
NRPS-associated enzymes in Streptomyces ambofaciens. However, when evaluating
the potential enzymes iz silico, they realized that many did not follow the modular
pattern used as a template [85]. This, indeed, reduced the possibilities of modeling
the possible secondary metabolites that could be produced by this bacterium. This is
certainly an example of the current limitations of classical GM, which must con-
template new technologies (e.g., artificial intelligence (AI) and machine learning
(ML)) in response to unconventional sequences that do not completely follow the
expected organization.

One way to address these limitations is by integrating already existing tools that
are focused more on the identification of patterns related to phylogeny and evolu-
tion instead of molecular function. For example, descriptions of lineage relation-
ships can be made and some non-modular combinations of putative BGCs can be
described between organisms that may not belong to the same taxonomic level.
These results are not only valuable for the search for pathways to new natural
products, but they also allow evolutionary reconstruction in the creation of meta-
bolic pathways that respond to defense, competition, and attack of organisms in
their ecosystem [86]. In plant metabolomics, such phylogentic relationships based
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on an untargeted fingerprint approach of natural products of different species were
for the first time described in 2013 for Urtica species [87], still awaiting a full
correlation with genomic data.

Two different ways of using phylogenetics approaches for comparative GM can
be defined: In the first one, phylogenetics trees are constructed using both the
whole sequences of the organisms under study and a pool of conserved well-
characterized gene clusters associated to the production of a defined compound. In
this way, BGC lineages can be traced and evolutionary relationships between
apparently unrelated organisms can be established. Abdelmohsen et al. used this
strategy to investigate biosynthetic pathways in actinomycetes isolated from marine
sponges from the Red Sea. After a combination of taxonomic evaluation using the
16S ribosomal gene, PCR amplification of genes associated with modular PKS and
NRPS, and phylogenetic analysis, the authors found that 20 of the actinomycetes
isolates (speeded over 10 genera) possessed at least one of the biosynthetic genes
analyzed [88]. This method has been extensively applied to identify novel potential
BGCs [70, 89] and to create new gene clusters that can be further related to already
annotated genomes of organisms previously studied at the experimental level.

The use of comparative GM has also allowed the identification of genes involved
in the production of secondary metabolites in bacteria, by considering horizontal
gene transfer events and phylogenetic analysis. Here, relationship trees are
constructed using genes that are directly associated with the creation of specific
compounds/secondary metabolites [90]. In this model, gene relationships are
inferred primarily using the biosynthetic gene sequences only, and later those
relationships are contrasted or strengthened by evaluating the rest of the organism’s
genome [91]. An example of the use of this method are studies conducted on the
genus Streptomyces, where the production of secondary metabolites was again eval-
uated considering events of lateral gene transfer. It was found that, although hori-
zontal gene transfer of the studied BGCs is not so frequent, the transfer of
exogenous regulatory, resistance, and secondary metabolite production genes can
significantly contribute to recombination events in those BGCs. Thus, comparative
GM brings new relevant concepts such as the variable nature of those BGCs and
their diversification even within very specific levels of phylogenetic discrimination.
This undoubtedly paves the way not only to understand the evolution of BGCs
in microorganisms but also to understanding the ecological landscape that it
influences [91].

Currently, one of the methods to specifically evaluate putative catalytic domains
in enzymes, using phylogenetic algorithms, is the Natural Product Domain Seeker
(NaPDos), which organizes sequences into clades and allows the recognition of
lineages of organisms capable of producing selected metabolites [76, 92]. This
represents a new approach for the evaluation of possible non-homologous and
undescribed enzymes (shown for modular PKS and NPRS) and to elucidate new
chemical structures not yet identified. NaPDos initially contained only data from
PCR fragments but now is a comprehensive tool that also includes genomics and
metagenomics data [93]. This is particularly important because it allows the evalu-
ation of genomic data obtained from complex samples such as soils, sediments,
water sources, wastes, etc. (metagenomics). With NaPDos it is even possible to
estimate the diversity of microorganisms from the sampled source, as well as to
evaluate the genetic potential for the biosynthesis of different metabolites [93].

2.3 Genome mining in synthetic biology

The identification of novel BGCs resulting from genomic mining studies repre-
sents a great opportunity for synthetic biologists and metabolic engineering as it
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allows the identification, construction, synthesis, and expression of BioBricks in
heterologous models or to discover natural compounds with outstanding properties.
One of the most significant commercial examples of this application has been
observed during the engineering of yeast for the biosynthesis of valuable products
such as artemisinin (an antimalarial drug) by using BioBricks identified through
GM [35, 94]. Recently, GM has been also used to identify more than 70 syntheses
involved in the production of hypermodified peptide cytotoxins (i.e., unique, and
valuable chemotherapeutics) by mining prokaryotic diversity [95]. With the help of
GM, the identification of several cryptic metabolic pathways has been possible,
giving way to combinatorial biosynthesis, which can be used in the construction of
biosynthetic units, following the pattern of BGCs. These approaches also present
challenges mainly related to our current understanding of the interdependent met-
abolic circuits, and the complexity in tracking them. This will certainly require
many more efforts from bioinformatics to enrich genomic mining by including
additional omics data such as transcriptomics, metabolomics, and proteomics not
only for microorganisms but also for eukaryotes with their complexer, usually
unclustered biosynthetic production networks [96].

2.4 Transcriptome mining

A transcriptome represents a “snapshot” of a RNA population in a certain tissue
or at a specific developmental stage. Compared to the genomic information of the
same organism, a transcriptomic dataset is less complex as it does not contain any
information, for example, on the untranslated regions of a genome (e.g., pro-
moters). Transcriptomes also do not provide information on the physical organiza-
tion of the individual genetic elements—a fact which in turn represents an obstacle
for the application of classical GM methods (see previous sections) used, for
instance, for pathway elucidation in plants. However, several advantages make
transcriptome mining (TM) a valuable alternative in the last years: First, unlike in a
“static” genome, differential analysis is possible for transcriptomic data. Thus, the
identification of tissue-specific transcripts (pathways restricted to special organs)
and discrimination of non-functional RNAs (pseudogenes) is much easier than in
GM approaches. Secondly, the less complex datasets facilitate mining in organisms
with large and complex genomes such as plants [97], which in general developed
multi-member gene families with redundant functions during evolution. In con-
junction with the fact that the organization of biosynthetic pathways into gene
clusters is exceptional in plants [98], TM is increasingly used in this class of organ-
isms to mine for NP pathways as well as to study different aspects of plant physiol-
ogy. Recent examples for the latter purpose include the dissection of the response to
changing temperatures [99], drought stress [100], or defense against pathogens in
model and non-model plants [101, 102].

First reports on TM used for the discovery of NP biosynthetic genes date back to
the first decade of the 21st century. The reports were based on so-called expressed
sequence tag (EST) databases [103], which were developed as an alternative to earlier
microarray-driven methods for expression analysis. Milestones for the application in
the plant field were the establishment of specific EST databases [104] and the access
to programs that used both microarray data and transcriptome datasets in the frame
of transcriptome profiling (e.g., eVOC [105]). Continued software development led
to more advanced approaches which integrated data modeling in targeted plant
engineering [106]. Alongside with the use of co-expression analysis as a standard tool
in multifaceted mining strategies [107] and the current decrease in prices for
transcriptome sequencing, the developments led to a continuous increase in the
annual output of TM-based publications (3 in 2003, 84 in 2020).
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For instance, all classes of NPs found in plants were targeted using TM in the last
years. Most reports focused on terpenoids, including papers on the identification of
single enzymes such as terpene cyclases/synthases [108], associated biocatalysts
[109] or comparative evolutionary studies of genes in whole plant families such as
Pinaceae [110] or Lamiaceae [111]. An outstanding example is the mining for
biocatalysts involved in the biosynthesis of the insecticidal limonoid azadirachtin in
neem (Azadirachta indica) [112]. By using a comparative analysis of three limonoid-
containing species from the order Sapindales, the authors could identify key
enzymes involved in the early steps of the pathway, namely the initial terpene
cyclase forming the basal triterpene scaffold and subsequent cytochromes involved
in tailoring modifications. In the field of alkaloids, TM was similarly applied,
yielding the enzyme norbelladine synthase from Narcissus pseudonarcissus [113].
This enzyme, which is used for a coupling step during the synthesis of the antican-
cer agent galantamine in Narcissus species, was fished by a TM-based screening for
functional homologs of an enzyme catalyzing a similar enzymatic reaction in opium
poppy. Hagel and co-workers [114] used a similar but broader approach to compare
plants with a pronounced production of benzylisoquinoline alkaloids. Differential
analysis of the transcriptomes and metabolomes of 20 species from the order
Ranunculales revealed 850 genes that are potentially involved in alkaloid biosyn-
thesis and are interesting candidates for use in alkaloid Synthetic Biology. A note-
worthy example concerning the biosynthesis of plant phenolics is the study of Lau
and Satteley [115], which describes mining for enzymes required for the production
of podophyllotoxin. This lignan is an antiviral polyphenol isolated from mayapple
(Podophyllum peltatum), and six of the enzymes involved in its biosynthesis could
be identified by TM followed by subsequent co-expression in tobacco. Another
example is the insight from TM and Metabolomics in the synthesis of hypericin in
the medicinal plant St. John’s wort (Hypericum perforatum) [116].

Future studies will certainly use extensive TM to further explore the biosyn-
thetic machineries to high-value metabolites other than terpenes, alkaloids, and
phenolics. In agreement with this assumption, the latest reports on TM already
target pathways to antimicrobial cyclopeptides [117], polysaccharides [118], or
compounds derived from fatty acids [119]. In general, TM studies will definitely
benefit from the integration of multi-level omics data in the future. Such compre-
hensive methods have already been applied in proof-of-concept studies, including
the combination of TM with proteomics to mine for cyclopeptides [120] or in-plant
“regulomics”, i.e., in software tools comparing transcriptomes with (epi)genomic
data to identify regulatory networks [121].

3. Metabolic data mining

Metabolism is typically defined as the sum of pathways and cycles representing
all the sets of biochemical reactions occurring at a cell and in which the product of a
particular chemical reaction becomes the substrate of the subsequent reaction [122].
Certainly, the understanding of this concept is key in the realm of biological sci-
ences, especially in the post-genomic era, where we have embraced a paradigm shift
from a gene-centered view to an increasing interest in omics-driven high-
throughput data types, sources, and approaches [123]. In line with the current move
towards systems biology, the mining of metabolism data (metabolic data mining)
includes not only the systematic study of component metabolites (i.e.,
metabolomics) [124], but also of all the controlled biochemical reactions in an
organism responsible for their production, which is more recently understood
under the name of reactomics [125] and related processes such as in fluxomics
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[126, 127]. In metabolomics, numerous subclasses have emerged, as in distinction to
especially genomics, a really holistic determination of the metabolome is impossible:
no method exists to extract and analyze all metabolites of an organism completely in
one experiment. Unlike in genomics, transcriptomics or proteomics, metabolome
analytics cannot rely on a one dimensional sequential biopolymer of a limited
number of monomer units and a few handful of derivatizations (methylation, post-
translational modifications etc.). Instead, most compounds are unique, they are
rarely produced by linear monomer assembly processes which can be deconvoluted
by standardized processes. But instead a metabolome is a mixture of compounds
with highly complex 2D and mostly 3D molecular structures of maximum variabil-
ity and physicochemical property divergenceies (e.g., sugars vs. triglycerides).
Subclasses have thus emerged, e.g., lipidomics or glycomics. Along with the great
advances of computing technologies, all types of studies -especially when applied in
combination- have led us to witness an unprecedented revolution in biotechnology
by finding patterns or trends that explain the behavior of large data sets in a
specific context and as automated as possible. Thus, during the last decade, a large
number of metabolic pathways have been mined to identify the key elements and
modules for the production of drugs, foods, fuels, and a plethora of bioactive
compounds [128-130], including the combination of transcriptome and
metabolome studies [116].

The trifold correlation of metabolomic, transcriptomic/genomic and phenotypi-
cal data ideally allows to identify both gene loci responsible and the biosynthetic
components responsible for a property (phenotype), the biosynthetic pathways for
their production, and the genetic control elements associated with them (GWAS—
genome wide association study). This allows e.g., improved molecular breeding in
plants without the necessity of producing GMOs. An example is a study on downy
mildew resistance in hops (Humulus lupulus), i.e., tackling it most devastating
pathogen by identifying the intrinsic strengths of its chemical defense. The identi-
fication of key metabolites responsible for mildew resistance, their associated path-
ways and genetic breeding markers associated with downy mildew resistance now
allows the targeted (non-GMO) molecular breeding of resistant phenotypes [131].
The same tools can, of course, also be used for higher production using genetic
improvement (GMOs) [80]. The different strategies for the identification of these
metabolic pathways via data collection and coupling, reactome reconstruction, and
rational exploration of the chemical space will be further discussed.

3.1 Metabolic data collection and coupling

A typical workflow in metabolic data mining aimed to elucidate interaction
networks and reactomes is shown in Figure 1. Initially, metabolic data is collected
including information on enzymes and metabolites. Then, the recognition and

Primary data collection of Association analysis Reactome reconstruction
enzymes and metabolites and data modeling
Figure 1.

Standard workflow in metabolic data mining to elucidate interaction networks and reactomes.
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coupling of network patterns are carried out by association analysis and data
modeling to obtain a reduction in data dimensionality. Finally, reactomes are
reconstructed to elucidate the corresponding network dynamics and topology [132].
This knowledge forms the basis for future metabolic engineering experiments
aimed to enhance the production of the desired compound or to assemble novel
native but also synthetic/unnatural biosynthetic pathways. Interestingly, the cur-
rent advances in the development of novel BioBricks and the design of novel
artificial metabolic networks promote the rapid and efficient coupling of a series of
biological parts into a highly reusable large-scale framework [133].

3.2 Proficient exploration of chemical space: natural products and fragments

Metabolic data mining also may involve the use of small compounds derived
from the primary and, most especially, secondary metabolism of living organisms.
These metabolites, typically referred to as natural products (NPs), have largely
been used as a source of chemical entities with promising physicochemical, medic-
inal or other features, being used directly (unmodified), as a substructure, or as
inspiration for a structurally similar chemical scaffold [134, 135]. NPs have been
used for ages as medicines than the synthetic bioactives and as scaffolds for the
rational design of novel synthetic drugs [136, 137]. Interestingly, they occupy a
much larger fraction of the ensemble of all chemical compounds (i.e., have a larger
structural diversity), which is classically known among theoretical and computa-
tional chemists as chemical space (~10%° molecules) [138, 139]. In the field of
medicinal chemistry, and considering we only know just a bit portion of the esti-
mated chemical space (~108 molecules) [140], the use of NP-based libraries repre-
sents a priceless opportunity for scientists to make bigger and faster leaps within it
[141, 142]. This fact represents an additional advantage taking into account that
conventional combinatorial chemistry (usually termed combichem) without input
from natural products initially had very limited success in novel drug discovery
[141, 143], having its strength rather in optimization in most cases [141]. On the
other hand, an alternative scenario intended to explore the chemical space more
profoundly and, thus, may be used to harness metabolic data involves the principles
of molecular fragmentation. According to this technique, a chemical compound of
interest is not identified and evaluated as a whole, but instead, it is developed
starting from structural molecular components usually within the range 120-

300 Da (i.e., fragments) [144, 145]. Although many current chemical libraries are
available as fragments per se, various cleavage methods such as RECAP
(Retrosynthetic Combinatorial Analysis Procedure) have been widely used to
deconstruct chemical libraries of both NPs and other classes of chemical entities
[146, 147]. Among the many advantages of using fragments are not only their
potential to navigate into the chemical space in a more cost-effective manner
compared, for example, to drug-sized molecules, but also their potential to favor
the protein-ligand complementarity and facilitate selectivity adjustments during
optimization processes (a more detailed description is given in Figure 2) [148, 149].
Once more, within the field of BioBricks, the possibility of understanding every
fragment as an independent brick could facilitate not only the recovery of specific
substructures during a virtual screening (VS) protocol but also the coupling of the
best combinations of substructures to obtain a final candidate for further develop-
ment. It is worth mentioning that fragments could be “recycled” to be considered in
the development of a bigger compound if other partner fragments can supply -and
balance- particular physicochemical properties of interest. This is fully illustrated in
terms of ligand efficiency (LE) metrics as a phenomenon called fragment “rescue”
effect [150]. Through an application of these kinds of concepts and approaches, the
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High-throughput screening Fragment-based screening

Figure 2.

Comparison between typical high-thvoughput screening and fragment-based screening. In the left panel,
it is evident that although one specific part of the drug compound exhibits a good fit within most of the pocket of
a hypothetical target protein (red curved line), the other two parts of the same compound do not occupy any
specific binding (blue curved line) or occupies subsites of the active center only partially (green curved line). In
contrast, the right panel shows that the consideration of fragments for screening allowed the identification of
chemical entities with high inherent affinity to the corresponding pockets. Although only shape and size are
included in the illustration for clarity, many other physicochemical characteristics such as lipophilicity and
charge may affect the complementarity between a chemical moiety and its target receptor.

scientific community may benefit from metabolomic data mining of compounds
able to mediate diverse functions in biological systems.

4, Conclusions

Multi-omics data mining has revolutionized science by enabling overlaps among
different fields of study such as biochemistry, molecular biology, synthetic biology,
organic and medicinal chemistry, computational chemistry, chemical engineering,
and high-performance computing. This represents a crucial breakthrough that is
expected to accelerate our comprehension of complex biological systems and, most
interestingly, the identification, selection, and recovery of novel pieces of biological
information in the form of BioBricks for the design of biofactories. Currently, we
have unprecedented access to large multi-omics data repositories, which make
possible the discovery, identification, and coupling of these BioBricks. This is an
important step to unleash different biological functions, or to rationally design
metabolic pathways for the biosynthesis of valuable products. However, there is still
a need for integrating additional cutting-edge technologies in computing and data
science such as machine learning, artificial intelligence, and big and smart data
analytics that can further boost the discovery and de novo design of BioBricks with
high impact in pharma, cosmetics, fine chemical and nutraceutical industries.
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Abstract

The whole genome projects open the prelude to the diversity and complexity of
biological genome by generating immense data. For the sake of exploring the riddle
of the genome, scientists around the world have dedicated themselves in annotating
for these massive data. However, searching for the exact and valuable information
is like looking for a needle in a haystack. Advances in gene editing technology have
allowed researchers to precisely manipulate the targeted functional genes in the
genome by the state-of-the-art gene-editing tools, so as to facilitate the studies
involving the fields of biology, agriculture, food industry, medicine, environment
and healthcare in a more convenient way. As a sort of pioneer editing devices, the
CRISPR/Cas systems having various versatile homologs and variants, now are
rapidly giving impetus to the development of synthetic genomics and synthetic
biology. Firstly, in the chapter, we will present the classification, structural and
functional diversity of CRISPR/Cas systems. Then we will emphasize the applica-
tions in synthetic genome of yeast (Saccharomyces cerevisiae) using CRISPR/Cas
technology based on year order. Finally, the summary and prospection of synthetic
genomics as well as synthetic biotechnology based on CRISPR/Cas systems and
their further utilizations in yeast are narrated.

Keywords: applications, CRISPR/Cas, gene editing, S. cerevisiae, synthetic genomics,
yeast

1. Introduction

Synthetic biology is a fundamentally interdiscipline. It has become an important
methodology in biotechnology owing to its novel functions and regulation mecha-
nisms. The scientific concept of synthetic biology can be traced back to the book “The
Mechanism of Life” written by a French physical chemist Stéphane Leduc in 1911 [1].
It currently refers to the practical application discipline that integrating modern sci-
ence and engineering technology to promote and accelerate the design, alteration and
creation of bio-genetic materials in living organisms [2]. Briefly, synthetic biology can
roughly be considered as the reverse process of analytical biology. Sustained advances
in synthetic biology will depend on coordinated and paralleled developments within
many different discipline areas, and cooperation of scientists from most countries.

In China, scientists have made landmark contributions in this field with the success
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of artificial synthesis of bovine insulin and yeast (S. cerevisiae) alanine transfer

RNA. In USA, artemisinic acid, a precursor of antimalarial drug artemisinin, was
synthesized in S. cerevisiae with a yield of 25 g/L, and has been industrialized in 2013
[3]. Nowadays, synthetic biology is rapidly penetrating into various fields including
bio-science, gene engineering, agriculture, food industry and medicine, in which syn-
thetic genomics plays a profound role in providing theoretical basis and technological
support. Synthetic genomics is viewed as an important area of synthetic biology,
which being engineered under a general genome scope, mainly refers to design and
assembly of nucleotide fragments to generate functional living genomes [4], includ-
ing recreated and recoded genomes as well as minimal genomes. Genetic manipula-
tion is known as one of the central strategies to investigate the molecular basis of
living things as well as their evolution and diversity, which advancing the understand-
ing of biological systems at a micro level. Compared to conventional approaches in
genetic manipulation, synthetic genomics has the characteristics of introducing large
numbers and diversity of genetic modifications [5]. Additionally, synthetic genomics
can theoretically create a synthetic genome to practically and feasibly build a simpler
and more amenable genome-scale platform for biological system construction [6].

In a certain sense, the first synthetic gene synthesized in 1970s [7] marked the
beginning of synthetic genomics. Then, viral chromosomes were the first to be syn-
thesized in the early 2000’ because of their comparatively small size [8]. Nowadays,
as a first designer synthetic eukaryotic genome, Sc2.0 (S. cerevisiae 2.0) project
has achieved significant progresses including real-world applications for industrial
microbiology, and may create a big economic value in the future. Driven by rapid
advances in gene assembly, genome editing and mathematical modeling techniques,
synthetic genomics is developing quickly. As a young discipline, synthetic genomics
has helped to promote our new understanding of genome structure and function.
Recently, an important direction of synthetic genomics is to transform the natural
biological systems through gene editing techniques. With emerging novel classes
of programmable genetic tools, in particular, the establishment and optimization
of CRISPR and associated technology platforms, synthetic biology and its vital
field——synthetic genomics is entering a new era of more possibilities. Actually,
early in 2014, the European Commission’s synthetic biology summit has typically
categorized synthetic biology tools as design, construction and diagnostic tools
whereas synthetic biology methodology serves the study of DNA synthesis and syn-
thetic genomics, engineering biology, xenobiology as well as protocell biology [9].
CRISPR/Cas nucleases have been extensively applied to manipulate the genomes of
cultured and primary cells, animals and plants, vastly accelerating the pace of basic
research and enabling breakthroughs in the field of synthetic biology and synthetic
genomics [10]. It can be expect that, CRISPR toolKkits are of particular importance
to the future of synthetic genomics due to its great potential to open new pathways
for manipulation and expression of genetic information, which will certainly
transform synthetic genomics and synthetic biology greatly.

Here in this chapter, we review the developments of CRISPR/Cas technology, the
main types of CRISPR/Cas system, as well as the applicational research of synthetic
genomics in yeast using CRISPR/Cas toolboxes. Finally, we also provide perspec-
tives on future directions and applications of CRISPR/Cas-based methodology in
the research of synthetic yeast genome.

2. CRISPR/Cas: a powerful and versatile toolkits for synthetic genomics

The survival battle between microbes and bacteriophage is the driving force
behind the evolution and diversification of microbial adaptive immune system.
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As part of the immune response in bacteria, CRISPR/Cas systems are responsible
for tackling the invading phages or plasmids. These systems are of particular impor-
tance to the future of synthetic genomics owing to their great potential to open new
doors for manipulation and expression of genetic sequences. Since the discovery

of CRISPR in the Escherichia coli genome in 1987 [11], CRISPR/Cas systems now
have been classified into two main classes (Class 1 and Class 2) and six types (type
I, II, I1I, IV, V and VI) covering over 30 different subtypes [12]. The diversities of
architecture and classification render CRISPR/Cas systems with broad functional
versatilities. Of note, the diversity of protospacer adjacent motif (PAM) is also an
important feature for CRISPR/Cas systems. Briefly, PAM refers to a short sequence
resides in the exogenous nucleic acid elements (commonly at the 3" end of the target
DNA) but not the CRISPR array and its guide RNAs that support to discriminate
self versus non-self of microbes’ nucleic acid ingredients. The nucleotide sequences
that can be edited by CRISPR/Cas systems have been limited by the PAM and

gRNA sequences. Commonly, Streptococcus pyogenes Cas9 (SpCas9) recognizes
5’-NGG-3’, and Staphylococcus aureus Cas9 (SaCas9) recognizes 5’-NNGRRT-3’ as
their respective functional PAM [13]. However, type V CRISPR/Cas system uses a
T-rich PAM sequence such as “TTT”, “TTA”, “TTN” or “TTC” for target recogni-
tion. For example, Cas12a (Cpfl) uses the “TTN” PAM sequence to target dsSDNA
[14]. Cas proteins and their variants require different PAM sequences for efficiently
and precisely manipulate and cleavage biological genomes, while type VI system
relies on a PAM analogue termed protospacer flanking site (PFS) for RNA targeting
[15]. Moreover, taking Cas9 protein as an example, a previous study has reported
the important function of PAM recognition in the field of inducing target DNA
unwinding, which underscored by the sequential variability of PAM recognition
presented in engineered Cas variants [16].

In addition to the basic properties for antiviral roles, CRISPR/Cas systems have
numerous potential applications for gene editing, transcriptional activation/inhibi-
tion, epigenetic modification, chromatin imaging, single base substitution, point-
of-care diagnostics [17] and synthetic biology, among others [18]. However, taking
account of off-target concerns, much more interrogations are needed to make these
systems valuable and reliable toolboxes for utility research area.

As CRISPR systems continue to be discovered, a variety of programmable nucle-
ases have joined the ranks of genome editing. Currently, three types of candidate
nuclease systems including Cas9 and its homologs, DNA-targeting Cas12, as well
as RNA-targeting Cas13 have together become the focus of gene-editing technol-
ogy. Cas9 nuclease induces double strand breaks (DSB), and Cas9 nickase triggers
single strand breaks (SSB); whereas dCas9 (dead Cas9) derived from Cas9 nuclease
via mutating the HNH nuclease domain and RuvC-like domain, can still bind to
the target region for transcriptional interventions, but without introducing a DSB.
Based on similar mechanisms, dCas12a and dCas13 are capable to mediate CRISPR
interference (CRISPRi) and CRISPR activation (CRISPRa) at the transcriptional
levels. CRISPRi/a is a tremendously useful tool for transcriptional regulations which
achieving by covalent modification of histones of Cas proteins as it allows to balance
and optimize gene expression without genome editing. Besides, Cas9 and Cas12a
(previously named as Cpf1) are RNA-guided endonucleases that can induce genome
editing by triggering DSB repair at a specific site [19]. Cas9 and Casl13a can be used
for targeted RNA interference. Casl3a fused to base editors can be used to modify
nucleotides in RNA. Futhermore, the dCas nucleases have termed “discovery-based
synthetic biology”, constitute one part of toolbox to study synthetic biology and
engineer biology, especially have functions in the field of characterizing the func-
tion of noncoding genes and regulatory elements of the genome, and strategies to
design synthetic gene circuits [20]. Theoretically, CRISPR toolkits can be applied
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to integrate synthetic sequences into the genome, to form genomic libraries, and
to target on multiple functional loci conveniently for gene modifications with high
efficiency in strains or cell lines. The increased knowledges of CRISPR classifica-
tions and their action mechanisms open up new scopes of applications in synthetic
genome of an organism via these systems.

3. Synthetic genomics and the use of CRISPR technology in synthetic
genomics of S. cerevisiae

Technical advances in chemical synthesis of poliovirus cDNA in the absence of
a natural template have gained global attentions. The successful synthesis of the
7,740 bp poliovirus cDNA artificially not only indicated the feasibility of producing
infectious virus using chemically synthesized oligonucleotides as initial materials but
also showed the great potential of modifying and creating more complex genomes
under laboratory conditions [21]. Then in 2003, the artificial synthesis of ®X174
bacteriophage genome (5,386 bp) using synthetic oligonucleotides has paved the way
for synthesizing bacterial genomes [22]. Since then, several other viral genomes and
transposons have also been synthesized in their entirety. Bacterial genomes com-
prising millions of base pairs are very complex, which often regarded as advanced
factories to synthetise biologically active chemical substances. Synthetic biologist
Craig Venter and his research team have successively synthesized the 582,970 bp
Mycobacterium genitalium genome and Mycoplasma mycoides genome JCVI-1.0, and
the latter represented a milestone in the history of synthetic genomics [23, 24].

From historical perspective of human domestication, potentially the next best
thing to fire is yeast [25]. In practical terms, yeast represents one of the simplest
eukaryotic microorganisms, and as an attractive model organism has been widely
used in the food industry [26]. The Synthetic Yeast Genome (Sc2.0) Project is on-
going and aims to explore yeast chromosome structure, minimal eukaryotic genome
length and gene content, as well as to rewrite all 16 yeast chromosomes. As we
known, DNA synthesis is an essential tool for synthetic genomics. Currently, with
the aid of CRISPR/Cas technology, for instance, programmable Cas9 proteins can
execute sequence-specific DSB depending on the target sites of the gRNA, and also
genes in the genome of an organism can be programmed and are rewritable [27].
Generally, CRISPR/Cas systems have vastly simplified genome editing in yeasts via
performing gene over-expression, knockin, knockout, mutations and deletions,
and enabled easy-operation genetically engineering of products of fuel molecules,
chemical components, food ingredients, and active pharmaceutical ingredients.

Early in 2013, DiCarlo and colleagues firstly piloted CRISPR/Cas9 system to
engineer for site-specific mutagenesis and allelic replacement in the genome of
S. cerevisiae using dsOligo (double-stranded 90-bp oligonucleotide) as a template
with efficiency rates close to 100% [28]. A few months later, Farzadfard’s research
team reported a CRISPR/Cas-based eukaryotic transcriptional regulation system
implemented in S. cerevisiae, which will open up new paths for drawing natural
genetic circuits and their regulations regarding on cellular phenotypic mechanisms
[29]. In the years following these initial works, several related research reports have
been emerging.

In 2014, Ryan and others improved the utilization of fiber disaccharide in
diploid yeast by multiplex CRISPR system, which made the cellobiose fermentation
rates increased by more than 10 times [30]. Similarly as DiCarlo’s experimental
methodology, Zhang et al. engineered the industrial polyploid strain ATCC4124,
where URA3, TRP1, LEU2 and HIS3 were knocked out one-by-one with efficiencies
varying from 15-60% to create an auxotrophic strain. And this method is likely to
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be very valuable for yeast genome engineering due to having no need of selectable
markers that labeled in the integrated DNA [31].

In 2015, Bao et al. and Mans et al. respectively, used a HI-CRISPR (homology-
integrated CRISPR) or CRISPR/Cas9 strategy to successfully generate multiple gene
modifications in yeast S. cerevisiae simultaneously [32, 33]. In the studies related
to metabolic pathway engineering, Ronda et al. applied a new system called CrEdit
(CRISPR/Cas9 mediated genome Editing) to enable simultaneous and highly
efficient integration of three pathway genes (BTS1, crtYB and crtl) involved in the
production of p-carotene at three different integration sites (X-3, XI-2, and XII-5
gene locus) in the genome of S. cerevisiae [34]. Jako¢iinas and collaborators applied
CRISPR/Cas9 for multiplex gene knock-out to search for strains with improved
production of mevalonate (a key intermediate for isoprenoid and sterol production)
in yeast [35], followed by the utilization of CRISPR/Cas9 system to integrate crtYB,
Crtl and crtE genes in three gene sites (ADE2, HIS3 and URA3) of S. cerevisiae for
successfully constructing carotenoid biosynthesis pathway [36].

In 2016, more studies in relation to the use of CRISPR/Cas9 system for
engineering in the genome of yeast have been reported [37-44]. Most notably,
Tsarmpopoulos et al. reported the CRISPR/Cas9 adaptation for the engineering of
bacterial genomes cloned in yeast. The result showed that applying 90 nt paired
oligonucleotides as templates to promote recombination which achieved a seamless
deletion of the mycoplasma glpO (glycerol-3-phosphate oxidase-encoding) gene
without selection in one step. This work paves the way to high-throughput manipu-
lation of natural or synthetic genomes in yeast S. cerevisiae [37].

In the year of 2017, Vanegas and her partners used a combination tool of Cas9
genome editing and dCas9 transcriptional regulation to engineer S. cerevisiae for
production of flavonoid precursor naringenin and simultaneously restrainting
formation of by-product phloretic acid [45]. Reider Apel et al. constructed a clone-
free toolkit based on CRISPR/Cas9, which solved the problems of chromosome
integration locus and promoter selection, protein localization and solubility in
yeast metabolic engineering, and optimized the expression of taxadiene synthase
by using the tool, which increased the yield of taxadiene by 25 times [46]. Contrary
to the result of protein overexpression, Vigentini et al. employed the CRISPR/

Cas9 system to successfully reduce urea production in S. cerevisiae wine yeasts via
eliminating the CANI1 arginine permease pathway [47]. Interestingly, Mans et al.
used CRISPR/Cas9 technology to explore the elusive mechanism for lactate export
in S. cerevisiae. The 25-deletion strain in this experiment has taken the first step

in building a yeast’s ‘minimal transportome’ platform, which can be applicable to
functional explanation of heterologous transport proteins and the assessment of
metabolic engineering strategies [48]. The summary of CRISPR-based studies in
yeast in the year of 2017 have showed in Table 1 [45-59].

In the beginning of the year 2018, Verwaal et al. employed three gene-editing
systems, Cpfl orthologues (Acidaminococcus spp. BV3L6 (AsCpfl), Lachnospiraceae
bacterium ND2006 (LbCpfl) and Francisella novicida U112 (FnCpf1)) for genome
modification of S. cerevisiae. The result of this work demonstrated that Cpfl can
broaden application sphere of the genome-editing toolbox available for research of
S. cerevisiae [69]. Li et al. firstly used the CRISPR/Cpf1 to delete large DNA frag-
ment (the deletion of DNA fragment of ~38 kb between the two genes of TRM10
and REX4) in S. cerevisiae, which demonstrating that the CRISPR/Cpf1 system can
be used for genome simplification of S. cerevisiae, and to facilitate the laboratory
evolution of the genome of S. cerevisiae [70]. Later in the year, Dank et al. used
CRISPR/Cas9 technology to construct S. cerevisiae mutants with lacking esterase
IAH1 and/or TIP1. Very interestingly, not affecting by the double gene knockout
of yeast mutant AITAH1ATIP1, a complex regulatory mechanism to compensate
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Gene Action CRISPR Expression Gene Sites Authorsand References
Modes System Products (or gene Year
number)
Downregulation Cas9/dCas9 Naringenin TSC13 Vanegaset al. [45]
based system (2017)
Gene integration CRISPR/Cas9 Taxadiene 23 genomic Reider Apel [46]
loci et al. (2017)
Genetic CRISPR/Cas9 Urea CAN1 Vigentini [47]
modification et al. (2017)
Gene deletion CRISPR/Cas9 Lactate 25 genomic Manset al. [48]
loci (2017)
Gene regulation dCas9-VPR Naringenin NDE2, CYC1, Vanegaset al. [49]
GPD1, TDH1 (2017)
Gen regulation CRISPR/Cas9 Cellulase; d-regions Sietal. [50]
and integration isobutanol; (2017)
glycerol
Graded CRISPR/dCas9  Pathway Multi-genes Deaneret al. [51]
expression enzymes (e.g., ZWF1, (2017)
TAL1, TKL1)
Gene dCas9-VPR - Up to 4 native Deaner et al. [52]
modulation genes (2017)
Transcriptional dCas9 systems Isoprenoid; - Jensenet al. [53]
reprogramming TAG (2017)
Logic circuits dCas9-Mxil - - Ganderet al. [54]
(2017)
Gene regulation CRISPR-AID Beta-carotene HMG1; Lianet al. [55]
ERGY9; ROX1 (2017)
Gene editing CRISPR/Cas9 Glutathione ADE2, URA3, Zhouet al. [56]
LEU2, TRP1, (2017)
HIS3
Construction of “CRISPR - CAN1, Satomura [57]
mutants Nickase CDC25 et al. (2017)
system”
Strain CRISPR/Cas9 Strain mutants - Roggenkamp [58]
Generation; et al. (2017)
Gene drive
Genome editing; FnCpfl - ADE2, HIS4, Swiat et al. [59]
point mutation PDR12, CAN1 (2017)
Multiplexed GTR-CRISPR - 8 genes (e.g., Ferreiraet al. [60]
engineering CAN1, ADE2, (2018)
LYP1, etc.)
Gene activation, dLbCpfl, Recombinant Unspecified Schultzet al. [61]
interference, and dSpCas9, Trichoderma target genes (2018)
deletion SaCas9 reesei
endoglucanase 11
Chromosome CRISPR/Cas9 - Multiple- Shaoet al. [62]
fusion chromosome (2018)
Genomic CRISPR/Cas9 Natural genetic SEC14 gene Royet al. [63]
integration variants (2018)
Gene disruption CRISPR/Cas9 Bioethanol ADH2 Xueet al. [64]
(2018)
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Gene Action CRISPR Expression Gene Sites Authorsand References
Modes System Products (or gene Year

number)
Cocktail CRISPR/Cas9 Target products: ~ ADE2, URA3, Houet al. [65]
integration combination beta-carotene CAN1 (2018)
Genetic CRISPR/Cas9 Mating-types, MAT locus Xieet al. [66]
manipulations diploids and (2018)

polyploids

Single- CRISPR/Cas9 Genetic variants CAN1, ADE2, Baoet al. [67]
nucleotide combination LYP1, etc. (2018)
genome-editing
Genomic FnCpfl Beta-carotene Gal1-7 locus, Lietal. [68]
integration Gal80 locus, (2018)

HO locus, etc.

Table 1.

The summary table of CRISPR-based studies in yeast in the year of 2017 and 2018.

multiple genomic defects in aroma metabolism is generated and activated to show
an aroma composition comparable to wild type levels [71]. Using CRISPR technol-
ogy, the related studies in yeasts for creating genome mutations and integrations
have also been respectively carried out by Guo et al. [72] and Jakociunas et al. [73].
And much more related works have listed in Table 1 [60-68, 74].

As CRISPR systems continue to be extensively used, dozens of articles (more
than 60 scientific papers in PubMed) in relation to CRISPR-based yeast have been
published in 2019. Based on PubMed database, 2019 is the year of the most articles
published in recent years in the field of CRISPR-edited yeasts. Among them,
Zhang et al. deleted 6 genes in the yeast genomes in 3 days through developing a
multiplexed gene-editing platform termed GTR-CRISPR (a gRNA-tRNA array
for CRISPR/Cas9) with 60% efficiency using reported gRNAs and 23% using
unimproved gRNAs. They further concluded that GTR-CRISPR may be suggested
to the most valuable complement for the toolkit of synthetic biology and auto-
operation [75]. Notably, Laughery et al. found that the cause of dCas9 targeting
boosted mutagenesis in yeast is likely affected mutationally by dCas9-mediated
R-loop formation. These findings not only showed important implications for the
applications of additional mutagenesis in dCas9 (and Cas9), but also offered a novel
method for interrogating the mechanism of targeted R-loop formation induces
eukaryotic genome variability and/or mutagenesis [76]. As excellent as above two
work, another two investigations respectively described the CRISPR/Cas9 based
functional chromosome fusions [77] and CRISPR/dCas9 based AND gate in yeast
[78]. Additionally, as typical research examples, this review only list 5 valuable
articles published in 2019 (Table 2) [79-83].

Good works are also seen in 2020. Wu and his team found that specific cleav-
age via CRISPR/Cas9 near the centromere of a S. cerevisiae chromosome can lead
to elimination of the whole chromosome and initiate chromosome drive [89]. van
Wyk et al. utilized CRISPR/Cas9 technology to generate a self-cloned wine yeast
strain that over-expresses two genes of oenological relevance, GPD1 (glycerol-
3-phosphate dehydrogenase 1) and ATF1 (alcohol acetyltransferase 1), which
directly implicated in glycerol and acetate ester production respectively. The result
provided an alternative strategy to obtain increased glycerol and lower acetic acid
levels, without disrupting the aldehyde dehydrogenase activity [90]. In addition to
the above two, here enumerate 5 representative literatures on CRISPR-based yeasts
in this year used for references (Table 2) [84-88].
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Stepping into 2021, innovations remain advancing. Gong et al. reported a
gRNA-tRNA array and SpCas9-NG (GTR 2.0) for the applications of highly effi-
cient genome damage and base editing. In this study, they achieved gene cleavages
with almost 100 efficiencies in the cells of S. cerevisiae. During the process, gene
editing includes all 16 possible NGN PAMs and all 12 possible single-nucleotide
mutations (N to N). Further, they employed GTR 2.0 system for multiplexed single-
nucleotide mutations to simultaneously produce 4 single-nucleotide conversions in
single gene with 66.67% mutation efficiency, and to create simultaneously 2 single-
nucleotide mutations in two different genes with 100% mutation efficiency [91].

McGlincy et al. showed a comprehensive yeast CRISPRi library, based on
empirical design rules, containing 10 distinct guides for most genes, which provid-
ing a strategy for genome-wide CRISPR interference screening in budding yeast
[92]. Furthermore, a short communication introduced a GDi-CRISPR system (gene
drive delta site integration system by the CRISPR system) for multi-copy integra-
tion in S. cerevisiae, which holds great promising for advancing the development of
S. cerevisiae multi-copy integration tools [93].

4. Future challenges and prospections in the applications

As an emerging field, synthetic biology has high potential applications in drug-
discovery, development of medical therapeutics, diagnostic tools and improvement
of bioproducts. And its emerging applications include vaccine development, cancer
treatment, prevention and treatment of infection, microbiome engineering, cell
therapy and regenerative medicine, biofuels as well as genome engineering [94].
New technologies, such as CRISPR/Cas-mediated genome editing, will enable syn-
thetic biologists to take a more holistic engineering approach, modifying synthetic
circuits and the host genome with relative ease [95]. Nowadays, the CRISPR/Cas
system is only 8 years old. With great progress in gene editing technology, CRISPR/
Cas systems surely will greatly boost the development of gene therapy, basic bio-
logical research, and synthetic biology, let alone in the research field of S. cerevisiae.
However, the applications of CRISPR/Cas systems have still encountered several
major challenges including off-target effects, delivery modalities, Cas9 cleavage
activities and immune responses.

Off-target effects of CRISPR/Cas systems usually result from mismatches
between the guide RNAs and their target gene sequences [96], and may result in
targeting to unexpected sequences of nucleic acids. Many efforts have been done to
lower unwanted off-target effects of CRISPR/Cas. Previous studies reported that the
systems could effectively maximize on-target activity and minimize off-target effects
for genome engineering either by modifying guide RNA or Cas9 nuclease [97, 98].

5. Conclusion

Thanks to the eximious predominance of yeast genetics, the organism S. cerevi-
siae has enjoyed gene regulation technology for decades. In spite of some limitations
needed to be conquered, the advent of the CRISPR techniques have undoubtedly
created a new era for genomic engineering in yeasts. CRISPR/Cas system as one of
the most cutting-edge biotechnology will continue to not only improve our insight
into the complexity of cells but also help us make better utilization of living sys-
tems. Taking together, the use of CRISPR/Cas systems for various synthetic biology
applications, specially in the synthetic genome of yeast S. cerevisiae, has greatly
accelerate food industry, biomedical study and agricultural research.
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Abstract

Biogenetic engineering is a significant technology to sensibly manage microbial
metabolic product factories. Genome modification methods for efficiently control-
ling and modifying genes at the genome level have progressed in biogenetic engi-
neering during the last decade. CRISPR is genome editing technology that allows for
the modification of organisms’ genomes. CRISPR and its related RNA-guided endo-
nuclease are versatile advanced immune system frameworks for defending against
foreign DNA and RNAs. CRISPR is efficient, accessible, and trustworthy genomic
modification tool in unparalleled resolution. At present, CRISPR-Cas9 method is
expanded to industrially manipulate cells. Metabolically modified organisms are
quickly becoming interested in the production of different bio-based components.
Here, chapter explore about the control productivity of targeted biomolecules in
divergent cells based on the use of different CRISPR-related Cas9.

Keywords: Biogenetic engineering, CRISPR, Endonuclease, Metabolic biomolecules

1. Introduction

The manufacture of biobased metabolic products by microbial production
lines offers a viable path to a continuous future. At present, numerous bacterial
strains have largely been employed to producediverse variety of metabolites that
are useful for diverse industries including food and pharma [1, 2]. To increase the
yield of metabolic products, genome editing is widely used. Genome modification
is a form of genetic manipulation in which single bases of DNA are manipulated
by adding, removing, or altering the genome of bacteria [3]. Despite it, most
bacterial strains still face difficulties in genetic modification that is key impedi-
ment to metabolic engineering. Conventionally the zinc finger nucleases and
transcription-activator like effector nucleases have been adopted for bacterial
genetic modification [4, 5]. Both genetic modifications revolve around the prin-
ciple of DNA-protein recognition [6].

ZFNs owned by SangamoBioSciences is one of the oldest gene-editing technolo-
gies established in the 1990s [7]. ZFNs are the engineered proteins that bind to the
desired DNA. These proteins have two domains, the first one is a manufactured
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zinc-finger DNA binding domain and other is a DNA cleaving domain [8]. A basic
zinc finger device has series of 4-6 binding modules. A codon is recognized by
every unit [7]. Both domains are linked together via a chain of linker sequences. The
DNA sequence of 24 bp is the first domain and other domain cleaves the recognized
sequence in 5-7 bp spacer regions with the help of a restriction enzymeFoKkI [8].
FokI nucleases are type II’s restriction enzymes that cause single-stranded breaks

in a double-helical DNA strand. ZFN was withdrawn due to shortcomings such as
the time-consuming and costly production of target enzymes, poor specificity, and
elevated off-target variations, which were gradually overcome by the technological
innovation [2, 7].

TALEN is another oldest gene-editing technology that was discovered as
areplacement for ZFNs. It is made up of extremely repetitive DNA sequences
that promote in-vivo homologous recombination. TALENS, like ZFNs, have two
domains: N-terminal transcription activator-like effector (TALE) DNA-binding
domain and C-terminal restriction endonuclease FokI catalytic domain [2, 8]. Both
type of gene-editing are similar in having two sequence-specific DNA-binding
proteins (two zinc-finger domains/TALEN domains) adjoining a target sequence,
with the C-terminal of zinc-finger domain/TALEN domain being accompanied by a
FoklI enzyme, which cuts the target DNA in the form of a dimer [7, 9].

These methods, however, are hampered by the need to build a new nuclease pair
for each genomic target. Both are also unable to target several genes at the same
time. Therefore, due to complexity in designing, processing, and verifying the
molecular requirements for nuclease expression and its targeting, both ZFNs and
TALENS are escaped [10]. The CRISPR/Cas systems for genome editing are a novel
technique that allows for the simultaneous targeting of numerous genes for the
synthesis of superior strains.

2. CRISPR/Cas gene structure

The concept of CRISPR was introduced in 1987, whilst Japanese scientist Ishino
and team were working on the iap gene in Escherichia coli. Entire gene encodes an
alkaline phosphatase in Escherichia coli. They discovered repeated DNAs in bacte-
rial genome that is not like other regular sequences [2, 11]. These re-occurring
DNA sequences might be the components of recurring DNA sequences known as
“Regularly clustered short palindrome repetitions” (CRISPR). Structurally, small
repetitions of DNA are followed in CRISPR Systems by short spacer segments of
genome, which are obtained via the standard bacterial path to a bacteriophage or
plasmid. These repetitions are also related to nucleases or helicases in which par-
ticular DNA sequences are separated or unwinded [9, 12].

CRISPR is a bacterial and archaeal defense mechanism that works in hybrid with
CRISPR-associated proteins. These were first discovered inside microorganisms
DNA, but were subsequently extended to provide adaptive immune system for
microorganisms [13]. CRISPR/Cas systems are easily adapted for genome modifica-
tion because to their great practicality, comparative simplicity, and robustness [14].
CRISPR/Cas sequences are constituted of two or maybe more direct, often partially
palindromatic, or frequently accurate repetitions (25-35 bp), which are separated
into one or maybe more operon modules by single spacers (typically 30-40 bp) and
an adjacent multiple-case cluster [15].

In genome editing, CRISPR works with a double-strand DNA cleavage at the
particular target site near gRNA [16-18]. In process, CRISPR follows three separate
but often interrelated stages: (i) acclimatization, (ii) pre-ctrRNA (pre-CRISPR
RNA) expression and processing, and (iii) interference. The Cas protein complex
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Figure 1.
Overview of CRISPR-Cas9 and recent developments in CRISPR/Cas9 genome editing.

attaches to a intended DNA molecule during the acclimatization stage and gener-
ally inserts two double-strand (ds) breakages into the target DNA, after a clear,
short (2-4 bp) pattern, known as PAM (Protospacer-adjacent motif). The released
fragment is subsequently transferred into the proximal repeat units of the CRISPR
assortment. It is then fixed by cellular repair machinery, resulting in proximal
repeat duplication [19-21].

Later, the CRISPR array is transcribed into a single long transcript by the expres-
sive processing stage. The transcribed transcript is recognized as pre-crRNA, which
is used for producing mature crRNAs using a distinct complex of proteins from Cas,
a dedicated processing nuclease (Cas6), a single large Cas protein, or an external
foundation. In the end, at interference stage, cRNA is utilized to detect protospacer
that stay attached to the gRNA and then cleaved or inactivated by Cas nuclease [15].
The double-stranded cleavage partakes in DNA repair by essential cellular mecha-
nisms. Usually, it entails non-homologous end-joining module and sometimes
homology-directed repair [22, 23] (Figure 1). In between, the Cas9 is activated via
forming single guide RNA molecule and triggers double-stranded cleavage at DNA
target [24].

3. CRISPR classification

CRISPR-Cas systems display extraordinary diversity, including in core genes
yielded by multiple CRISPR-Cas variations, gene structure, genomically locus
architecture, and the original sequences [25-27]. The current CRISPR-Cas hierarchy
contains three primary kinds (I, II and III), the less prevalent, but distinct, Type
IV, V & VI on the basis of diversification of Cas genes (Figure 2) [28, 29]. TypeI
has the characteristic gene Cas3 that expresses the large protein with a helicase to
unwind DNA-DNA and RNA-DNA duplexes. Sometimes the domain of helicases
combines with an HD domain (conserved protein region with histidine (H) and/or

57



Synthetic Genomics - From BioBricks to Synthetic Genomes

CRISPR

T B K I IS D CR D D SR S S S
Spacer

Spacer Spacer Spacer

CRISPR ‘

Typell | Casb } cant Repoat ‘ Repeat ‘ Repeat ‘ Repeat ‘ﬂuue |

Spacer Spacer Spacer spacer

‘ CRISPR

e et o) "
Typelll [ - P omstant ) o | con | con MU Repest I Repoct I novect I Revect Y nevect

Spacer spacer Spacer Spacer

| CRISPR

Typelv  { cuono l s ] P E ah x Repeat ,‘ Repeat ‘ Repeat ‘um ‘ Repeat .

Spacer Spacer Spacer Spacer

CRISPR ‘

ey [ T = e e D D Dl D

Spacer Spacer $pacer Spacer

‘ CRISPR |

Type VI | Casia ) cant Repeat ‘Rﬂpnl ‘nwm ‘Mmﬂ ‘ Repeat 1

Spacer Spacer Ipacer Spacer

Figure 2.
The arrangement of several types of CRISPR-Cas systems.

aspartate (D) amino acid residues) and reveals endonuclease activity to make cleav-
age of the target DNA [28, 30, 31].

The type I Cas system contains the Casl, Cas2, Cas5, Cas7, and Cas6 transcripts.
Casl and Cas2 are genes encoding the cascade complex’s components (which
include big and small subunits). The Cas5, Cas7, and Cas6 loci are involved in
the processing of pre-crRNA transcripts. Cas system type I is categorized into six
sub-genotypes: I-A through I-F, each having its own unique gene and functioning
organisms. In I-F complexes, Cas3 is also linked to Cas2 gene. In contrast to other
variants, I-E and I-F are deficient in the Cas4 gene [32, 33].

The CRISPR-Type II contains the Cas9 gene, which codifies and controls the
cascade complexes’ functions through a multidomain protein [17]. Six domains
make up Cas9 protein: REC I & II, Bridge Helix, PAM Associating, HNH, and
RuvC [34, 35]. Rec-Iis indeed the primary subunit responsible for RNA bind-
ing. The purpose of the REC II section is unknown presently. The arginine-rich
coupled helix is the area that initiates cleavage when target DNA is bound [36]. The
PAM-Interacting region aids in the definition of the PAM specificity necessary for
target-DNA binding. The HNH and RuvC regions are nuclease areas that catalyze
single-stranded DNA cleavage (Figure 1) [35]. The type-II CRISPR-Cas system has
three sub - types: II-A, II-B, and II-C [37, 38]. Additionally, the type II-A system
has the csn2 signature gene. Although this Csn2 gene has an unknown function,
it produces tetrameric rings that interact with double-stranded Genetic material
through center opening [39]. Because the type II-B Cas system lacks the csn2 gene,
it retains a distinct Cas4 gene. The protein produced by this distinct gene functions
as a5’ DNA exonuclease [28]. Similarly, the type II-C Cas system contains the Casl,
Cas2, and Cas9 protein-coding genes. Cas type II have been widely embraced as a
powerful tool for genomic editing [40].

The CRISPR-III systems possess Cas10 as main gene and encode a palm domain-
like multi-domain protein related to that employed in PolBcyclases and polymer-
ases. Casl0 is usually fused into an HD (histidine-aspartate) family nuclease region
unique from CRISPR-Cas type I HD domains [41].

When encoding Casl and Cas2, CRISPR-III systems utilize crRNAs supplied by
the Cas array linked to either a type I or type II Cas system. This system is classified
into III-A through III-D subtypes. Csm, Casl, Cas2, and Cas6 proteins are present in
III-A type. Csm is a crRNA-guided enzyme that also acts as a DNase or occasionally
as cyclic oligoadenylate kinase. Only Cmr proteins are present in the III-B pathway,
which is lacking of Casl, 2, and 6 loci. According to proximity sequence of crRNA,
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Cmr identifies and degrades nucleic acids. A cyclase-inactivated Cas10 protein
is discovered in the III-C type. Type III-C includes an inactivated cyclase domain
Cas10 protein, while type III- includes an uncharacterized functional gene [42-44].

The CRISPR-Cas type-IV systems exist with plasmid genome of numerous bac-
teria. It lacks both Casl and Cas2, and not typically linked to CRISPR arrays andhas
a high-decrease effector complex (CSF1). The CSF1 consist of csf1 (highly reduced
subunit), Receptor activity-modifying protein encoding genes belonging to Cas5
(csf3) and Cas7 (csf2) family [28]. Although all CRISPR/Cas systems have certain
functionality, Type II CRISPR/Cas is frequently adopted system that establishonly
on Cas9 protein for the silencing of DNAI genes [45]. Cas9 protein is a large protein,
involved in nucleic acid cleavage, with molecular weight of ~158 kDa. It has com-
bine structure consisting of a-helical recognition and nuclease lobes [46].

The recognition lobe is made up of extended helix, REC1 and REC2 regions.
Thenuclease region is generated of RuvC, HNH, and PAM-interacting (PI)
C-terminal domain (CTD) [35, 47]. RuvC is named after the RuvC segment of
E. coli, which decides formation of Holliday junctions [23]. In structure, protein
motifs associates with spacer precursors or protospacers from the DNA of an attack-
ing bacteriophage. These proto-spacer adjacent motifs are widely known as PAMs
[9]. The crRNA and tracrRNA can be combined into guide-RNA, which enables the
engagement of Cas9, which is necessary for double-stranded DNA cleavage [6].

The V-CRISPR-Cas12 system was designed for external genome editing applica-
tions such as gene expression suppression or activation, epigenome editing, in-situ
genomic imaging, and large-scale genome screening [38, 47, 48]. CRISPR-Cas13
type VI is a tool for various RNA handling in the context of RNA interference
(RNALI), in-vivo RNA visualization, and nucleic acid detection [49, 50].

4. Modern achievements in CRISPR-Cas9 mediated system

CRISPR/Cas9 technology has enabled a qualitative change in the range of gene
functions for transcriptional control, gene targeting, epigenetic correction, gene
therapy, and drug delivery of host genomes [51]. CRISPR/Cas technology possesses
multiloci genome editing without the integration of a gene marker on the selection
genome and saves time and exertion in metabolic engineering. Although several
genetic modifications are available; the CRISPR/Cas9 technology significantly
enhanced the efficiency of genetic engineering and is adopted as an extraordinary
“gift.” The CRISPR/Cas9 technology improved industrial micro-organisms’ perfor-
mance in strengthening of microbial factories that are valuable in processing of new
value-added molecules from the low-cost feedstock.

There are abundant examples of bacteria, yeasts, and filamentous fungi which
are reviewed in several studies of solicitations of the CRISPR/Cas9 system [51-57].
For example, E. coli, S. cerevisiae, Bacillus sp., Clostridium sp., Corynebacterium sp.,
Lactobacillus sp., Mycobacterium sp., Pseudomonas sp., Streptomyces sp. etc. [52, 58-69]
are employed in the CRISPR/Cas system to improve yield of various metabolic
products in field of industrial biotechnology. As a proof of concept, Zheng et al.
employed Type I-F system to engineer Zymomonas mobilis as a synthetic chassis for
sustainable economic biofuel and biochemical productions [70].

A study was designed to distinguish the orthogonal CRISPR method using
E. coli for chromosomal addition of the Spd-Cas9based CRISPR module. Here
found that out of SaCas9, St1Cas9, and FnCasl2a, the St1Cas9 and SaCas9 are highly
efficient to cause double stranded DNA break without associating with the sgRNA.
This characteristic renders St1Cas9 into the E. coli chromosome as a hopeful Cas9
ortholog to combine whole or inadequate modules for succinate productionwith
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Metabolic product Engineering by Host organism Outcome Reference
CRISPR
2-Phenylethanol Multiple genes cassette Kluyveromyces The modified strain [76]
related to Shikimate MArxianus revealed the highest
pathway was targeted biosynthesis of
at the ABZ1 site with an 1943 + 63 mg/L
efficiency of 51 + 9%. 2-phenylethanol.
2,3-Butanediol Using CRISPR-Cas9, Bacillus As a consequence, [77]
the gdh gene was licheniformis fed-batch
targeted to produce fermentation
(2R,3S)-BDO. investigations
showed
stereospecific
synthesis of (2R,
3S)-BDO.
5-Aminolevulinic The genes involved Shewanella The downregulation  [78]
Acid in TCA cycle were oneidensis of the essential
modified hemB exhibited
2-fold increasing
ALA production
Scleric Acid The Cassette of Streptomyces The biosynthetic [79]
crucial transcriptional sclevotialus route that encodes
repressor gene was the synthesis of
activated to prevent the scleric acid.
creation of an entirely
new class of hybrid
natural products.
B-Carotene The p-carotene-rich Musa acuminata In comparison [80]
cultivar was developed to wild genome,
by targeting the fifth modified lines
exon of the lycopene revealed a
epsilon-cyclase (LCY) 6-fold increase
gene. in B-carotene
concentration
(~24 nglg).
n-Butanol Following the deletion Escherichia coli At the bioreactor [81]
of endogenous adhE level, the modified
gene into the efficient strain produced
xylose-using host 1.34 g/L butanol,
genome, a synthetic which was 21-fold
butanol pathway more than the
cassette was integrated. parent strain.
2,3-Butanediol In hostgenome, the Saccharomyces Engineered [82]
2,3-BDO biosynthesis cerevisiae strain produced
pathway was remarkable amount
introduced with (178 g/L) of 2,3-
presence of BDHI, alsS BDO from glucose
and alsDgenesfrom instead of ethanol.
Bacilus subtilis and
noxE gene from
Lactococcuslactis.
Itaconic Acid Targeting of cyp3, Ustilago maydis The deletion [83]
MEL, UA and Py, Peer of by-product
genes encoding genes
enhanced

itaconatetitre, rate,
and yield.
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Metabolic product Engineering by Host organism Outcome Reference
CRISPR
Muconic Acid The multiple genes Saccharomyces The modified [84]
(CAN1, RFP, TKL1, cerevisiae strain generated
ARO4K?PL ARO14%E, improved yield of
and ZWF1) were cis,cis-muconic acid
processed for on feed-in-time
upregulation and medium.
downregulation with
a hybrid of CRISPR
system and RNA
interference.
Butyric Acid Aconitase genes are Corynebacterium  Altered strain [85]
suppressed in the glutamicum revealed an
synthetic butyrate improved yield of
pathway, and butyrate production
phosphotransferase (0.52 £ 0.02g/L)
and butyrate kinase than wild strain.
genes are introduced.
Octanoic Acid Overexpression o fabZ Escherichia coli Product yield [86]
and deletion of fade, increased by 61%
fumAC and ackA genes with a titer of
442 mg/l.
3-Hydroxybutyrate Targeted to Clostridium Downregulating of [87]
transcriptional ljungdahlii pta gene increases
repression of pta& the yield of
aor2 genes 3-hydroxybutyrate
with a 2.3-fold
Isopropanol The gene cassettes thl, Escherichia coli The modified [88]
atoDA, adc, and adh strain produced
or thl, ctfAB, adc, and maximum
adh were targeted in isopropanol
isopropanol synthetic productivity, above
pathway. the original strain,
of 0,62 g/1/h.
y-Aminobutyric Three distinct genes Corynebacterium The mutant [89]
Acid (gabP, gabT, and glutamicum strains expedite
Ncgl1221) were the production of
knockout to enhance y-amino butyric
the yield of product. acid metabolic
products.
Galactaric Acid The gene cassette Aspergillus niger The modified [90]
encoding putative strain generated
metabolic enzymes was galactaric acid from
removed. D-galacturonic
acid. The modified
strain was also
able to convert
pectin-rich biomass
to galactaric acid.
Table 1.

CRISPR biotechnology applications in production of variable metabolic product.

178% improvement. It also efficiently hinders production of byproducts including
lactate, formate, and ethanol [71].

Another research sought to increase CRISPR/Cas9 expression in methylotrophic
fungus Pichia pastoris. Numerous genomic areas, including the Cas9 DNA sequence,
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gRNA regions, RNA synthetase II & III promoters, have been thoroughly examined
and shown to have near-perfect targeting efficiency. Additionally, the altered strain
was shown to be able to fulfill future requirements in synthetic biology, biotechnol-
ogy, and metabolic pathway engineering. Zhang et al. focused on the soya bean
plant’s competing metabolic pathways for isoflavone production. Through the

use of CRISPR/Cas9-mediated multiplex gene editing, the GmF3H1, GmF3H2,

and GmFNSII-1 genes were deleted from the genistein competing route in this
research [72].

Yang et al. utilized the RNP-based CRISPR-Cas9 technology to modify the
genome of Aspergillus niger to increase succinic acid synthesis in CRISPR modified
metabolic products. The desired strain was changed in this research by inter-
rupting genes responsible to synthesize gluconic acid and oxalic acid. Indeed the
C4-dicarboxylate transporter and the NADH-dependent fumarate reductase were
overexpressed in this manner. The resultant strain generated 17 g/L succinic acid,
while the wild-type strain grown on a synthetic substrate produced none [73].

Generally, genome modification in Schizosaccharomyces pombe is more com-
plex thanin S. cerevisiae owing to the reduced effectiveness of foreign DNA adjunc-
tion by homologous recombination [74]. As a result, Ozaki et al. modified the S.
pombe strain using the CRISPR-Cas9 system and synthesized D-lactic acid from
both glucose and cellobiose. The active genes for pyruvate decarboxylases, dehydro-
genase, and glycerol-3-phosphate dehydrogenase were deleted in this research, and
the D-lactate dehydrogenase gene from Lactobacillus plantarum was incorporated
into the S. pombegenome [75]. The applications of CRISPR biotechnology to speci-
fied host species are outlined below in order to generate varied metabolic products.
(Table1).

5. Challenges in CRISPR/Cas9 applications

CRISPR/Cas9 provides tremendous genome-control capabilities, but there are
still numerous obstacles to be overcome. The lack of a reliable DNA repair is the
most significant of the difficulties associated with CRISPR/Cas technology, accord-
ing to the researchers. As a consequence, numerous researches are increasing the
CRISPR mechanisms, with the gene-editing technique likely to continual evolution
for the foreseeable future. Similarly, lack of related techniques for creating single
guide RNA is a distinct impediment. Limited methods for combining CRISPR/Cas9
with other genome-editing technologies, Cas9 endonuclease toxicity, off-target
effects, the incidence of undesired mutations, and ethical issues are among the
remaining issues. To counter these limitations, researchers have attempted to create
and access various base editing approaches [91]. Besides, human genome has only
one-sixteenth PAM sites, restrict the number of gene targetable sequences. So,
novel Cas9 varieties are required to search and increase PAM interaction in the new
experiments.

6. Future perspective

The future of new genetic mutations engineering should be to enhance the
effectiveness of imminent models by joining innovative characteristics. In com-
parison to conventional genome editing systems, the CRISPR/Cas9 approach has
provided rapid multiple genome sites editing of industrial strains at a time. Future
models of CRISPR-Cas9 not only enable us to predict the success of editing but also
the outcome. In this respect, the integration of droplet-based micro fluidics with
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CRISPR/Cas9 could begin breakthroughs in modern biology. However, researchers
can extract particular DNA segments but through micro homology can delete spe-
cific DNA segments and control CRISPR-Cas9 results. This approach enables to take
advantage of the micro homology-mediated repair mechanism. These features will
combine into both on- and off-target activity predictions for an optimal projected
pipeline of CRISPR, where a Cas9 fusion protein will modify one target sequence
into another without cleavage.

7. Conclusions

The CRISPR/Cas9 executes genome engineering technology feasible for utiliza-
tion in many fields. The multiple genes targeting in a genome by CRISPR technol-
ogy allows the learning of synergistic outcomes via the suppression of essential
genes. Additionally, this approach sheds new light on design of many metabolite-
producing microorganisms/bioreactors used in industrial biotechnology. However,
certain drawbacks endure the potential uses of CRISPR-Cas systems. Conversely,
the development of CRISPR-edited products and services faces sociopolitical
obstacles, public acceptability, and government regulations. We must be stay update
on the challenges by adding new features to improve CRISPR/Cas9 accuracy. We
can anticipate that a lot of researchers from many fields concentrating their efforts
towards this system will resolve the integrated limitations so that CRISPR will work
its way into the emerging culture.
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Abstract

Mathematical models and synthetic gene circuits are powerful tools to develop
novel treatments for patients with drug-resistant infections and cancers. Mathe-
matical modeling guides the rational design of synthetic gene circuits. These sys-
tems are then assembled into unified constructs from existing and/or modified
genetic components from a range of organisms. In this chapter, we describe model-
ing tools for the design and characterization of chemical- and light-inducible syn-
thetic gene circuits in different organisms and highlight how synthetic gene circuits
are advancing biomedical research. Specifically, we demonstrate how these
quantitative model systems are being used to study drug resistance in microbes and
to probe the spatial-temporal dimensions of cancer in mammalian cells.

Keywords: antimicrobial resistance, synthetic gene circuits, mathematical models,
optogenetics, cancer

1. Introduction

A primary goal of synthetic biology is to rationally design and engineer synthetic
gene circuits as tools to advance basic research [1, 2], optimize the production of
chemicals or biofuels [3, 4], build biocomputational systems [5], and enhance
clinical therapeutics [6]. Control of synthetic gene circuits at the transcriptional
level (transcription is the process of transcribing mRNA from a DNA template) has
been demonstrated through chemical- and light-based stimuli [7, 8]. The transcrip-
tional network architecture (how genes are connected to and regulate each other
through transcription factor proteins) affects the properties of gene expression, in
terms of average expression levels as well as the degree of expression variability
inside a single cell or across a cell population [9]. Throughout this chapter, we will
use the term “synthetic gene circuits” to describe synthetic systems and the term
“gene networks” to described natural systems.

Fluctuations in the biochemical processes of transcription and translation
(translation is the process of translating amino acid-based proteins from a
nucleotide-based mRNA template) are referred to as gene expression noise [10].
Gene expression noise leads to heterogeneity among genetically identical cells in the
same environment and can affect the survival of microorganisms [11]. For instance,
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gene expression noise has been shown to promote drug resistance in microbes [12].
Similarly, gene expression noise is thought to play an important role in tumorigen-
esis and the development of resistance during cancer chemotherapy [13]. Mathe-
matical models and synthetic gene circuits have established that the architecture of
the gene network modulates gene expression noise [14].

Electronic circuits inspired the development of synthetic gene circuits, with
mathematical representations of natural and synthetic networks successfully
predicting their effects on gene expression [15]. A milestone study in E. coli dem-
onstrated that negative feedback stabilizes the gene circuit’s response to expression
fluctuations [16]. The first synthetic toggle switch circuit in E. coli mimicked the
electronic version and served as a simplified version of the naturally occurring
bacteriophage lambda switch [17, 18]. The construction of a synthetic biological
clock in E. coli permitted oscillations in gene expression to be tuned to a particular
frequency [19]. By mimicking natural gene networks, synthetic gene circuits gen-
erate insights on how complex biological systems work by breaking down natural
networks into their components, which is highly beneficial in basic biomedical
research [20].

Optogenetics is the control of cellular components using electromagnetic radia-
tion. Like other synthetic systems, optogenetic components can be engineered into
gene circuits to precisely control cellular processes such as gene expression or
protein activity in prokaryotic and eukaryotic cells; the performance of optogenetic
gene circuits can be optimized in an iterative model-experiment cycle. However,
unlike previous gene circuits, optogenetics offers the ability to control gene expres-
sion at a single-cell resolution. The fast temporal and single-cell spatial resolutions
that light provides as a stimulus for gene circuits is unmatched; chemical stimulus
regulates transcription on longer timescales and at a cell-population level. Like their
gene circuit predecessors, optogenetic gene circuits can be used to control func-
tional proteins. Optogenetic tools are especially suited to investigate gene function
at the single-cell level. For instance, researchers can take a gene of interest, such as
KRAS which is often found mutated in cancers [21], and integrate it into an
optogenetic gene circuit to explore the transcriptional and translational effects on
cellular phenotypes by stimulating individual cells with visible light. It is worth
noting that although in this chapter we focus on optogenetic applications involving
visible light, some optogenetic tools have been developed using other regions of the
electromagnetic spectrum, including near-infrared [22] and UV [23] radiation.

This chapter describes the construction and characterization of synthetic gene
circuits in yeast and mammalian cells (Section 2) and optogenetic gene circuits in
mammalian cells (Section 3) with various transcriptional network architectures,
along with their applications in biomedical research. The mathematical approaches
to model synthetic and optogenetic gene circuits are also discussed.

2. Synthetic gene circuits
2.1 Positive feedback gene circuits in yeast

A positive feedback synthetic gene circuit was first constructed in yeast to
convert a continuous gradient of a constitutively expressed transcriptional activator

into a cell phenotype switch, resembling analog to digital signal conversion [24].
Subsequently, a positive feedback (PF) gene circuit was genomically integrated into
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Figure 1.

(A) Schematic of the positive feedback (PF) synthetic gene circuit in yeast (top left). The regulator rtTA is toxic
when active, but the gene civcuit prevents Zeocin toxicity by activating the ZeoR gene (top right). The role of
cellular memory in optimizing fitness is shown in the bottom panel. (B-E) dose vesponses. (B) Mean expression
levels of the PF gene circuit and of the cell sorted low- and high-expression states. (C) Gene expression noise as
determined from the coefficient of variation (CV). (D) Subpopulation ratio of low-expressing cells to high-
expressing cells. (E) Steady-state gene expression distributions at a single-cell vesolution. From Figure 2
“Characterization of gene expression in cells bearing PF civcuit” by Nevozhay, D. and Adams, R. et al. in [25]
located at https://journals.plos.org/ploscompbiol/article?id=10.13 71/journal.pchi.1002480 under a CC BY
4.0 license with panel label font modified.
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the budding yeast Saccharomyces cerevisiae to investigate how cell population fitness
(growth rate) and subpopulations emerge from the molecular-level kinetics of gene
networks and single-cell division rates [25]. Synthetic gene circuits with positive
feedback and cooperativity can display bistability, where cells switch between two
gene expression states with a cellular “memory” that corresponds to the temporal
maintenance of each state [26, 27].

In the PF gene circuit, the regulator reverse tetracycline-controlled trans-activator
(rtTA) binds to its own promoter in the presence of tetracyclines (Figure 1A, top
left) [28]. The genetic engineering approaches mirrored the assembly of a negative
feedback (NF) circuit in yeast [29]. Unlike the NF circuit, toxicity exists after acti-
vating the regulator gene rtTA, which sequesters general transcription factors from
vital cellular processes [30]. Additionally, the construct controlled the drug resistance
gene ZeoR, which confers resistance to the antibiotic Zeocin (Figure 1A, top right).

The PF gene circuit exhibits a sigmoidal gene expression dose response at the
population level (Figure 1B). The expression dose-responses for low- and high-
expressing subpopulations were determined using a bimodality detection algorithm
[28]. The gene expression noise level peaked at an intermediate inducer
(anhydrotetracycline or ATc) concentration (Figure 1C). The shift in the gene
expression distribution peaks over increasing inducer levels is reflected by the
subpopulation ratio changes (Figure 1D). The gene expression distributions for the
ATc dose response display bimodality (Figure 1E).

Testing multiple levels of inducer and drug determined a “fitness landscape”
that quantitatively mapped population growth rates to unique combinations of ATc
and Zeocin concentrations. The yeast PF system demonstrated the need to incorpo-
rate the cellular memory associated with gene expression states (Figure 1A, bot-
tom) to computationally predict the fitness landscape [31]; the growth rate under
Zeocin treatment was the highest at the minimal level of induction that lead to
bimodal expression [28]. These computational predictions guided laboratory
experiments to identify environmental conditions that defined a “sweet spot” of
drug resistance, which balanced the costs of expressing rtTA with benefits of
expressing ZeoR.

The yeast PF synthetic gene circuit was subsequently used to study evolutionary
dynamics under various levels of induction and drug treatment [32]. This microbial
evolution experiment included conditions at one edge or both edges (saturating
molecular levels or none) of the fitness landscape, as well as at intermediate levels
of induction with or without Zeocin. The evolved populations were frozen at spe-
cific time points and subsequently reestablished to test in various conditions com-
pared to ancestral cells. Additionally, the evolution experiments were combined
with simulations to predict the types of mutations that could arise under induction
and drug treatment [32].

Full induction without drug treatment led to breakdown of the regulator rtTA
over time through full and partial knock-out mutations, which improved fitness
without Zeocin [32]. Yet, during follow-up evolution experiments in high induction
with Zeocin partial rtTA knockout mutants regained function [31]. Full Zeocin
treatment without induction eventually established populations with higher
expression, potentially through mutations in the drug resistance gene and promoter
linked with extra-circuit mutations. High induction with Zeocin led to accumulated
mutations in rtTA, possibly lowering the effectiveness of the regulator as shown by
decreased inducer sensitivity [32]. After intermediate induction with Zeocin,
experiments on evolved populations during reintroduction of drug under interme-
diate induction uncovered the two expression distribution peaks shifting towards
each other leading to a single fitness peak; this highlighted the role of noise in
driving evolution through the trade-off between rtTA toxicity and drug resistance.
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(a) Natural pleiotropic drug resistance (PDR) network in yeast. (b) Synthetic PDR gene circuit. (c) Core PDR
network architectuve. From Figure 1 “network schematics” by Brendan Camellato et al. in [27] located at
hitps://ietresearch.onlinelibrary.wiley.com/doi/10.1049/enb.2019.0009 under a CC BY-NC-ND 3.0 license.

2.2 Experiments and computational models of positive feedback and
feedforward circuits in yeast

Along with positive feedback and negative feedback circuit architectures,
feedforward loop (FFL) architectures (a three-gene network composed of two
input transcription factors, one of which regulates the other, both jointly regulating
a target gene) may have evolved in natural gene regulatory networks to enhance
fitness [26, 33]. In S. cerevisiae, the pleiotropic drug resistance (PDR) network
contains a positive feedback loop embedded in a feedforward loop (FFL + PF)
(Figure 2a) [34]. The PDR network provides multidrug resistance through an ABC
transporter pump protein encoded by the PDR5 gene. A similar FFL + PF network
may enhance drug resistance in human cancer cells [35].

Mathematical models of gene regulatory networks can predict biological
responses, which is essential to optimally design synthetic gene circuits and to guide
experiments. A minimal model of the PDR network found that the positive feed-
back and feedforward loop architectures sustain transcription and can stabilize
expression of the network when the drug is transient or fluctuating [33]. The
minimal model also predicted increased gene expression noise (in terms of
increased noise magnitude and longer cellular memory timescales) in the FFL and
FFL + PF networks. Overall, the FFL and FFL + PF network architectures were
found to enhance drug resistance iz silico.

The minimal model of the PDR network was described by the following system
of coupled ordinary differential equations (ODEs) [33]:

dPDR
> 3 _ @ppsnfppgs(PDR1, PDR3) — PDR3 1)
dPDR
dr > = aPDRSprRs(PDRla PDR?)) — PDR5
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where PDR1 was treated as an adjustable parameter. apprs and appgs are the
maximum levels of activated protein production for the variables PDR3 and PDRS5,
respectively. The Boolean parameter @, describes the activation of PDR3 by PDR1.
Here the dilution and degradation rates of PDR3 and PDRS5 were set to unity. The
functions that describe how PDR3 and PDRS5 are regulated are given by:

(PDR1 + @,PDR3)"
PDR1, PDR3) = " 2
J pors( 3) K" + (PDR1 + w,PDR3) @)

(PDR1 + PDR3)"
PDR1,PDR3) =
feors(PPRY, PDR3) = o o e pDR3)?

where, 7 and K are the Hill coefficient and half-maximal activation parameter,
respectively. The Boolean parameter @, describes the presence or absence of posi-
tive feedback regulation on PDR3. The minimal model and a more comprehensive
model (presented below) were translated into biochemical reactions that were
simulated using the Gillespie stochastic simulation algorithm [36, 37].

A more comprehensive model, known as the PDR5 transcriptional network
model, incorporated the dynamics of the PDR5 efflux protein pump and the nega-
tive feedback produced when PDRS eliminates the drug from the cell [33]. The
PDRS5 transcriptional network model can be described by the following system of
coupled ODEs:

dPZRl = ap + aPDRlKPDj%Dim — SppriPDR1
S o KPDR(:P ; }(E;JRIER%::)W ~%mmPDR3 - (3)
d%RS ~ rDRs K}’;g;;(gp +D IE;;RI;]ZLR;£:;5)"PDRS ~ OrorsPDRS
dl;;nt = kaiff (Dext — Dint) — RyumpPDR5 (%)

where PDR1 and the intracellular drug concentration (D;,;) were incorporated as
variables. g is the basal rate of PDR1 transcription, D,y the extracellular drug
concentration, kg the rate of passive diffusion of the drug across the cellular
membrane, kj,; half-maximum saturation coefficient for the PDRS5 efflux pump,
and ky,, the efflux rate of the drug via PDR5 efflux pump. It was assumed that
drug entry and exit from the cells occurred through a combination of passive and
active transport, and that the activation of PDR1 by the drug can be described by
Michaelis—-Menten kinetics. The PDR5 transcriptional network model predicted that
PDRS5 expression level would increase after application of the drug and that cell
population fitness would oscillate before stabilizing during drug treatment.

To confirm the predictions from the PDRS5 transcriptional network model, a
synthetic gene circuit (Figure 2b) was constructed with molecular cloning tech-
niques [38] and integrated into a yeast strain without a native PDR5 gene [27]. The
construction technique ran multiple overlap PCR steps, where two fragments with
overlapping regions on their ends were amplified together initially without primers,
using the overlapping sequence as a de facto primer. Homologous recombination
facilitated the integration of the synthetic gene circuit into the yeast genome. This
synthetic PDR gene circuit has rtTA activating its own expression through a
tetracycline-inducible promoter (Figure 2b), mimicking the positive feedback
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activation of PDR3 (Figure 2a). The Doxycycline inducible promoter regulating
rtTA expression is also controlled by a f-estradiol inducible GEV regulator,
representing PDR1, which also activates the PDRS5 gene in this synthetic gene circuit
[27], completing the core PDR network architecture (Figure 2c) [34].

The PDR synthetic gene circuit was experimentally compared to simplified PDR
circuit components, like direct activation (DA: PDR1 directly activates PDRS),
cascade (CAS: PDRI1 activates PDRS5 through PDR3), a cascade with positive feed-
back loop (CAS + PF: PDR1 activates PDR5 through PDR3, with PDR3 activating its
own expression), and a feedforward loop (FFL: PDR1 activates PDRS5 directly as
well as indirectly through PDR3) [27]. The FFL + PF circuit represented the PDR
network. This separation of components tested the effect of specific network motifs
in drug resistance and gene expression compared to the full PDR synthetic circuit.
Direct activation in the FFL circuit was found experimentally to increase the speed
of expression changes compared to indirect activation of PDRS. Direct activation
was required for PDR5-mediated drug resistance. Indirect activation enhanced drug
resistance, which provided evidence that the delayed reduction in PDR5 expression
protected cells from the toxic effects of drug (Cycloheximide) exposure
(Figure 3a). Figure 3b shows that strains carrying a gene circuit with a positive
feedback loop grew faster in the presence of drug compared to strains in which this
circuit architecture was missing. This provided evidence that the positive feedback
regulation of PDRS5 expression protects cells from drug exposure. Finally, reducing
the strength of positive feedback regulation through mutation decreased drug
resistance (Figure 3c).

Overall, the PDR network was recapitulated in mathematical and synthetic gene
circuit models that demonstrated that the network architecture is optimized for
drug resistance, with gene expression noise making important contributions to
fitness during drug treatment.

2.3 Experiments and computational models of mammalian negative and
positive feedback gene circuits

The yeast NF gene circuit was transferred to mammalian cells to test an organ-
ism transfer workflow using design and optimization cycles aided by computational
modeling [40]. This workflow led to updates to the yeast NF gene circuit, including
the optimization of the tet promoter operator site locations, the introduction of an
intron upstream of the regulator, codon optimization for mammalian translation,

CAS*PFL“ FFL+PFL
FFL+PFL™
Figure 3.

(a) Genetically engineered yeast strains with divect activation (DA) and indirect activation networks (FFL and
CAS). (b) Yeast strains with indirect activation alone (CAS) or combined with positive feedback (CAS +
PFL). (c) Yeast strains with feedforward activation alone (FFL) or combined with positive feedback (FFL
+PFL) or mutated positive feedback (FFL+PFLm). Plates contain 5 ug/ml doxycycline (inducer), 0.025 (a) or
0.05 pg/ml (b, c) Cycloheximide (drug) and no p-estradiol (inducer). Gray triangles represent decreasing
density of the spotted cell culture, 1:10 serial dilutions from OD600 0.1 to 1 x 10-3. From Figure 6 “indirect
activation and positive feedback enhance drug resistance in spot assay experiment” by Brendan Camellato et al.
in [27] located at https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/enb.2019.0009 under a CC BY-
NC-ND 3.0 license.
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and the addition of a Kozak sequence near the start codon, which was stably but
randomly transfected into MCF-7 breast cancer cells. This NF circuit in mammalian
cells exhibited a linear dose response with low gene expression noise, similar to the
NF circuit in yeast cells [29]. Though the adaptability of the yeast NF circuit to
mammalian cells did not require any additional design features, optimization of
parts responsible for gene expression and protein location was required to replicate
the features of the yeast NF circuit. These results support the “abstraction princi-
ple” in the field of synthetic biology, namely that different parts of a biological
network can be optimized for improved functionality in new settings, while leaving
the original network design intact [40].

In a subsequent study, the yeast PF circuit was transferred to mammalian cells,
which was coupled with a Flp-recombinase site-specific integration system
(Figure 4a) [39]. This mammalian positive feedback (mPF) circuit displayed a
sigmoidal mean gene expression dose response (Figure 4b). Gene expression noise
increased at intermediate inducer (Doxycycline) levels (Figure 4c), with broad
unimodal gene expression distributions (Figure 4d). A lack of bimodality is unex-
pected for an induced bistable circuit and may have been attributed to similar
cellular growth and cellular memory time scales.

The previously reported mammalian negative feedback circuit was also
connected to the Flp-In integration system in Chinese Hamster Ovary (CHO) cells
(Figure 5a) [40]. This negative feedback circuit was separately integrated into the
same genomic site as the mPF circuit and subsequently called the mammalian
negative feedback (mNF) circuit. The mNF circuit displayed a linear dose response
in mean gene expression (Figure 5b). Gene expression noise was low across all
inducer (Doxycycline) levels (Figure 5c) with narrow gene expression distributions
(Figure 5d).
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(a) Schematic of the mammalian positive feedback (mPF) synthetic gene network. (b-d) dose responses. (b) Mean
gene expression. (c) Gene expression noise determined from the coefficient of variation (CV). (d) Single-cell gene
expression distributions. From Figure 2 “dose-response of the mPF-PuroR gene circuit” by Farquhar, K.S. et al. in
[39] located at https://www.nature.com/articles/s41467-019-10330-w under a CC BY 4.0 license.
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(a) Schematic of the mammalian negative feedback (mINF) synthetic gene network. (b-d) dose responses. (b)
Mean gene expression. (c) Gene expression noise determined from the coefficient of variation (CV). (d) Single-
cell gene expression distributions. From Figure 3 “dose-response of the mNF-PuroR gene circuit” by Farquhar,
K.S. et al. in [39] located at https://www.natuve.com/articles/s41467-019-10330-w under a CC BY 4.0
license.

The mPF and mNF gene circuits controlled the EGFP fluorescent protein and the
PuroR drug resistance gene each separated by self-cleaving 2A motifs [39, 40]. The,
the integration into the same genomic site and the introduction of self-cleaving 2A
motifs and the PuroR drug resistance gene did not affect the function of these
circuits.

In an evolution experiment with multiple drug (Puromycin) concentrations, the
mNF and mPF circuits were tuned to the same mean expression level to decouple
gene expression noise from the mean gene expression prior to drug treatment [39].
After adaptation, the drug was removed while induction was either maintained or
removed. Finally, the adapted populations were retreated with the previous level of
drug to uncover potential adaptation mechanisms. The evolution experiment dem-
onstrated that low gene expression noise from the mNF circuit was beneficial in
adaptation compared to mPF under low levels of drug [39]. In contrast, the high
noise from the mPF circuit was beneficial compared to the mNF circuit under high
levels of drug.

Mutations were found in the TetR regulator gene from the mNF circuit that
knocked out repression, which explained why the mNF populations maintained
high expression with or without inducer after the temporary removal of the drug.
The mPF circuits did not mutate, which was consistent with the drug retreatment
period where uninduced mPF populations struggled to adapt while the induced
populations adapted faster [39]. Overall, the decoupling of gene expression noise
from the mean demonstrated the power of using synthetic gene circuits to uncover
novel insights into mammalian drug resistance.

A stochastic population dynamics model was developed to predict the emer-
gence and switching dynamics of persister (P), nongenetically drug-resistant (IV),
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and genetically drug-resistant (G) subpopulations (Figure 6a), which was
described mathematically by the following set of coupled ODEs [39]:
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(a) Schematic depicting the effects of drug (Puromycin) concentration on Chinese hamster ovary (CHO) cell
population composition and survival. Nongenetically drug-resistant cells (green cells — Brighter cells have higher
PuroR expression level and are therefore move vesistant) and nongrowing persister cells (gray cells) can switch
phenotypes (dashed bidirectional arvow). Persister cells and growing nongenetically resistant cells can also
become stably drug-resistant cells (black cells). When no drug is present, a genetically identical (clonal) cell
population with heterogeneous gene expression exists (center). Under low drug treatment conditions (left
arrow), cells with low PuroR expression perish and a small fraction of the surviving clonal cells become persister
cells. For high drug treatment conditions (vight arrow), only cells with high PuroR expression levels can survive
drug treatment while the vest die (dark blue cells), and a higher fraction of the surviving cells become persisters.
As persister and nongenetically resistant cells can become stably drug resistant, the population on the right panel
becomes increasingly heterogeneous over the course of treatment. (b-f) Representative growth cuvves for
simulated mPF-PuroR and mINF-PuroR CHO cell populations under (b) o, (c) 10, (d) 22.5, () 35, and (f)
50 ug/mL of Puromycin. Growth curves shown in panels in (b-f) correspond to: (left) mPF subpopulations,
(center) mNF subpopulations, and (right) mPF and mNF populations. (g) Adaptation times corresponding to
the mPF-PuroR and mNF-PuroR populations shown in panels (b-f). From Figure 6 “Modeling the adaptation
of mPF-PuroR and mNF-PuroR cells in various concentrations of Puromycin” by Farquhar, K.S. et al. in [39]
located at https://www.natuve.com/articles/s41467-019-10330-w under a CC BY 4.0 license.
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where 7;; is transition rate from genotype or phenotype j to 7, k; is the growth
rate of 7, and g; is the death rate of i. Noise was incorporated into this model by
drawing the parameters describing the initial number of cells that survived Puro-
mycin treatment and the carrying capacity of the cell culture environment from a
normal distribution. Numerical simulations of Eq. (4) are shown in Figure 6b—{.
These simulation results agreed with the data from the evolution experiments [39].
The modeling indicated that nongenetic phenotypic variability could facilitate the
adaptation of the mPF and mNF strains to lower drug concentrations (Figure 6c¢),
but that population dynamics in terms of the P to G conversion was required to
capture the long experimental adaptation times at higher drug concentrations

(Figure 6d-g).

3. Optogenetic gene circuits

A major focus of synthetic biology has been to engineer gene circuits to control
cellular processes. This has mainly been achieved through small molecules that
activate or inactivate various components of synthetic gene circuits [17, 19, 41-46].
Chemical stimuli has many advantages, including easy titration for inducing gene
expression over large dynamic ranges, characterized affinity for existing proteins,
and minimal off-target effects [9]. However, controlling gene circuits with
chemicals is often not instantaneous and makes it difficult to control individual cells
in a population.

Light stimulus can achieve many of the same advantages as chemicals without
the above limitations. Like the cellular proteins that respond to chemical stimuli,
proteins have been found in nature that respond to light [47, 48]. The discovery of
light-activated proteins provided the elements necessary to build optogenetic gene
circuits. By engineering light-responsive elements with existing components in gene
circuits, synthetic biologists were able to adapt endogenous proteins from natural
organisms to experimental model organisms, including yeast [7] and mammalian
cell lines [49].

The use of light-inducible systems in eukaryotic organisms has expanded to
cover nearly as many applications as chemical systems, including the control of
gene expression, protein alterations, metabolic reactions, epigenetic states, and
animal behavior [50-55]. A common theme among light-activated and chemical-
induced circuits is the genetic architecture of the system. For chemically regulated
gene circuits, classic engineering architectures [26] have been produced including
negative regulation, positive regulation, positive feedback, negative feedback, and
many others [39, 40, 42, 56-59]. Optogenetic systems have begun to incorporate
these circuit architectures [49, 60]. Optogenetic tools respond to a variety of
wavelengths of light [61, 62] and can be used transiently [63, 64] or as stable
systems [60].

Negative feedback is an important gene circuit architecture that has been
implemented in optogenetic circuits. Negative feedback is a desirable architecture
in synthetic biology because it provides two advantages: 1) negative feedback
reduces gene expression noise and 2) negative feedback allows tunability of system
output to a “transfer function”, which describes the relationship between an input
and an output function [65, 66]. In synthetic biology, many systems are designed
with desired inputs and outputs in mind and therefore knowing the relationship or
transfer function between these variables is crucial [67]. Additionally, such features
also occur in natural systems [68, 69], which synthetic systems are often designed
to mimic [14]. The negative feedback circuit architecture has been engineered into
synthetic gene circuits in bacterial, fungal, and mammalian systems, all controllable
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by small chemical molecules [29, 40, 70, 71]. This circuit architecture was recently
engineered in an optogenetic system and found to offer many of the same advan-
tages as the chemical-induced negative feedback gene circuits; namely, low gene
circuit noise, wide system tunability, and a characterized transfer function between
input and output (i.e., light and a fluorescence reporter) [60].

The optogenetic NF system (Figure 7A) was inspired from previous chemical
gene circuits [40] and from computational modeling [57]. A well-known
tetracycline-responsive system [72, 73] provided the foundation to engineer a light-
responsive system, by fusing the TetR protein with a LOV2 domain [52, 74, 75] and
either a degradation tag [74] or a small peptide [76] that inhibits TetR (Figure 7B).
When light is absent, the degradation tag or the inhibitory peptide remains hidden.
When blue light is present, the LOV2 protein undergoes a confirmational change
and reveals one of the two domains. By employing this engineered light protein, an
optogenetic gene circuit can be constructed with operator sites upstream of the gene
for this protein to allow down regulation of its own expression (as well as another
functional gene). The light stimulus can then be used to control gene expression
output with the benefits of low noise and titratable expression levels.

Computational modeling was used to investigate how system performance could
be enhanced in the optogenetic NF system [60]. This methodology of build, model,
improve is crucial when developing synthetic gene circuits. To achieve this, the
design and construction of the optogenetic NF system focused on changes that
could decrease gene circuit noise, lower basal expression of the circuits, increase
fold-change of the circuit, and enhance the range of circuit response to stimuli. A
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(A) Schematic illustrating an optogenetic gene circuit with a negative feedback architecture. Specifically, this
architecture produces a transcription factor (blue) that inhibits its own production. This transcription factor is
also engineered to have a light-responsive domain (pink) and inhibitory peptide (orange). When light is added
to the system, a confirmational change occurs and the hidden inhibitory peptide is exposed to inhibit the DNA-
binding function of the transcription factor. When this occurs, increased transcription and translation occurs for
the veporter gene. (B) Schematic illustration of the transcription factor shown in (A). The transcription factor is
the TetR protein fused with a linker peptide which is fused with the light-responsive LOV2 domain, which
contains a Ja-helix that is fused with a functional domain such as a degradation tag or an inhibitory peptide
(TIP). When light is added, the Ja-helix opens exposing the functional domain. Figure used with permission
from Guinn [55].
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Figure 8.

The “pipeline” used to model the NF optogenetic gene circuit. The network schematic of the system of interest
includes transcription factors, promoters that can be bound by transcription factors, veporters, RNA, etc. (A).
The network schematic is converted into a set of chemical reactions (B). These chemical reactions are then
converted into a set of ordinary differential equations (ODEs) (C). Finally, the ODEs are simulated
numerically, providing quantitative predictions that can be used to improve the optogenetic gene circuit (D).
Figure used with permission from Guinn [55].

quantitative gene expression model identified parameters that optimized the
performance of the optogenetic NF system. The “pipeline” for modeling the NF
optogenetic gene circuit is shown in Figure 8. The NF optogenetic circuit was
represented by a network schematic of the main optogenetic gene circuit’s compo-
nents (Figure 8A). These components were formalized as a set of chemical reac-
tions (Figure 8B). The chemical reactions were then described by a system of
ordinary differential equations (Figure 8C), which was solved numerically [57].
Lastly, the equations describing each reaction were explored to investigate whether
a given optogenetic gene circuit component should be changed experimentally
(Figure 8D). The design of the optogenetic NF system was improved by changing
the transcription and translation rates of the optogenetic inhibitory protein.

In addition to validation and improving optogenetic gene circuits, various archi-
tectures can be utilized for expressing functional proteins at precise levels inside of
single cells. Controlling gene expression in single cells can allow for exploration of
phenotypic landscapes as a function of protein levels and time. For example, the
optogenetic NF system was used to control the mutated oncogene KRAS (G12V),
which showed expression and function could be controlled in a dose-responsive
manner with low optogenetic gene circuit noise [60]. This system can be modified
to contain any functional gene allowing single-cell gene expression studies using
microscopy equipment such as digital mirror device (DMD) [77]. DMD technology
can allow system feedback for controlling optogenetic gene circuits iz silico at the
computer-microscopy interface [78] and in vitro using gene architecture designs
responsive to light. Coupling technology like the DMD with optogenetic gene cir-
cuits like the optogenetic NF system will allow researchers to better understand
cellular processes and single-cell biology.

Overall, optogenetic gene circuits allow researchers to perturb single cells to
distinguish between individual and population-level behavior. Optogenetic tools are
anticipated to be important for elucidating mechanisms in drug resistance and
cancer metastasis, where single-cell behavior and spatial-temporal factors may
dictate biological fate.

4. Conclusions
The ability of synthetic gene circuits to fulfill engineered design principles and

facilitate scientific discoveries is expected to grow over time. However, evolution-
ary forces can undermine the integrity of synthetic gene circuits [25, 32]. It will be
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crucial to design gene circuits in the future to mitigate the effects of evolution to
maintain their functional integrity. One approach is to use DNA sponges to change
the response of gene circuits while lowering protein toxicity [79]. Another approach
is to use evolution itself to repair broken synthetic gene circuit components,
resulting in more robust gene circuits [31]. Overall, as the library of biological parts
increases, the discovery of new “BioBricks” (standardized and interchangeable gene
circuits components) will aid in resolving the integrity issues presently associated
with synthetic gene circuits. Genomic mining is a promising approach for
discovering BioBricks, including identifying novel TetR-family regulators from
prokaryotic genomes [80] and CRISPR-Cas systems in microbes [81].

Clinical applications of synthetic gene circuits will continue to expand and could
lead to successful treatments for various diseases, including autoimmune disorders
[82] and cancers [83]. CAR-T technologies to fight cancer increasingly include
synthetic gene circuits and synthetic intercellular pathways to avoid adverse
inflammatory reactions that damage healthy cells and to improve the targeting of
cancer cells [83, 84]. Additionally, investigating drug resistance in microbial path-
ogens will require gene circuits that can be introduced into pathogens, which have
native gene networks relevant to drug resistance that are complex and incompletely
characterized. Relatedly, increasing complexity in gene circuits remains a challenge
and will require multiple orthogonal components [80, 85] as well as more advanced
computational methods to predict the dynamics of large-scale, nonlinear networks
[86]. Ultimately, improvements in our ability to model, design, and construct
synthetic gene circuits will benefit biomedical applications as well as increase our
understanding of natural gene networks.

Optogenetic gene circuits allow researchers to utilize the strengths that have
been developed through two decades of synthetic biology research, as well as to
achieve more precise control of living cells. The use of light as a stimulus enables the
single-cell control of gene circuit response, which can complement existing systems
to study cell populations. The generation of single-cell data will allow researchers to
address questions on how individual cells give rise to population level phenomenon
and how neighboring cells affect adjacent or distal cells. Answering such questions
will be important for extracting information on biological processes such as tissue
development [87], epithelial-to-mesenchymal transition [88], and the effects of the
microenvironment on cancer progression [89, 90].

While using optogenetic tools will be important for answering a broad range
biological questions and for biomedical applications, challenges remain in terms of
the scalability and precision of cellular control. There have been applications of
optogenetic technology that address these challenges individually. For instance, the
light plate apparatus (LPA) [91] is a simple to construct and inexpensive system
that can be adapted and used for scaling light-induced conditions iz vitro. Addi-
tionally technology like digital micromirror devices (DMDs) [92] have been used to
control single cells in real time. The LPA technology offers scalability but is cur-
rently limited in the precision of single-cell control. The DMD on the other hand
offers precise single-cell control but is limited by scalability of conditions that can
be controlled in a single experiment. Coupling these two types of tools, or their
subsequent technological successors, may allow researchers to maximize scalability
and optogenetic gene circuit control.
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