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Abstract

Saccharomyces cerevisiae’s well-characterized genome and efficient homologous
recombination capabilities make it a powerful model organism for genetic engineering, enabling
the development of precise genome modification techniques. However, simultaneous multi-locus
gene integration (multiplexing) remains challenging, often requiring extensive and tedious
in vitro cloning. This thesis hypothesizes that a novel yeast integrating plasmid, envisioned as an
EasyClone Expansion Pack, can be designed to enable two-step multiplexing leveraging
homologous recombination and bypassing in vitro cloning. To accomplish this, we developed a
clone-less in vivo DNA assembly method, demonstrating a 20-fold increase in transformation
efficiency with CRISPR-Cas9-mediated DNA breaks. A cost-effective multiplexing workflow
was established using 200 bp chromosomal homology regions and 30 bp overhangs on
transgenes. The foundational design of the expansion pack plasmid, including one-step
linearizability and unique homology regions, was validated. This research offers a cost-effective
and streamlined approach for strain engineering for use in diverse bioproduction and

biomanufacturing applications.
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Chapter 1: Introduction

1.1 Background and Context

Genetic engineering is revolutionizing research by driving breakthroughs in understanding
cellular processes, developing targeted therapies, advancing personalized medicine, and
uncovering disease mechanisms and metabolic pathways [1]. These significant advancements in
cellular and molecular medicine have been made possible through the development of genome
editing tools that enable precise and targeted genetic modifications to engineer organisms [2].

The process of homologous recombination (HR) is at the basis of these genome editing tools [3].

When a double-stranded DNA break (DSB) occurs in a cell, typically due to exposure to
DNA-damaging agents or errors during replication, DNA repair pathways, primarily HR and
non-homologous end joining (NHEJ), are activated to maintain genomic integrity [4]. HR is a
naturally occurring, evolutionarily conserved process that enables the error-free repair of DSBs
and facilitates the precise integration of foreign DNA through exchanging matching nucleotide
sequences between homologous regions [5], [6]. In eukaryotic cells, HR is predominantly active
during the S and G2 phases of the cell cycle [7]. HR begins with the MRN complex binding to
the ends of the DSB followed by DNA end resection to produce 3' single-stranded DNA
overhangs that are then bound by the recombinase RADS51, which facilitates strand invasion into
a homologous DNA template for template-dependent DNA synthesis [8]. In contrast, the
alternative pathway of non-homologous end joining (NHEJ) is often error-prone, frequently
introducing insertions or deletions (indels) at DSBs, which can lead to gene inactivation [9].
NHEJ repairs DSBs without a homologous template and, in eukaryotic cells, is active throughout

the cell cycle but is prevalent in the G1 phase [7]. This process is characterized by the Ku



complex (Ku70/Ku80 heterodimer) binding to the DSB ends, followed by the recruitment of the
core NHEJ machinery, including DNA-PKcs and DNA Ligase IV, to process and ligate the DNA

ends [10].

By building on the foundational knowledge gained by observing and characterizing HR in
the simple model systems of bacteria and yeast, early-stage genetic engineering tools harboring
HR were developed [11]. Recombination-mediated genetic engineering (recombineering) [12] in
Escherichia coli uses phage-derived systems, such as the Lambda Red system, for precise DSBs
free DNA modifications via HR [13]. However, the reliance on the host’s HR machinery to
assemble DNA with short regions of homology limits recombineering efficiency and increases
off-target effects, while its application beyond E. coli is further constrained by the need for

specific phage proteins and variable HR efficiency across organisms [13], [14].

To overcome the limitations of in vivo HR-dependent approaches and enhance genome
editing capabilities, subsequent tools focused on inducing targeted DSBs [2]. Notably, Zinc
Finger Nucleases (ZFNs) are engineered proteins that function as artificial restriction enzymes,
creating a targeted DSB in various organisms, including mammalian cells, via customizable zinc
finger DNA-binding domains (targeting 9-18 bp) fused to the Fokl nuclease, which requires
dimerization for cleavage [15]. Following ZFNs, researchers developed Transcription Activator-
Like Effector Nucleases (TALENS) as engineered nucleases that create DSBs by using
transcription activator-like effector domains for sequence-specific DNA binding and a FokI
nuclease requiring dimerization for cleavage [16]. The DSBs induced by ZFNs and TALENSs are
primarily repaired by the cell’s endogenous pathways of NHEJ, often resulting in indels, or by
homology-directed repair (HDR) if a homologous DNA template is provided [17]. The key

limitations of using ZFNs and TALENs as robust genome editing tools are the complex and time-



consuming protein engineering required to target new DNA sequences and the difficulty in

multiplexing, which is the simultaneous editing of multiple genomic locations [2], [17].

1.1.1 CRISPR Bioengineering

In contrast, the Nobel Prize-winning Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) system that originates from bacteria and archaea’s adaptive immune system,
offers a more efficient and versatile approach to targeted genome editing [18]. CRISPR employs
a ribonucleoprotein (RNP) complex comprising a CRISPR-associated (Cas) protein, commonly
Cas9 endonuclease from Streptococcus pyogenes (SpCas9), guided by a customizable guide
RNA (gRNA) with a short targeting sequence (20-26 bp) to induce a targeted DSB at a specific
genomic location containing a necessary Protospacer Adjacent Motif (PAM) sequence, such as

5’-NGG-3’ for SpCas9, downstream of the target site [18].

CRISPR-induced double-strand breaks (DSBs) are primarily repaired by NHEJ, which
uses short homologous sequences (microhomologies) to ligate DNA [19]. While
microhomologies can ensure accurate repair when the single-stranded overhangs present on the
ends of the dsDNA break are perfectly compatible, NHEJ is prone to errors, often leading to
nucleotide loss, mutations, and challenges in using this pathway for precise gene editing
techniques [19]. Consequently, researchers favour the HDR pathway for CRISPR-induced DSBs
repair since designed DNA templates can be introduced to create targeted integrations, deletions,

insertions and mutations [20].

CRISPR has transformed genome editing across numerous fields of research. In
agriculture, CRISPR facilitates crop improvement by enhancing biomass production and grain
yield, nutrition, and resistance to pests and environmental stresses [21]. In bacteria, CRISPR has

led to innovations in antimicrobial development, pathogen diagnostic tools, and microbial



metabolic engineering for sustainable bioproducts [22]. Moreover, in medicine, CRISPR-Cas9-
based gene therapy for sickle cell disease is advancing in clinical trials, demonstrating the
potential for durable remission through targeted editing of hematopoietic stem cells [23].
CRISPR bioengineering has also advanced the development of cancer immunotherapies by
enabling precise genetic engineering of immune cells, such as enhancing CAR-T cells via

targeted gene knock-in or knockout to improve anti-tumour responses [24].

1.1.2 Yeast as a Model Organism

Despite the significant promise of CRISPR-based human health therapeutics for precision
medicine, the development of these gene editing tools faces considerable challenges when
relying solely on mammalian cell models [25], [26]. A significant hurdle is the high cost and
complexity associated with mammalian cell cultures because of the need for specialized growth
media, controlled growth environments, and time-consuming efforts to maintain cell cultures to
assess gene editing outcomes [25]. Another considerable challenge is the difficulty in obtaining
stable and predictable expression of transgenes within mammalian cells with the widely used
transient transfection methods of which modifying can be laborious and time-consuming [26].
Furthermore, in mammalian cells, NHEJ functions as the primary DNA repair pathway and is
active throughout the cell cycle, while HR, which is essential for precise gene editing, is limited

to the S and G2 phases and is suppressed by NHEJ [27], [28].

Recognizing the limitations of mammalian cell models for the efficient study and high-
throughput development of genome editing tools, researchers widely adopt alternative systems to
enhance throughput and streamline progress. The budding yeast, Saccharomyces cerevisiae, is
frequently employed as a model eukaryotic organism for investigating fundamental cell biology

and genetics, developing genetic engineering tools, and rapidly prototyping and optimizing



genome editing strategies [29]. This unicellular eukaryote, commonly known as Baker’s or
Brewer’s yeast, is favoured due to its rapid 90-minute life cycle, facilitating quick genetic
analysis and its simple, cost-effective cultivation [30]. Furthermore, S. cerevisiae exhibits a high
frequency of HR throughout all phases of its cell cycle, making it an ideal system for studying
and implementing homology-based DNA manipulation techniques [31], [32]. Its fully sequenced
and well-characterized genome, the first complete eukaryotic genome (1996) [33], combined
with the conservation of fundamental cellular mechanisms and genes with mammalian cells,
renders yeast an invaluable platform for developing and testing genetic engineering technologies

applicable to higher eukaryotes [34].

1.1.3 Significance of Yeast Research

The ability to genetically modify S. cerevisiae enabled revolutionary discoveries in
transcriptional regulation, cell cycle control, and DNA repair [35], [36]. Nobel Prizes were
awarded to researchers that, through precise manipulation of yeast, identified key cell cycle
regulators such as CDC28 (a cyclin-dependent kinase crucial for the G1 phase), introduced the
concept of cell cycle checkpoints, and advanced understanding of processes like eukaryotic
transcription, telomere maintenance, vesicle transport, and autophagy [35]. Moreover, the ability
to delete, replace, mutate, or overexpress genes within the mating-type (MAT) locus of S.
cerevisiae provided a powerful tool for dissecting specific mechanisms of DNA repair [35], [36].
Similar to other fungi, S. cerevisiae propagates vegetatively through budding; however, its
mating type is determined by the MAT locus, a region on chromosome III that contains either the
MATa or MATua allele, dictating the haploid cell’s ability to produce specific pheromones (a-
factor or a-factor) and receptors (Ste2 or Ste3) that facilitate mating with a cell of the opposite

type [37]. By targeting the MAT locus, researchers observed phenotypic changes linked to mating



type switching, using these experimental outcomes to evaluate DNA repair efficiency following

specific gene manipulations [37], [38].

Another robust yeast-specific cell process that has significantly advanced scientific
discovery is the yeast two-hybrid (Y2H) system, an in vivo genetic engineering technique for
studying protein-protein interactions [39]. The Y2H system is comprised of two fusion proteins:
a “bait” fused to a DNA-binding domain and a “prey” fused to a transcriptional activation
domain, expressed in a yeast, primarily, S. cerevisiae, reporter strain [40]. Physical interaction
between bait and prey proteins reconstitutes a functional transcription factor, activating a reporter
gene to signal protein-protein interaction [39], [40]. The Y2H system has been pivotal in
mapping intricate protein interaction networks [41] and has contributed significantly to drug
development for viral diseases by identifying critical host-pathogen interactions, such as those
between HIV-1 and host transcription factors that regulate viral replication [42]. Y2H-based
assays have also been used to map interaction networks in viruses like dengue and SARS-CoV-2
to pinpoint therapeutic targets and facilitate the discovery of potential inhibitors for key

interactions [43], [44].

Additionally, yeast is a vital and versatile cell factory for the sustainable and cost-
effective production of various biomolecules because of its well-characterized and easily
modifiable metabolic pathways, coupled with its capacity for large-scale cultivation [45].
Building upon Louis Pasteur’s foundational 19th-century discovery of yeast’s anaerobic
fermentation of sugars into ethanol, modern metabolic engineering has significantly expanded
yeast’s biomanufacturing capabilities [46]. This has enabled the industrial production of
advanced biofuels like butanol and cellulosic ethanol using engineered S. cerevisiae strains and

biodiesel precursors through lipid overaccumulation in Yarrowia lipolytica (an oleaginous yeast



species), presenting sustainable alternatives to fossil fuel-derived energy sources [47]. Another
notable industrial application of yeast is its role in food production, where S. cerevisiae’s
metabolic versatility extends beyond traditional fermentation in bread, wine, and beer to
engineered production of specific flavour compounds and vitamins for food enhancement [48].
Yeast research has also been instrumental in increasing the accessibility of medicine to
developing countries by offering a low-cost alternative to the production of recombinant protein-

based vaccines against Hepatitis B and COVID-19 [49], [50].

In summary, while only a few examples have been highlighted, the remarkable versatility
of yeast in scientific research is truly boundless. The overarching theme remains that there is
always room for enhancement, whether through incremental refinements or groundbreaking

advances.

1.2 Yeast Genetic Engineering

Genetic engineering of yeast has profoundly advanced scientific research and innovation.
Throughout the 21st century, significant strides have been made in manipulating genes,
pathways, and cellular processes [29], [39], [45], [46], [49], [50]. These breakthroughs were
enabled by foundational molecular biology tools for DNA amplification and assembly [25], [34].
Furthermore, the development of yeast-specific integration methods and the creation of
specialized toolkits have greatly enhanced precision and efficiency in yeast genetic modification

[51].

1.2.1 DNA Manipulation Tools and Techniques
The ability to manipulate DNA in a test tube, in vitro, or in an organism, in vivo, forms

the basis of cloning (creating identical copies) and recombinant DNA technology (combining



DNA fragments from different sources to generate novel genetic combinations) [52].
Accordingly, a wide array of tools and techniques have been developed to amplify, linearize, and
assemble DNA for the purpose of genetically modifying organisms following basic molecular

biology principles.

For DNA linearization and amplification, restriction enzyme digestion and Polymerase
Chain Reaction (PCR) are among the most widely used techniques [53], [55]. Developed in the
early 1970s, restriction enzyme digestion fundamentally advanced molecular biology by
providing a method for precise DNA manipulation through sequence-specific cleavage [53].
Restriction enzyme digestion involves the use of specific endonucleases to cleave double-
stranded DNA (dsDNA) at defined recognition sequences, generating linear DNA fragments with
either “sticky” (overhanging) or “blunt” (straight) ends, depending on the enzyme and site [54].
In 1985, PCR was introduced to enable precise amplification of specific DNA sequences through
cycles of denaturation (strand separation), primer annealing (binding of short single-stranded
oligonucleotides to complementary sequences), and extension (DNA synthesis by a polymerase)
[55]. To perform PCR, researchers combine the DNA template with essential components in a
reaction tube: primers (1824 nucleotides long) designed to flank the target region with
considerations for melting temperature (Tm), specificity, and minimal self-complementarity to
avoid primer-dimer formation; deoxynucleotide triphosphates (AINTPs); a heat-stable polymerase
for strand synthesis; and a buffer, including magnesium ions, for optimal enzyme activity and

fidelity [55], [56].

Numerous DNA assembly methods and tools are employed in research, each providing
specialized approaches for the precise joining of DNA fragments. Restriction enzyme ligation,

the first widely adopted DNA assembly method, joins compatibly digested linear DNA fragments



and plasmid vectors using a DNA ligase (typically T4 ligase) to form covalent phosphodiester
bonds, creating recombinant DNA molecules [57]. However, this approach is limited by the
necessity of suitable restriction sites and often introduces scar sequences (restriction site
remnants) at the ligation junctions [58]. Moving towards modularity in designing plasmids and
DNA fragments, the BioBrick standard (initially RFC10) was developed on the principle of
flanking genetic parts with standardized prefix and suffix sequences containing specific
restriction sites for ordered ligation [58], [59]. Consequently, this standardization inherently
introduces scar sequences at each junction and restricts the internal use of those same restriction

sites within the DNA fragments [58], [59].

Notable scarless DNA assembly alternatives include Golden Gate cloning, which uses
Type IIS enzymes to enable the ordered assembly of multiple fragments by simultaneously
digesting and ligating DNA fragments, creating seamless junctions [60], and USER cloning, a
ligase-free method employing uracil-DNA glycosylase and endonuclease VIII to generate single-
stranded overhangs at uracil-containing PCR sites [61]. Limitations include the need for precise
fusion site design and the risk of off-target cleavage with Type IIS enzymes in Golden Gate [60],
as well as primer design with uracil incorporation and sensitivity to PCR conditions in USER

cloning [61].
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Figure 1. Generalized workflows for restriction enzyme and PCR-based cloning. Restriction enzyme-based
cloning methods (such as BioBricks and Golden Gate Assembly) involve enzymatic digestion at specific sites to
create compatible ends for ligation. PCR-based cloning uses user-designed primers to introduce homologous
overhangs between double-stranded DNA for seamless assembly. Examples include overhang-extension PCR,
USER cloning, and Gibson Assembly. Figure created with BioRender.com.

In contrast, the popular Gibson Assembly method overcomes the constraint of restriction
enzyme sites and offers flexibility in experimental design by using HR to join several DNA
fragments with overlapping ends made by user-designed PCR primers in a single isothermal
reaction with a 5’ exonuclease, DNA polymerase, and DNA ligase [57]. Beyond enzymatic
cleavage and ligation, overhang extension PCR presents a distinct approach to DNA assembly,
relying on specifically designed primers with 5’ extensions to introduce overlapping sequences

between the fragments to be assembled, facilitating seamless annealing and subsequent extension

during PCR cycles for precise DNA fragment joining [62].
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1.2.2 Yeast Integration Strategies

To stably introduce recombinant DNA and modify S. cerevisiae traits, researchers have
developed a range of yeast-specific integration strategies using linear or circular DNA vectors
that rely on HR. Based on their mode of replication in yeast, the classic strategies can be grouped
into five classes: Yeast Replicating plasmids (YRp), Yeast Centromere plasmids (YCp), Yeast
Episomal plasmids (YEp), Yeast Integrating plasmids (YIp), and Yeast Artificial Chromosome

(YAC) [63], [64].

Classified as shuttle vectors for their dual-host replication in E. coli and yeast, YRp, YCp,
and YEp exhibit distinct characteristics for maintenance in S. cerevisiae [65]. YRps contain a
chromosomal Autonomously Replicating Sequence (ARS) for replication in yeast but are
extremely mitotically unstable, making them better suited for high-frequency transformations
and unsuitable for metabolic engineering applications [66]. YCps, characterized by having both a
centromere sequence and an ARS, are low-copy plasmids that allow for enhanced replication
stability (persist episomally in yeast cells) during mitosis and meiosis [67]. YEps possess a 2-
micron circle origin of replication, allowing for high-copy number gene expression and often
resulting in high transformation efficiency, although their mitotic stability can be variable

depending on the specific vector [67].

In contrast, YIps contain only an E. coli origin of replication (ori), preventing
autonomous replication in yeast [63], [67]. YIps require genomic integration to be maintained,
which is achieved by linearizing the plasmids at sequences homologous to targeted sites in the
yeast chromosome, enabling stable HR-mediated integration of DNA [67]. YACs also integrate
as linear DNA, have a bacterial ori, and replicate in yeast by mimicking chromosomes, with

essential elements of a centromere, telomeres, and ARS [66]. YACs were famously used in the
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Human Genome Project for cloning large DNA fragments, making them essential for genome

mapping and sequencing, but faced limitations such as high chimerism rates, instability, low

transformation efficiency, and challenges in handling and purifying large DNA [66] [64], [68].

1.2.3 Yeast Toolkits

Building on the diverse yeast integration strategies provided by vectors such as YACs,

YlIps, YRps, YEps, and YCps, the development of sophisticated yeast toolkits has further

streamlined and enhanced the ability to manipulate the yeast genome. Yeast toolkits have

revolutionized genomic engineering by providing a framework for modular assembly,

significantly enhancing sharing and collaboration among researchers [51]. Table 1 details the

specifics of some of the many toolkits available for yeast genetic engineering.

Table 1. Overview of notable yeast genetic engineering toolkits. This table summarizes key features of prominent

toolkits used for yeast genetic engineering. Toolkit descriptions are derived from cited references, and the
availability section outlines how each toolkit can be accessed.

ToolKit

Description and Components

Availability | References

MoClo Yeast e Based on Modular Cloning (MoClo), MYT provides a Toolkit is Original
Toolkit standardized library of genetic parts (promoters, coding available MoClo
(MYT) sequences, terminators) for assembling constructs. from [69].

e Uses Type IIS restriction enzymes in a Golden Gate- Addgene
based system. DNA constructs are assembled in E. coli (http://'www.  MYT [70].
shuttle vectors, linearized via restriction digest, and addg
integrated into S. cerevisiae at ten chromosomal loci. ene.org), Kit
o Compatible with CRISPR-Cas9 for multiplex genome 1000000229
editing.
Assembly e Uses linear DNA fragments instead of plasmids for Toolkit is [71]
and CRISPR-Cas9 genome editing in S. cerevisiae. available
CRISPR- o Offers a repository of PCR-verified, ready-to-use from authors
targeted in fragments for direct integration of Cas9, gRNA, and of the study
vivo Editing donor DNA via HR. Each linear fragment includes at the
(ACtivE) terminal synthetic connectors for modular part exchange. =~ LeoRios
o Eliminates the need for in vitro DNA assembly by Lab.
enabling in vivo integration directly within yeast cells.
o Targets eight ARS-proximal intergenic regions.
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Versatile
Genetic
Assembly
System
(VEGAS)

EasyClone
System

Designed for assembling genetic pathways in S.
cerevisiae. Genes within a pathway are organized into
transcriptional units containing a promoter, gene of
interest, terminator, and VEGAS adaptor sequences.
The transcriptional units are initially assembled via
Golden Gate cloning, followed by assembly into a yeast
vector (that contains a selectable marker, centromere
sequence, and ARS to ensure mitotic stability in yeast).
The vectors are then linearized via restriction digest
before integration into designated yeast genomic sites.

Developed by the Borodina Lab (2012), iterated into
EasyClone 2.0 and MarkerFree toolkits.

These systems enable stable and neutral DNA integration
into eleven pre-characterized intergenic loci in the S.
cerevisiae genome, ensuring consistent gene expression.
These toolkits offer YIps with BioBrick standards, where,
by USER cloning, plasmids are assembled in vitro,
needing to be linearized by restriction enzyme digest
prior to integrating into yeast.

The 2.0 toolkit uses HR for DNA integration. It includes
yeast selection markers (antibiotic and auxotrophic),
which can be removed through Cre-mediated marker
rescue.

The MarkerFree toolkit employs CRISPR-Cas9 for
enhanced integration efficiency, supports single and
multi-locus integration (up to three loci simultaneously),
and offers YIps without selection markers. Includes
YEps (gRNA helper vectors) and YRps (SpCas9 vector)
featuring antibiotic selection, with gRNA vector removal
via non-selective media culture.

Toolkit is
available
from authors
of the study
at the Boeke
Lab.

Available
from
Addgene
(http://www.
addg
ene.org).
The 2.0 kit #
is
1000000073
and the
MarkerFree
kit # is
1000000098

Characteri-
zation of
genomic
loci [73].

Cloning
procedure
followed to
generate
EacyClone
system
[74].

EasyClone
2.0 [75].

EasyClone
MarkerFree
[76].

1.3 Project Rationale

As demonstrated in Table 1, a common strategy among synthetic biologists developing S.

cerevisiae-specific toolkits involves plasmid-based systems with standardized parts [51]. Several

toolkits are available to streamline and enhance genetic manipulation in yeast, with the

EasyClone system being one of the most accessible.

The EasyClone system stands out as a versatile tool, enabling flexible manipulation of

integrative vectors and offering eleven well-characterized integration sites [74], [75]. Its

capabilities have been further expanded to incorporate CRISPR-mediated DSBs using HDR and
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multiplexing [76]. Widely recognized for its robustness and predictable outcomes, the EasyClone
system has been successfully implemented in diverse applications. These include a teaching
protocol for the metabolic engineering of industrially relevant yeast strains (S. cerevisiae and Y.
lipolytica) to produce B-carotene [77], development of yeast cell factories for vanillin-glucoside

production [78], and treatment modelling for murine colitis [79], among many more.

The broad applicability of the EasyClone system is further exemplified by its adoption at
Canada’s first and only Genome Foundry, established at Concordia University in 2018, which
uses automated systems for the construction of synthetic genomes [80]. The director, Dr. Vincent
Martin, published a paper in 2022 detailing the development of a Markerless Yeast Localization
and Overexpression (MyLO) CRISPR-Cas9 toolkit that uses EasyClone-derived integrative
vectors and sequences for the rapid introduction of tagged genes and compartmental markers

(GFP/RFP for 15 subcellular locations) [81].

Given its valuable attributes and significant impact across various research areas, the
EasyClone system has influenced the direction of my thesis research. However, upon examining
the EasyClone system and considering the overview of other toolkits in Table 1, it is evident that
yeast genomic integrations can be streamlined by eliminating the requirement for in vitro
cloning. Avoiding the usual prerequisite of in vitro cloning, which involves multiple rounds of
DNA amplification, assembly using costly and specific techniques, bacterial transformation,
colony inoculation, and plasmid purification and validation, is especially useful when developing

simplified multiplexing experimental workflows.

14



1.3.1 Hypothesis

The hypothesis of my research is that a novel YIp can be designed to contain short
regions of homology to enable one-step, simultaneous gene integrations into multiple S.

cerevisiae genomic loci by leveraging yeast’s HR capabilities.

To evaluate this hypothesis, my research employed iterative design, build, and test cycles.
These stages focused on determining the most streamlined approach by characterizing the
capabilities and limitations of the EasyClone system, demonstrating CRISPR-Cas9-mediated
multiplexing, understanding yeast’s HR capabilities, and designing unique YIps and homology

regions.

1.3.2 Research Objectives

The EasyClone system integrates genes of interest (GOIs) into specified chromosomal
sites using YlIps, either with selection markers (EasyClone 2.0 system [75]) or without them
(EasyClone MarkerFree [76]). Figure 2a describes EasyClone 2.0’s workflow to integrate a GOI
cassette into the X-4 site with a iphMX6 marker for hygromycin selection. This involves the in
vitro cloning of the GOI cassette, which includes a promoter, terminator, and assembly junctions
(AJs) as standardized homology overhangs into an EasyClone YIp (pCFB2194 in this example).
The assembled vector is then linearized with a restriction enzyme (Notl), removing the bacterial
backbone and yielding a linear DNA fragment containing the GOI cassette and chromosomal
homology regions (cHRs) to enable integration into the X-4 chromosomal site in S. cerevisiae
via HR (Figure 2¢). As evident in Figure 2a, using the EasyClone system requires multiple

experimental steps for the in vitro addition of cHRs and selection marker to GOIs, which is time-
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consuming and unnecessarily laborious compared to in vivo DNA assembly in yeast using PCR

products with homology overhangs [82], [83].

First Objective: Clone-less in vivo Assembly and Integration

Therefore, the first objective of my research is to establish an efficient clone-less in vivo
DNA assembly and integration method leveraging yeast’s endogenous HR ability. Figure 2b
demonstrates a PCR-based approach for the amplification of two linear DNA fragments from the
EasyClone Ylp. The first fragment contains the upstream X-4 cHR and assembly junction (AJ),
and the second fragment contains the downstream AJ, AphMXG6 cassette, and downstream X-4
cHR. These linear DNA fragments are then transformed into a commonly used yeast lab strain,
BY4741, with a GOI cassette, resulting in the in vivo assembly and integration of these linear
DNA fragments into the X-4 site of the yeast genome (Figure 2c). This clone-less in vivo
assembly design results in a two-step method to obtain the same product as the EasyClone

system’s multi-step approach (Figure 2c¢).
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Figure 2. Workflow comparison of EasyClone 2.0 and a streamlined clone-less in vivo assembly method for
genomic integration in S. cerevisiae. (a) The EasyClone 2.0 system integrates a gene of interest (GOI) and a
hygromycin resistance marker (hphMX6) into the X-4 locus using a yeast integrating plasmid (YIp) with
chromosomal homology (¢cHR) and assembly junctions (AJs). (b) A clone-less in vivo assembly approach using PCR
to amplify the EasyClone 2.0 YIp. (¢) Both methods result in the integration of the GOI and AphMX6 cassettes at the
X-4 site. Figure created with BioRender.com; EasyClone 2.0 protocol from [75].

As previously highlighted, the advent of CRISPR-Cas9 technology has revolutionized
eukaryotic research through its precise gene editing capabilities. The Borodina lab leveraged this
in their EasyClone system by expanding their toolkit to enable targeted DSBs for efficient
integration of linearized YlIp constructs [75], [76]. This advancement allows for the insertion of a
single linearized YIp into a validated genomic locus, or the simultaneous integration of up to
three linearized Ylps at distinct sites, facilitated by specifically designed gRNAs [76]. This
capacity for multiplexing gene editing holds significant potential for complex genetic
engineering. Building upon this foundation, the second aim of my first research objective is to

integrate CRISPR-Cas9-mediated DSBs into our existing clone-less in vivo DNA assembly and
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integration approach. Figure 3 depicts how this can be achieved by the addition of an X-4

targeting gRNA (pCfB3042 from the EasyClone MarkerFree toolkit) when transforming the

linear fragments described in Figure 2b via HR into a yeast strain expressing Cas9. This

integration is anticipated to significantly enhance transformation efficiency, since, as previously

discussed, the increased tendency for HDR because of CRISPR makes genomic edits based on

HR significantly more efficient. Ultimately, this objective will highlight the capabilities and

limitations of in vitro cloning-dependent approaches while providing a baseline transformation

efficiency to benchmark our clone-less systems.
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Figure 3. CRISPR-Cas9 assisted clone-less in vivo DNA assembly and genomic integration at the X-4 locus in
8. cerevisiae. PCR-amplified fragments #1 and 2 from an EasyClone 2.0 YIp that enable the integration of a linear
gene of interest (GOI) cassette into the X-4 locus are co-transformed with an EasyClone MarkerFree toolkit single
guide RNA (gRNA) into a Cas9-expressing yeast BY4741 strain. This gRNA (pCfB3042) contains a scaffold that
directs the Cas9 endonuclease (pCfB2312 from the EasyClone MarkerFree toolkit) to cut at a validated site in the X-
4 locus. The assembly of the transformed linear DNA occur in vivo via homology-directed repair (HDR) and
homologous recombination (HR), resulting in S. cerevisiae cells expressing the assembled fragments. Figure created
with BioRender.com.
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Second Objective: Characterizing Multiplexing

The EasyClone system enables stable DNA integration into eleven pre-selected intergenic
regions of the S. cerevisiae genome. These sites were characterized and validated for efficient
and predictable integration, aiming to minimize adverse effects on the host cell’s growth and
physiology, making these loci ideal for stable genetic engineering in yeast [73], [75], [76].
Therefore, the first aim of my second research objective is to determine which integration sites
available by the EasyClone system are compatible with our clone-less in vivo DNA assembly and
integration approach. The second aim is to characterize the EasyClone system’s capability for
multiplexing by simultaneously integrating different GOIs into three chromosomal loci with the
help of CRISPR-Cas9. This research objective will provide a valuable understanding of the
abilities and limitations of the EasyClone system for the development of a simplified

multiplexing workflow.

Third Objective: Leveraging Homologous Recombination

Yeast’s robust endogenous HR machinery efficiently assembles introduced DNA
fragments in vivo by recognizing and combining regions of sequence similarity [31], [32].
Decades of research have aimed to define the minimal homology length required for successful
integration. A well-cited study from 1997 demonstrated that just 30 bp of homologous regions at
each end of a DNA fragment enable yeast-based in vivo cloning, with higher efficiency achieved
with regions longer than 60 bp or if there is an asymmetric arrangement such as 20 bp at one end
and 80 bp at the other [84]. While designing short homologies is desirable for streamlining
cloning (for example, by adding overlaps via PCR primers) and reducing DNA synthesis costs, a

caveat is the potential for higher error rates due to insufficient overlap for robust HR [85], [86].
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Therefore, my third research objective is to leverage yeast HR to determine the optimal,
shortest homologous overlap length for efficient and accurate DNA assembly and integration
following our CRISPR-mediated clone-less approach. As depicted in Figure 4, [ am using
CRISPR-Cas9 to target and disrupt the ADE?2 locus to test the efficiency of integrating DNA
fragments with varying lengths of cHR (30-400 bp) and AJ (30-200 bp). This can be achieved
using a designed gRNA to target an ADE?2 open reading frame, allowing for site-specific
insertion of the GOI and hphmX6 selection marker. Targeting the ADE2 locus in the XV
chromosome results in a disruption of the adenine synthesis pathway, resulting in the buildup of
an intermediate, AIR (5-aminoimidazole ribotide), whose oxidation during cellular respiratory
growth causes an accumulation of a red pigment, imparting a pink colour on the yeast cell [87].

This system provides a direct visual readout of successful HDR at the targeted DSB.

5 :i%fﬁ (ﬁa Prom Cl\:xplr‘rr;::;::.er) Term  ACE ’7 Chromosome XV —|
- - i 5 3
pEC.IV ADE2(400)::HphMX
Location of CRISPR-

Cas9 mediated DSB

PCR amplify ADEZ targeting
integration vector to generate
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hphMX6 ADE2
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cHR and AJ length

BY4741 yeast
strain expressing
Cas9

over
Term | Prom
(A

ADHI
ADE2 Term

hphMX6: - ADE2
CcHR™ (A% (MX marker) CHRown

Fragment 1 Fragment #2

GOl cassette

Transform linear
integrative vector
fragments with gene of
interest cassette and ADE2
targeting gRNA vector

AU Prom GOl A

Genome of adeZ2 disrupted, pink S.
cerevisiae cells expressing genes of
interest and assembly components

Figure 4. CRISPR-Cas9 assisted clone-less in vivo integration at the ADE?2 locus yields pink S. cerevisiae
colonies. Our pEC.IV ade2(400)::HphMX Ylp is designed to integrate a GOI interest with a iphMX06 selection
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marker at an open reading frame in the ADE?2 locus on chromosome XV. This YIp can be amplified by PCR to
create fragments #1 and #2 with varying chromosomal homology region (cHR) and assembly junction (AJ) lengths.
CRISPR-Cas9, guided by an ADE2-specific gRNA (pCfB.XV), induces a DSB at the ADE?2 locus on chromosome
XV, leading to gene disruption and pink colonies as a visual readout. Figure created with BioRender.com.

Fourth Objective: Designing a Simplified Multiplexing System

To simplify multiplexing, I will expand the capabilities of our clone-less in vivo HR-
based DNA assembly and integration approach in a two-step process: first, obtaining linear DNA
fragments, and second, simultaneously transforming them into yeast. To achieve this, I have two

experimental aims.

Current multiplexing with the EasyClone system requires multiple in vitro steps to
generate three YIps with the genes of interest (GOIs) integrated. This process is time-consuming
and needs streamlining, which leads to my first experimental aim of designing a one-step
linearizable Ylp that allows the integration of two gene cassettes into a single locus. Figure 5
illustrates a proof-of-concept design targeting the ADE?2 locus to provide a direct visual readout
of successful transformation. This design includes a YIp of pEC.IV (XV.CL.MX) that can be
linearized in one restriction digest reaction to release the assembly fragments of cargo linkers

(CLs) required for the integration of a GOI cassette and an MX marker cassette.
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Figure 5. One-step linearizable yeast integrative vector for the clone-less in vivo assembly and integration of
two gene cassettes into the ADE?2 locus. The Ylp, pEC.IV (XV.CL.MX) is designed to be linearized by one
restriction enzyme, Sapl, to liberate the assembly fragments and enable the integration of GOI and MX marker
cassettes into S. cerevisiae’s ADE?2 locus. Figure created with BioRender.com.

The next step is to scale up the linearizable plasmid from aim 1 to enable the
simultaneous targeting of multiple genomic loci and the integration of multiple GOIs using a
two-step experimental method. To achieve this, I can no longer rely on the EasyClone system’s
Als, as these are identical across their YIps. Specifically, the EasyClone system’s Ylps all
contain an upstream AJ that encodes the ADH terminator, and a downstream AJ encoding the
CYCI terminator [74], [75], [76]. Both the ADHI (Alcohol Dehydrogenase 1) and CYC/
(Cytochrome c isoform 1) terminators are well-characterized for their efficient and reliable

termination of transcription by RNA polymerase II in yeast [88]. Therefore, the second aim of

this objective is to create AJs, which will contain unique regions of homology to facilitate my
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clone-less in vivo DNA assembly and integration, that perform at a similar standard to the

EasyClone system’s AlJs.

To design our unique AlJs, we explored the Voigt lab’s study on creating gene circuits for
yeast using their design automation software, Cello 2.0 [89]. In this paper, sequences to genetic
parts are provided to build insulated gates, which are genetic logic components that regulate gene
expression in engineered yeast circuits [89]. These gates contain short synthetic promoters to
initiate transcription, strong terminators to repress RNA polymerase read-through, insulators
constructed using ribozymes and terminators to block transcriptional interference, and spacer
sequences to prevent unwanted HR [89]. Drawing inspiration from the Voigt lab’s work, we
have designed terminator insulator spacer (TINS) sets to serve as unique AJs, using sequences
designed and validated by the Voigt lab for the yeast strain BY4741 [89]. Figure 6 outlines the
proof-of-concept experimental design for integrating one GOI cassette into the ADE?2 locus via
PCR amplification of a YIp containing one set of TINS, based on our clone-less in vivo HR-

based assembly method.

In summary, the development of a two-step clone-less in vivo DNA assembly and
integration approach, with components designed and validated in my fourth research objective,

promises a more streamlined and less labour-intensive method for multiplexing in yeast.
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Figure 6. Implementing designed, unique regions of homology as assembly junctions for the integration of a
gene of interest cassette into the S. cerevisiae ADE2 locus. pEC,IV ADE2(400):: TINS is a YIp that can be PCR
amplified to enable the clone-less in vivo assembly and integration of a GOI cassette into the ADE?2 locus with a
hphMX6 selection marker and unique assembly junctions annotated as TINS1.A and TINS1.D. TINS are terminator
insulator regions that are designed to contain unique synthetic terminator, genomic insulator, and spacer sequences.
In this figure, TINS1.A and .D are unique from each other and originate from our first set of TINS. Figure created
with BioRender.com.
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Chapter 2: Materials and Methods

2.1 EasyClone Plasmid Isolation

The EasyClone 2.0 (Addgene kit # 1000000073) and EasyClone-MarkerFree Vector Set

(Addgene kit #1000000098) were gifts from Irina Borodina. Each toolkit was delivered in a 96-

well format containing each vector as a bacterial glycerol stocks in E. coli DH5a. The plasmids

used in my research (Table 2) were isolated by streaking onto Luria-Bertani (LB) plates with

ampicillin (amp) antibiotic [100 ng/pL] to grow the bacteria at 37 °C for 18 hours then selecting

and inoculating single colonies in 5 mL of LB + Amp [100 ng/uL] liquid media at 37 °C, 250

rpm for 18 hours. Plasmid extraction was accomplished using BioBasic’s EZ-10 spin column

plasmid DNA miniprep kit (catalogue # BS614).

Table 2. Overview of plasmids used from the EasyClone 2.0 and MarkerFree toolkits. This table provides a
comprehensive list of plasmids sourced from the EasyClone 2.0 [75] and MarkerFree [76] toolkits, including their
names, descriptions, and specific applications relevant to this research. These toolkits, available through Addgene,
are supplied as bacterial glycerol stocks, with each plasmid maintained in the high-copy E. coli strain DHSa.
Hyperlinks to plasmid details are based on information accessible via Addgene’s database.

Toolkit Plasmid Description Selection
Name

pCfB2194 YIp for integration into the X-4 | Features a loxP- Objectives
locus flanked hphMX6 1 and 2

pCfB2513 Ylp for integration into the X-2 | marker for
locus hygromycin selection

EasyClone in yeast and AmpR
2.0 [75] pCfB2195 Ylp for integration into the XI-3 | for ampicillin

locus resistance in E. coli. | Objective 2

pCfB2198 YlIp for integration into the XII-4
locus

pCfB2337 YIp for integration into the XII-5
locus

pCfB2312 YRp carrying SpCas9 Features a kanMX Objectives
endonuclease under the marker for geneticin | 1- 4
transcriptional control of the (G418) selection in

EasyClone TEFI promoter and CYCI yeast and AmpR for
MarkerFree terminator ampicillin resistance
[76] in E. coli.

pCfB2904 YIp for integrating into the XI-3 | Selection-free YIps Objective 2

locus featuring AmpR for
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https://www.addgene.org/67545/
https://www.addgene.org/67543/
https://www.addgene.org/67548/
https://www.addgene.org/67554/
https://www.addgene.org/67555/
https://www.addgene.org/83946/
https://www.addgene.org/73276/

Ylp for integrating into the XII-5
locus

ampicillin resistance
in E. coli

YEp gRNA vector targeting Cas9
to the X-4 locus

YEp gRNA vector targeting Cas9
to the X-2 locus

YEp gRNA vector targeting Cas9
to the XI-3 locus

YEp gRNA vector targeting Cas9
to the XII-4 locus

YEp gRNA vector targeting Cas9
to the XII-5 locus

pCfB2909 | o
pCiB3042 | e
pCfB3020 | e
pCfB3045 | e
pCiB3049 | e
pCfB3050 | e
pCfB3052 | e

.

YEp gRNA vector targeting Cas9
to the X-4, XI-3, and XII-5 loci
Used for multiplexing

Features a natMX6
marker for
nourseothricin (Nat)
selection in yeast and
AmpR for ampicillin
resistance in E. coli.

Objectives
1 and 2

Objective 2

2.2 Plasmid Construction

Plasmid construction was achieved using the Gibson Assembly method [90]. Table 3

contains a list of the plasmids made for this study with a description of each plasmid’s purpose

and plasmid-specific construction details. The sequences of the inserts were obtained from

available online databases and repositories, as detailed in Table 3. The plasmids that contain

ADE?2 cHRs were designed to be 200-400 bp (depending on the plasmid) upstream and

downstream of the 20 bp ADE?2 targeting gRNA sequence in pCfB.XV. The sequence for the

ADE? gene was obtained from the Saccharomyces Genome Database (SGD) [91]. The gRNA

sequence in pCfB.XV was chosen using Benchling’s CRISPR guide design tool to find a Cas9-

compatible 20 bp guiding sequence to target the ADE?2 locus with a high efficiency score for S.

cerevisiae using the scoring method determined by [92]. The gRNA sequence chosen (refer to

Appendix A, Table 1) is at position 1388 of the ADE?2 gene with a PAM sequence of 5’-AGG-3’.

To create pCfB.MOCK, the ADE? targeting gRNA sequence was then scrambled and aligned

with the S. cerevisiae genome to ensure that it cannot target any site. The sequences that make up

the TINS (refer to Appendix A, Table 1) were designed by Dr. Mads Kaern (based on analysis of

the Voigt’s lab study on genetic circuit design [89]) by identifying combinations of
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terminator/ribozyme/spacer sequences that facilitate HR while acting as genetic insulators and

terminators.

DNA fragments for assembly were generated via PCR using Thermo Fisher Scientific
Phusion High-Fidelity PCR Master Mix (catalogue # F548L), which includes Phusion Flash II
DNA Polymerase (high-fidelity enzyme with blunt-end amplification), deoxynucleotide
triphosphates (ANTPs), and an optimized reaction buffer containing MgCla [93]. Assembly
primers were designed to incorporate 15-30 bp of homologous overlapping sequences to the ends
of the PCR amplified fragments following the guidelines of containing around 50% GC content,
GC clamps, and melting temperature (Tm) of 60-70°C [94]. Gibson assembly designs were
verified using the NEBuilder Assembly Tool [95] prior to ordering the custom primers from

Integrated DNA Technologies (IDT) as 25 nmol DNA oligonucleotides.

The Gibson Assembly reactions were performed by mixing PCR amplified DNA
fragments in a 1:2 vector to insert ratio, with 50 ng of vector added, and the required insert DNA
mass calculated using NEBioCalulator Ligation Calculator tool [96]. Depending on reagent
availability, Gibson Assembly was performed using the 2X isothermal DNA assembly mix from
the Genome Editing and Molecular Biology (GEM) facility at uOttawa [97], or, alternatively, the
Gibson Assembly Cloning Kit from New England Biolabs (NEB, catalogue # E5510S). The

reactions were incubated at 50°C for 1 hour in a thermal cycler.

After assembly, 5 pul of the reaction was transformed into 50 pl of chemically competent
E. coli cells by heat shock, following a standard protocol (30 minutes on ice, 45 seconds at 42
°C, 5 minutes on ice, then 1 hour at 37 °C in LB) [98]. For all plasmids listed in Table 3, except

pCfB.XV and MOCK, lab-made chemically competent (following [99]) E. coli 10- beta cells
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were used. For pCfB.XV and MOCK assemblies, the NEB 5-alpha competent E. coli strain

(NEB catalogue # C2987H) was used.

After the E. coli transformation, 100-200 pL of the cells suspended in LB liquid medium
were plated on LB agar plates containing the 100 ng/uL of ampicillin (Fisher scientific catalogue
# BP1760-5) or 50 ng/uL of kanamycin (Bio Basic, catalogue # KB0286) where appropriate.
These plates were left in a 37°C incubator for 16-18 hours. The resultant colonies were screened
by colony PCR with insert-specific primers, and positive clones were confirmed by agarose gel
electrophoresis using a 1% (w/v) agarose gel stained with SYBR Safe DNA gel stain.
Electrophoresis was performed at a constant voltage of 105 V for 60 minutes. Positive clones
were then cultured in LB broth with antibiotic and plasmid DNA was extracted using BioBasic’s
EZ-10 spin column plasmid DNA miniprep kit. The DNA concentration of the purified plasmids
was determined by measuring the absorbance of DNA at 260 nm using a Thermo Scientific
NanoDrop 2000 spectrophotometer. The purified clones of pCfB.XV and MOCK were further
validated using Sanger Sequencing performed at the National Research Council of Canada

(NRC) facilities using the sequencing primer listed in Appendix A, Table 1.

Table 3. List of plasmids designed and constructed for this study. The description of each plasmid is provided
along with details on the method used for construction, references for sequences, and the specific research objective
for which the plasmid was used.

Description Construction Sequence

pECIAK- e Bacterial plasmid e Gibson e Vector: Synthesized by | 1-4
GFP with kanamycin Assembly Twist
resistance marker e Primers were e Insert: Enhanced GFP
containing GFP designed to (GenBank: AAB02572)
cassette (with TDH3 integrate GOI
promotor and an between the
enhanced GFP gene EasyClone AJs
sequence) between
upstream EasyClone
AJ (ADH1
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terminator, 226 bp)
and downstream
EasyClone AJ
(CYC1 terminator,
207 bp)

pCfiB2194- EasyClone 2.0 YIp Gibson Vector: pCfB2194 1 and
GFP for integrating a Assembly (Addgene plasmid 2
GFP cassette Primers were #67545)
(containing TDH3 designed to Insert: Enhanced GFP
promotor and an integrate GOI (GenBank: AAB02572)
enhanced GFP gene cassette
sequence) into the between the
X-4 locus with EasyClone AJs
hygromycin of ADHI and
selection marker CcYci
pCfB2902- EasyClone terminators. Vector: pCfB2904 2
URA3 MarkerFree Ylp for (Addgene plasmid
integrating a URA3 #73276)
cassette into the XI- Insert: URA3 promoter
5 i and gene from pRS316
(provided by the
Downey Lab)
pCfB2909- EasyClone Vector: pCfB2909 2
LEU2 MarkerFree Ylp for (Addgene plasmid #
integrating a LEU2 73281)
cassette into the Insert: LEU?2 promoter
XII-5 site and gene from pRS415
(provided by the
Downey Lab)
pCfB.XV ADE? targeting Gibson Vector: pCfB3042 3 and
gRNA in an Assembly (Addgene plasmid # 4
EasyClone The X-4 gRNA 73284)
MarkerFree YEp targeting Insert: Sequence and
sequence in the assembly primers
vector was provided in Appendix
replaced by the A, Table 1
pCfB.MOCK Mock gRNA (does appropriate Vector: pCfB3042
not target anything targeting (Addgene plasmid #
in the yeast genome) sequence using 73284)
in an EasyClone a 70 bp PCR Insert: Sequence and
MarkerFree YEp primer assembly primers
(designed to provided in Appendix
include a 20 bp A, Table 1
gRNA targeting
sequence with
25bp
sequences at
the 5” and 3’
ends for
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homology to
the vector)

pEC.IV YIp for integrating a Gibson Vector: Synthetic DNA
ADE2(400):: GOI cassette into Assembly containing 400bp
HphMX the ADE2 locus Primers were ADE?2 cHRs ordered in
(400 bp cHRs) with designed to a pTwist Amp High
EasyClone AJs and integrate Copy cloning vector
a hphMX6 marker clements from Insert: EasyClone Als
for hygromycin (ADHI and CYClI
selection in yeast an EgsyClone terminators) and
and AmpR for ip 1nt9 a hphMX6 cassette from
ampicillin resistance synthesized pCiB2194 (Addgene
in E. coli vector with 400 plasmid #67545)
bp ADE2 cHRs
pEC.IV One-step Synthesized by Includes 200 bp ADE?2
XV.CLM linearizable YIp that Twist cHRs, EasyClone AJs
X) liberates cargo Bioscience into (ADHI and CYCI1
linkers (CL) when a pTwist Amp terminators), and MX
digested with Sapl High Copy cassette homology
restriction enzyme cloning vector (TEF promoter and
terminator)
pEC.IV YIp with TINS Gibson Vector: Synthetic DNA
ADE2(400):: (unique AJs) Assembly containing TINS1.A
TINS allowing for the Primers were and .D (sequences
integration of one designed to provided in Appendix
GO i e 440182 integrate A, Table 1) and 400bp
o elements from ADE?2 cHRs ordered in
an EasyClone a pTwist Amp High
Ylp into a Copy cloning vector
synthesized Insert: hphMX6
vector with 400 cassette from
bp ADE2 cHRs pCiB2194 (Addgene
plasmid #67545)
pEC.TINS YIp used to add Gibson Vector: Synthetic DNA
DNR-GFP TINS to a GFP Assembly containing TINS1.A
cassette (containing Primers were and . D (sequences
TDH3 promotor and designed to provided in Appendix
an enhanced gfp integrate the A, Table #1) ordered in
gene sequence GFP cassette a pTwist Amp High
between Copy cloning vector
TINS1.A and Insert: Enhanced GFP
D (GenBank: AAB02572)
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2.3 Obtaining Linear DNA Fragments

Linear DNA fragments were generated using the two methods of Polymerase Chain

Reaction (PCR) or restriction enzyme digestion, where appropriate.

PCR was the principal method used to generate specific linear DNA fragments for yeast
transformations. Amplifications were performed using Phusion Flash High-Fidelity PCR Master
Mix (Thermo Fisher Scientific, catalogue # F548L). PCR reactions were performed according to
the master mix manufacturer’s instructions, with a final primer concentration of 0.5 uM.
Template DNA amounts were 10 ng for 20 pL reactions and 50 ng for 50 uL reactions. The PCR
cycling protocol using Phusion DNA polymerase consisted of an initial denaturation at 98°C for
10 seconds, 35 cycles of: denaturation at 98°C for 5 seconds, annealing at a primer-specific
temperature for 5 seconds, and extension at 72°C for 15 seconds per kilobase of expected
amplicon size. A final extension was performed at 72°C for 1 minute. Table 4 details the primer
sequences, purpose, and specific cycling conditions used to obtain linear DNA fragments for
yeast transformation. For each primer set, Table 4 details the optimized PCR conditions that
resulted in a single, clean band when analyzed by 1% (w/v) agarose gel electrophoresis with

SYBR Safe staining.

Restriction enzyme digestion was also used to obtain linear DNA fragments, particularly
in the experiments related to Objective #1 and Objective #2, which focused on replicating and
implementing the EasyClone system’s in vitro assembly and in vivo integration method in both
single integration and multiplex experiments. For these objectives, the assembled plasmids
pCfB2194-GFP, pCfB2902-URA3, and pC{B2909-LEU2 (Table 3) were linearized using the
Notl restriction enzyme (New England Biolabs, catalogue # R3189S). To increase the

concentration of the digested product, the Notl digestion reactions were each performed in a total
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volume of 80 pL, containing 5 ng of plasmid DNA,10 pL of rCutSmart Buffer, 1 uL of Notl, and
nuclease-free water. The digest reactions were incubated for 10 hours at 37°C in a thermocycler
since NEB reports that Notl is active for over 8 hours and can digest 1 ug of DNA in 2 hours
when 0.13 units of enzyme are added [100]. The Notl digested reactions were then heat-

inactivated in a thermocycler at 65°C for 20 minutes.

In Objective #4, the plasmid pEC.IV (XV.CL.MX) was also linearized with a restriction
enzyme. Sapl (NEB, catalogue # R0569S) was used to release the cargo linker (CL) fragments in
a single digest. The digest reaction was set up to optimize the final concentration of linearized
DNA based on trial-and-error experiments. This resulted in the following optimal reaction set up
and conditions: 80 pL reaction (5 ng of plasmid DNA,10 pL of rCutSmart Buffer, 2 uL of Sapl,
and nuclease-free water) incubated in a thermocycler for 10 hours at 37°C, then heat-inactivated

at 65°C for 20 minutes.

Check gel analysis was done using 1% agarose gel stained with ethidium bromide (EtBr)
as it provides optimal sensitivity for detecting DNA fragments resulting from restriction enzyme
digests. Analysis of the check gels revealed the expected number of bands: two for the Objective
#1 and 2 digests (corresponding to the bacterial backbone and the insert), and four for the

Objective #4 digest (the bacterial backbone and the three released CL fragments).
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Table 4. The PCR primers used to generate linear DNA fragments for yeast transformation. For each primer
set, the following information is provided: the forward (FWD) and reverse (REV) primer names, their sequences
(presented in the 5’ to 3’ direction), the melting temperature (Tm) as determined by Benchling using the Santal.ucia
1998 thermodynamic parameters for DNA, and the experimentally determined optimal annealing temperature and
extension time used for PCR amplification to achieve replicable results. The symbol ‘~’ indicates approximate
values.

PCR
cycling

Primer
set #

Sequence
(5’to 3)

Purpose

Object-
ive(s)

conditions
ECH-UP FWD cggecgegetgaggg 63.3 | 62°C Universal primer for
annealing, amplifying fragment
15 sec #1 (contains
IA-UPREV atcgcacgcattcegttgg 61.7 | cxtension, | upstream cHR and
~790 bp AlJ) from EasyClone
fragment Ylps
IA-DWN.FWD cgegtgcattcatccge 60.0 | 62°C Universal primer for | 1 and 2
annealing, amplifying fragment
45 sec #2 (contains
ECH-DWN.REV | cggcegegetgaggte 63.5 | extension, | hphMXG cassette,
~2700 bp downstream cHR
fragment and AJ) from
EasyClone Ylps
IA-UP.FWD gcgatgagcgacctcatge 61.6 | 62°C Amplifying GFP
annealing, cassette with ~200
45 sec bp EasyClone AJs 1-3
IA-DWN.REV gegtcecaaaaccttctcaage 62.5 | extension,
1918 bp
fragment
ADE2(30) -UP. tgcggaaatagcatatgetga 65.2 | 62°C Amplifying
FWD catcctatg annealing, fragment #1
15 sec containing 30 bp
IA-UP.REV atcgcacgcattcegttgg 61.7 | extension, upstream cHR to
281 bp ADE? locus and
fragment EasyClone AJ
IA-DWN.FWD cgcgtgcattcatccge 60.0 | 62°C Amplifying
annealing, fragment #2
40 sec containing 30 bp
ADE2(30)-DWN. | gtgacaatagtctctgctcata 63.9 | extension, downstream cHR to
REV gaactcca 2186 bp ADE? locus,
fragment EasyClone AJ, and
hphMXG6 cassette
ADE2(50)-UP. gttttaattccacgcettgcettgcg 62.4 | 62°C Amplifying
FWD annealing, fragment #1
15 sec containing 50 bp 3
IA-UP.REV atcgcacgcattcegttgg 61.7 | oxtensi on, upstream cHR to
301 bp ADE? locus and
fragment EasyClone AJ
IA-DWN.FWD cgcgtgcattcatccge 60.0 | 61°C Amplifying
annealing, fragment #2
40 sec containing 50 bp
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ADE2(50)-DWN. | attttggcgttccatttgaagtgac | 61.2 | extension, downstream cHR to
REV 2206 bp ADE? locus,
fragment EasyClone AJ, and
hphMXG6 cassette
ADE2(200)-UP. ggaacacctctaggceatttgcac | 62.0 | 62°C Amplifying
FWD annealing, fragment #1
8 15 sec containing 200 bp
IA-UP.REV atcgcacgcattcegttgg 61.7 | extension, | upstream cHR to
451 bp ADE? locus and
fragment EasyClone AJ
IA-DWN.FWD cgcgtgcattcatccge 60.0 | 59°C Amplifying
annealing, fragment #2
40 sec containing 200 bp
9 ADE2(200)-DWN. | actacattacaggtagaactgat Sl | BdEmEen, downstream cHR to
REV attec 2356 bp ADE? locus,
fragment EasyClone AJ, and
hphMX6 cassette
ADE2(400)-UP. ataaacttatatattacttgttttc 614 |61°C Amplifying
FWD tagataagcttcgtaac annealing, fragment #1
15 sec containing 400 bp
10 extension, upstream cHR to
IA-UPREV atcgcacgcattcegttgg 61.7 | 651 bp ADE2 locus and
fragment EasyClone AJ
IA-DWN.FWD cgcgtgcattcatccge 60.0 | 61°C Amplifying
annealing, fragment #2
45 sec containing 400 bp
1 ADE2(400)-DWN. | caccattacaacgaacgcca 61.2 | extension, | downstream cHR to
REV ttatg 2556 bp ADE? locus,
fragment EasyClone AJ, and
hphMX6 cassette
ADE2(200).UP- ggaacacctctaggcatttgcac | 69.5 | 73°C Amplifying
D2.FWD aattgaatgtaaagaatctac annealing, fragment #1
12 15 sec containing 200 bp
F1(UP)+eGFP(UP) | attctactgataagccaaaggtg 76.5 | extension, upstream cHR to
-30HR. REV acggggtatcgcacgcattecgt 481 bp ADE? locus and 60
tg fragment bp EasyClone AJ
eGFP(DWN)+F2 gcagaagtgacatctggacgct 79.4 | 75°C Amplifying
(DWN)-30HR. aagaccgacgcgtgcattcatc annealing, fragment #2
FWD cgcete 40 sec containing 200 bp
extension, downstream cHR to
13 gzDié(éOO).DWN— actacattacaggtagaactgat 69.8 2386 bp ADE2 locus, 60 bp
. attccaatcaaaatctctgtcgct
c fragment EasyClone AJ, and
hphMXG6 cassette
CC(eGFP)- accccgtcacctttggcettate 62.6 | 62°C Amplifying GFP
UPFWD annealing, cassette with no
14 25 sec EasyClone AJ
CC(eGFP)-DWN. | tcggtcttagegtccagatgte 61.8 | extension, homology
REV 1505 bp
fragment
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F1(UP)+eGFP(UP) | caacgtatctaccaacggaatgc | 77.7 | 78°C Amplifying GFP
-30HR. FWD gtgcgataccccgtcacctttgg annealing, cassette with 30 bp
cttatc 25 sec EasyClone AJ
15 extension, homology added by | 3 and 4
eGFP(DWN)+F2( | cttttcggttagagcggatgaatg | 78.6 1565 bp designing the
DWN)-30HR. cacgcgtcggtcttagcgtccag fragment primers with 30 bp
REV atgte overhangs
ADE2(400)-UP. ataaacttatatattacttgttttc 61.4 | 59°C Amplifying
FWD tagataagcttcgtaac annealing, fragment #1
17 15 sec containing 400 bp
TINS1.A-DWN. gtaaggatccttatatatagtctg 56.6 | extension, upstream cHR to
REV gtte 600 bp ADE?2 locus and
fragment TINS1.A
TINS1.A-UP. aatcggatgatgtatatacgaaa 55.6 | 60°C Amplifying
FWD ag annealing, fragment #2 4
30 sec containing 400 bp
18 ADE2(400)-DWN. | caccattacaacgaacgcca 61.2 | extension, downstream cHR to
REV ttatg 2181 bp ADE? locus,
fragment TINS1.D, and
hphMX6 cassette
TINS1.A-UP.FWD | aatcggatgatgtatatacgaaa 55.2 | 55°C Amplifying GFP
19 ag annealing, cassette with no
TINS1.D- catcattatctaaaccgaacgc 55.7 | 30 sec TINS1.A and
DWN.REV extension, TINS1.D as Als
1828 bp
fragment

2.4 Yeast Transformation

Yeast transformations were performed using a protocol from the Downey lab derived
from [101] to integrate DNA into S. cerevisiae lab strain BY4741 obtained from the Baetz Lab.
BY4741 is a common yeast lab strain derived from S288C with the genotype of MATa his3A1
leu2 A0 met1 5A0 ura3A0 [102]. Yeast transformation was performed by first growing a BY4741
single colony overnight in 10 mL YPD at 30°C (200-250 rpm), then diluting 1:50 into 50 mL
YPD and growing to OD600 of 0.8-1.0. Cells were pelleted, washed with water, and resuspended
in 0.1 M LiAc. For each transformation, 50 uL of cells were pelleted and resuspended with 240
uL 50% PEG, 36 uL. 1 M LiAc, 10 pL denatured ssDNA (10 mg/mL), and transforming DNA.
After vortexing and 30 min incubation at 30°C, cells were heat-shocked at 42°C for 15 min,

pelleted, washed with water.
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The volume of sterile water used to resuspend the transformed yeast cells before plating
onto Yeast extract Peptone Dextrose (YPD) agar plates was adjusted to achieve the desired
plating density. For undiluted plating (equivalent to a 1:1 dilution in the context of the final
resuspension volume), the cell pellet was resuspended in 200 uL of water, and the entire volume
was plated. To achieve a 1:2 dilution, the pellet was resuspended in 400 uL of water, and 200 puL
were plated. For higher dilutions, such as a 1:32 dilution, a serial dilution approach was used.
First, a 1:2 dilution was made (resuspending in 400 pL and taking 200 uL). Then, to achieve an
approximate 1:32 dilution from the initial 200 uL resuspension, 6.25 uL of the resuspended cells

were added to 193.75 uL of sterile water to bring the final volume to 200 pL for plating.

Following overnight incubation at 30°C on YPD, recovered yeast cells were replica
plated onto selective media agar using a sterile velvet pad to transfer the colony pattern. These

selective plates were then incubated at 30°C for 2-3 days to select for transformants.

YPD plates were made following Cold Spring Harbor Protocols [103]. When appropriate,
yeast drop out Synthetic Complete (SC) media was used when detecting auxotrophic markers.
SC agar plates were made following Sigma-Aldrich’s protocol [104] using yeast synthetic
dropout supplements without histidine, leucine, tryptophan, and uracil (Sigma, Y2001-20G),

which were added based on the needs of the experiment.

The BY4741 Cas9-expressing strain was created by transforming 500 ng of pCfB2312
(YRp with a KanMX marker carrying SpCas9 endonuclease gene under the transcriptional
control of the TEF'I promoter and CYC/ terminator). Post-transformation, the cells were plated
onto YPD agar then replica plating after overnight incubation onto YPD + G418 [200 ng/uL].

Liquid overnight cultures in YPD + G418 [200 ng/puL] were made for single colonies that
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successfully integrated the Cas9 expressing YRp and were stored as glycerol stocks at -80°C for

downstream applications.

The amount of transforming DNA varied based on its type: 1 picomole (pmol) for PCR
fragments, 1000 ng for restriction enzyme-digested products, and 500 ng for plasmids (YEp or

YRp). The required mass of a DNA fragment (in ng) was calculated using the formula:

pmol X Length of fragment (bp) X 650 daltons
1000

Weight of fragment (ng) =

where 650 daltons represents the approximate average mass of one base pair (bp) of DNA
(calculation is based on information provided by NEB [105]). The volume of DNA to transform
(uL) was determined using this calculation:

Weight of fragment (n
Volume of DNA (uL) = —Le:ght of fragment (ng)

DNA concentation (ﬁ—‘g)
where the DNA concentration was obtained by measuring absorbance of DNA at 260 nm using a

Thermo Scientific NanoDrop 2000 spectrophotometer.

2.5 Data Analysis

Plate images were captured using a brightfield imaging box (made by Dr. Kaern) and an
in vivo imaging system (IVIS) at the NRC when fluorescent measurements were required to
detect green fluorescent protein (GFP) integrations. The IVIS settings were as follows: 0.50 s

exposure time, small binning, C field of view, 480 nm excitation filter, 520 nm emission filter.

Colony counting was performed by uploading plate images to the ImagelJ FIJI software
[106], with parameters set to optimally distinguish individual colonies based on size and

circularity (protocol detailed in Appendix A).
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Transformation efficiency was calculated as the number of colony-forming units (CFUs)

obtained per picomole (pmol) of DNA transformed using the following equation [107]:

Number of Colonies Counted) (Final Volume at Recovery (mL))

T tion Effici _
ransformation Ef ficiency ( pmol of DNA Transformed Volume Plated (mlL)

where the final volume at recovery/ volume plated allows for the normalization of the data by the
dilution factor that the transformed yeast cells were plated onto YPD only plates for overnight

recovery.

For experiments involving selection media and screening of one gene as a reporter

(example GFP), the precision of integration can be determined following this calculation [108]:

Number of True Positive Colonies

Precision =
Number of True Positive Colonies + Number of False Positive Colonies

where the proportion of colonies that truly have the desired integration (true positives) can be

determined out of all the colonies that grew on the selection media.

For applications in which an understanding of integration efficiency is need, the

following calculation was used:

Number of True Positive Colonies

Integration Ef ficiency = ( ) x 100%

Total Number of Colonies Counted
where the number of true positive colonies represents the number of colonies with confirmed

integrations of desired GOIs while the total number of colonies counted represents all the

true/false positive/negative colonies observed that grew on the selection media.

For the multiplexing experiment in Objective #2, the assessment of simultaneous
integration at three distinct sites was achieved using visual and selectable markers (antibiotic,

hphMX6, and auxotrophic, URA3 and LEU?2). This approach aims to bypass the often
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challenging and time-consuming need for yeast colony PCR validation [109], as proper
transformants can be readily identified by growth on selective media and the presence of GFP
expression via IVIS imaging. Furthermore, since we are using the well-established EasyClone
system’s multiplexing design with its pre-validated integration sites [73], further locus-specific

validation was unnecessary for this study.
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Chapter 3: Results

3.1 Establishing an Efficient Clone-less in vivo DNA Assembly and
Integration Method in S. cerevisiae

To assess the feasibility of our clone-less in vivo DNA assembly and integration method,
we tested four conditions to integrate a GFP cassette with a hygromycin selection marker into
the X-4 chromosomal site of S. cerevisiae BY4741. The integrated DNA comprised: an upstream
X-4 chromosomal homology region (cHR, 522 bp), an upstream EasyClone assembly junction
(AJ) element (ADH1 terminator, 226 bp), a TDH3 promoter-driven GFP cassette, a downstream
EasyClone AJ element (CYC1 terminator, 207 bp), a hygromycin resistance cassette, and a
downstream X-4 cHR (446 bp). Both in vitro and in vivo DNA assembly methods were evaluated

for this integration (Figure 2).

The first condition involved an in vitro assembly of a linear YIp (pC{B2194-GFP)
followed by yeast transformation using 1000 ng of DNA. The second condition combined the in
vitro assembly with CRISPR-Cas9-assisted integration. The third condition explored an in vivo
DNA assembly through the co-transformation of three linear PCR fragments, derived from an
EasyClone Ylp (pCfB2194) and a GFP donor plasmid (pECIAK-GFP) at a 1:1:1 pmol ratio.
Finally, the fourth condition integrated our clone-less in vivo assembly method with a CRISPR-
mediated double-strand break. For conditions 2 and 4, transformations were performed in a
Cas9-expressing yeast strain (Chapter 2.4) with 500 ng of X-4 targeting gRNA (pCfB3042) co-

transformed with the linear DNA fragments.

Each condition was tested in technical triplicates (n=3). After transformation, yeast

recovery mixtures were plated on YPD (diluted 1:4 for conditions without Cas9, 1:32 for those
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with Cas9), followed by replica plating onto YPD + Hygromycin B [200 ng/uL]. Successful
transformants were identified by hygromycin resistance and GFP expression, assessed by IVIS
imaging and quantified using FIJI (Appendix A). Colony counts were normalized for DNA
amount and dilution factor (Chapter 2.5) to determine GFP-positive colony-forming units (CFU)

per pmol of DNA transformed (Figure 7).

EasyClone System vs. Clone-less in vivo Assembly
for Integrating GFP into X-4 site

Hedekek *

40000 =
I | I ! B Standard
T
30000=— B Caso

20000=—

10000=-

2000 =

1500 =

1000 =

500 = i
0 I 1

EC Clone-less

Assembly Method

Transformation Efficiency (CFU/pmol)

Figure 7. Transformation efficiency for GFP integration at the X-4 locus using the EasyClone (EC) system
versus our clone-less in vivo assembly method. This was assessed under conditions without (standard) or with
Cas9-mediated double-stranded DNA break. Transformation efficiency was calculated by normalizing the number of
colonies counted on YPD+ Hygromycin B [200 ng/pL] selection plates to determine the GFP-positive colony-
forming units (CFU) per pmol of DNA transformed (0.514 pmol for EC and 1 pmol of each fragment for clone-less).
Values represent the mean and standard error (error bars) of triplicate (n=3) transformations in BY4741 yeast.
Statistical significance was determined by two-way ANOVA using Sidak’s multiple comparisons test (* p<0.05,
*#%% p<0.0001). Figure and analysis generated using GraphPad Prism.
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The transformation efficiency for integrating GFP at the X-4 locus was evaluated in
Figure 7 for the EasyClone (EC) system and clone-less in vivo assembly method, both with and
without Cas9-mediated DSBs. Under standard conditions (no Cas9), the EasyClone system
achieved approximately 1500 GFP-positive CFU/pmol, which was higher than the 450 GFP-
positive CFU/pmol observed with our clone-less method. However, the introduction of Cas9
significantly enhanced the integration efficiency for both methods. For the EC system, a roughly
20-fold increase with approximately 31500 GFP-positive CFU/pmol was observed. The clone-
less method showed a similar improvement with an approximately 20-fold increase to around

8300 GFP-positive CFU/pmol.

Two-way ANOVA with Sidak’s multiple comparisons test confirmed that Cas9
significantly enhanced transformation efficiency for both EasyClone (****, p<0.0001) and
clone-less (*, p<0.05) methods. This analysis assessed the impact of both the assembly method
(EasyClone vs. Clone-less) and the presence of Cas9 on transformation efficiency. The p-values
indicate that the presence of Cas9 had a statistically significant positive effect on transformation
efficiency for both approaches, supporting the conclusion that targeted DNA cleavage by Cas9 is
a key factor in improving DNA integration efficiency, regardless of the assembly strategy

employed.

Appendix B, Figure 1 presents the raw counts of hygromycin-resistant colonies from
transformations using the EasyClone system or our clone-less method, with and without Cas9-
mediated DSB. Colonies exhibiting GFP fluorescence on selective media were true positives,
indicating successful integration and expression. Colonies resistant to hygromycin but lacking

GFP were false positives. The precision (Chapter 2.5), defined as the proportion of GFP-positive
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colonies among all hygromycin-resistant colonies, was high for EasyClone (0.987 standard,

0.988 with Cas9) but slightly lower for the clone-less method (0.914 standard, 0.861 with Cas9).

3.2 Identifying Compatible Genomic Integration Sites Using
EasyClone Toolkits

To identify suitable genomic integration sites for multiplexing, five EasyClone
chromosomal sites (X-2, X-4, XI-3, XII-4, XII-5) with corresponding EasyClone 2.0 YIps
(carrying hphMX6) and compatible MarkerFree gRNAs were screened. Using our clone-less in
vivo DNA assembly and integration method (Figure 2), GFP was targeted to each site both

without (standard) and with Cas9-mediated DSB.

For each site, three linear DNA fragments were co-transformed: fragment 1 (upstream
cHR and ADH1 terminator EasyClone AJ, primers set 1, Table 4), fragment 2 (CYC/ terminator
EasyClone AJ, hphMX6 cassette, and downstream cHR, primer set 2, Table 4), and the GFP
cassette flanked by EasyClone AJs (primer set 3 in Table 4). Standard transformations (no Cas9)
involved a 1:1:1 pmol ratio of the three PCR-amplified fragments into BY4741, with a 1:4
dilution of the reaction mixture plated on YPD for overnight recovery. For Cas9-assisted
integration, 500 ng of the site-specific gRNA YEp was co-transformed with the DNA fragments
(1:1:1 pmol ratio) into a Cas9-expressing BY4741 strain, followed by a 1:32 dilution plating.
The YPD recovery plates were replica plated onto YPD + Hygromycin B [200 ng/uL] to select
for colonies with the AphMX6 cassette integrated. Successful GFP integration was assessed by
imaging whole plates using an IVIS to identify fluorescent colonies. Figure § presents the
normalized GFP-positive CFUs (Chapter 2). All experiments were performed in technical

triplicates (n=3).
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Figure 8. Transformation efficiency of GFP integration at EasyClone S. cerevisiae chromosomal sites using
our clone-less in vivo DNA assembly and integration method with and without Cas9- mediated double-
stranded DNA breaks. The normalized GFP-positive colony-forming units (CFU) per pmol of DNA transformed
for clone-less integration of GFP at five genomic loci (X-2, X-4, XI-3, XII-4, XII-5) without (standard) and with
Cas9 are plotted. Data represent the mean and standard deviation (error bars) of technical triplicates (n=3).
Statistical significance was determined by two-way ANOVA with Bonferroni’s multiple comparisons test. Figure
generated using BioRender.com.

Figure 8 illustrates the efficiency of clone-less in vivo assembly for integrating GFP at
five different genomic loci, with and without Cas9-assisted targeting. It is apparent that Cas9-
mediated DSB increases the transformation efficiency 13-fold at X-2, 18-fold at X-4, 45-fold at
XI-3, 1-fold at XII-4, and 53-fold at XII-5 chromosomal integration site. Therefore, it is evident
that while integration was detectable at all sites with and without Cas9-assisted conditions, the
efficiency varied considerably between loci. The X-4, XI-3, and XII-5 sites exhibited the highest

normalized integration efficiencies with Cas9, reaching approximately 8300, 4800, and 7600

GFP-positive CFU/pmol, respectively. In contrast, the standard (no Cas9) conditions generally
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resulted in much lower integration efficiencies, although a low level of integration was observed

at the X-4 site even without Cas9 (450 GFP-positive CFU/pmol).

The statistical analysis of a two-way ANOVA with Bonferroni multiple comparisons test
revealed a significant impact of both the integration site and experimental methods on GFP-
positive CFU/pmol (p < 0.0001 for both factors), highlighting their combined influence on the
dependent variable. Further pairwise comparisons identified statistically significant differences
between specific standard and Cas9 conditions, notably in X-4, XI-3, and XII-5 (**** p <

0.0001), whereas X-2 and XII-4 showed no significant differences.

The resultant analysis is that the X-4, XI-3, and XII-5 are the most appropriate sites to

target in multiplexing experiments with or without Cas9.

3.3 Demonstrating the EasyClone System’s Multiplexing Capability
by Integrating Four Genes into Three Distinct Loci

To establish a positive control for multiplex genome editing, we aimed to simultaneously
integrate three DNA cargos (cloned into three EasyClone YIps) into three distinct genomic loci
of S. cerevisiae BY4741, using CRISPR-Cas9. Specifically, GFP with hygromycin resistance
(hphMX6) was targeted to the X-4 locus, URA3 (selectable on SC media lacking uracil) to the
XI-3 locus, and LEU? (selectable on SC -leucine) to the XII-5 locus. This experiment, employed
a multi-site targeting gRNA YEp from the EasyClone MarkerFree toolkit (pCfB3052) to

simultaneously guide Cas9 to the X-4, XI-3, and XII-5 chromosomal sites.

Technical triplicates (n=3) were performed with a Cas9-expressing yeast strain (BY4741)
to assess targeted integration at loci X-4, XI-3, and XII-5. For each replicate, 1000 ng of linear

DNA fragments (linearized YIp with GOI) were co-transformed with 500 ng of either a
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multiplexing gRNA plasmid or a mock gRNA (pCfB.MOCK). Following transformation, cells
were plated on YPD (diluted 1:1 for mock, 1:2 for multiplexing). Integration was assessed via
replica plating onto selective media (SC -Ura -Leu + Hygromycin for mock; YPD +
Hygromycin, SC -Ura -Leu + Hygromycin, SC -Ura + Hygromycin, and SC -Leu + Hygromycin

for multiplexing). GFP integration was further evaluated by fluorescence visualization.

The efficiency of multiplexed integration was further assessed by examining raw colony
counts on various selection plates (Appendix B, Figure 2). Compared to the number of GFP-
positive colonies growing on the triple selection media (SC -Ura -Leu + Hygromycin), a 2-fold
increase was observed on YPD + Hygromycin (selecting for X-4 integration), a 1.5-fold increase
on SC -Ura + Hygromycin (selecting for X-4 and XII-3 integration), and a 0.5-fold decrease on
SC -Leu + Hygromycin (selecting for X-4 and XII-5 integration). To evaluate the precision of the
multiplexing approach, colonies growing on the triple selection plates (SC -Ura -Leu +
Hygromycin) were analyzed, with GFP-positive colonies considered true positives for
integration at all three targeted loci. The calculated precision was 0.86, indicating that
approximately 14% of the colonies selected for integration at all three loci did not exhibit GFP

expression, suggesting incomplete integration of all four genes in those clones.

Figure 9 presents the normalized transformation efficiency (CFU/pmol) from counting
GFP-positive colonies growing on the triple selection media (SC -Ura -Leu + Hygromycin) for
the simultaneous integration of four genes into three different loci using the EasyClone system,
comparing a mock gRNA control to conditions with a multiplex gRNA simultaneously targeting
the X-4, XI-3, and XII-5 loci. The bar graph shows a clear trend of higher transformation

efficiency in the multiplexing condition compared to the mock gRNA control.
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An unpaired t-test revealed a statistically significant difference in transformation
efficiency between the mock and multiplex conditions (**, p =0.0047). The mean
transformation efficiency in the multiplex condition (1037 CFU/pmol) was higher than in the
mock condition (2.00 CFU/pmol), with a mean difference of 1035 CFU/pmol. This substantial
difference demonstrates a strong positive effect of multiplexed gRNA targeting on integration

efficiency.

Simultaneous Integration of Four Genes into Three
Different Loci Using EasyClone Systems
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Figure 9. The transformation efficiency of successful colonies containing four genes that were simultaneously
integrated into three different loci using EasyClone systems. The four genes and three integration locations are:
GFP and hphMX6 into X-4, URA3 into XII-3, and LEU? into XII-5. These genes were integrated into EasyClone
Ylps, linearized, and co-transformed with mock or multiplex (targeting the three integration sites) gRNAs into a
BY4741 yeast strain expressing Cas9. Successful integrations were determined by counting colonies on plates with
triple selection (SC —Ura -Leu + Hygromycin B [200ng/uL]) and imaged using IVIS to detect GFP-positive
colonies. Data represent the mean and standard deviation (error bars) of technical triplicates (n=3). Statistical
significance was determined by an unpaired t-test. Figure generated using BioRender.com.
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3.4 Determining the Impact of Varying Homology Region Lengths
on in vivo DNA Assembly Targeting the ADE2 Locus

To enhance our understanding of yeast’s endogenous homologous recombination (HR)
capabilities, I investigated the impact of varying the length of chromosomal homology regions
(cHRs) and assembly junctions (AJs) in our three-fragment clone-less DNA assembly method,
targeting the ADE?2 locus. The ADE?2 gene provides a colorimetric readout, where disruption

leads to pink yeast colonies, aiding in identifying successful gene of interest (GOI) integrations.

Our pEC.IV ade2(400)::HphMX Ylp is designed to integrate a GOI with a AphMX6
marker in the ADE?2 locus on chromosome XV (Figure 4). This YIp was PCR-amplified (Table
4) to generate fragments #1 (upstream ADE2 cHR, ADH1 terminator AJ) and #2 (CYC!
terminator AJ, hphMX6, downstream ADE2 cHR). For each condition (varying cHR/AJ lengths),
linear fragments (including a GFP GOI) were co-transformed in a 1:1:1 pmol ratio with 500 ng
of either a mock gRNA (pCfB.MOCK) or an ADE?2-targeting gRNA (pCfB.XV) into a Cas9-
expressing BY4741 strain. Transformants with proper AphMX6 integration were selected by

replica plating onto YPD with hygromycin plates.

First, I tested ADE2 cHR lengths of 30, 50, 200, and 400 bp for integrating a GF'P
cassette with about 200 bp EasyClone AJs. Figure 10 presents the transformation efficiency
(CFU/pmol) from counting GFP-positive colonies growing on YPD + Hygromycin [200 ng/uL]
plates imaged using an IVIS. With the ADE2-targeting gRNA, successful integration was
observed across all tested cHR lengths. The highest efficiency was achieved with the 400 bp
cHRs, showing approximately 6300 pink GFP-positive CFU/pmol. A substantial level of
integration was also seen with 200 bp cHRs (around 4000 CFU/pmol). Shorter cHRs of 30 bp

and 50 bp resulted in lower, but still detectable, integration efficiencies (approximately 1700 and

48



1000 CFU/pmol, respectively). In contrast, the mock gRNA results generally showed minimal
integration, indicating high target specificity. However, a notable exception was observed with
the 400 bp cHRs, where the mock gRNA condition yielded an approximately 870 pink GFP-
positive CFU/pmol, suggesting increased random or non-Cas9 mediated integration with longer

homology arms.
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Figure 10. The impact of varying chromosomal homology region lengths from 30-400 bp on transformation
efficiency using our Cas9-mediated clone-less in vivo DNA assembly method to integrate GFP in the ADE?2
locus. Linear products were PCR amplified from the same Y1Ip, with modifications being made only to the length of
cHRs. These fragments were transformed into yeast strain BY4741 containing Cas9 in a 1:1:1 pmol ratio with 500
ng of ADE? targeting or mock gRNA. Post- transformation, the reaction mixtures were plated on YPD only agar
plates in a 1:32 dilution and then replica plated onto YPD + Hygromycin B [200ng/pL] plates after 20 hours.
Normalized values for the pink GFP-positive colony forming units (CFU) per pmol of DNA transformed are plotted.
The pink, GFP-positive colonies were counted by analyzing brightfield and fluorescent (using IVIS) images of the
plates on FIJI. Data represent the mean and standard deviation (error bars) of technical triplicates (n=3). Statistical
significance was determined by two-way ANOVA with Bonferroni multiple comparisons. Figure generated using
BioRender.com.

The data in Figure 10 was statistically analyzed using a two-way ANOVA with

Bonferroni’s multiple comparisons test, which revealed significant main effects of both cHR
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length (p < 0.0001) and the gRNA used (p <0.0001) on the normalized transformation efficiency
(pink GFP-positive CFU/pmol). A significant interaction between cHR length and gRNA was
also observed (p = 0.00097), indicating that the effect of cHR length on integration efficiency
depends on whether a targeting or mock gRNA was used. A significantly higher CFU/pmol was
detected with the ADE2-targeting gRNA compared to the mock gRNA at cHR lengths of 200 bp
(***, p=10.0006) and 400 bp (mean difference = -5504 CFU/pmol, **** p <0.0001). In
contrast, no significant differences were found between mock and ADE2 gRNA conditions for

the shorter cHR lengths (30 bp and 50 bp).

Furthermore, the integration efficiency, calculated as the percentage of correctly
integrated colonies out of all colonies on the selection plate (Chapter 2.5), can be determined
using Appendix B, Figure 3. For the ADE2 gRNA condition, the integration efficiency was
75.3% for 30 bp cHRs, 86.4% for 50 bp cHRs, 94.3% for 200 bp cHRs, and 93.6% for 400 bp
cHRs, indicating a trend of higher sensitivity with increasing cHR length. In the mock gRNA
condition, the integration efficiency was zero for cHR lengths of 30, 50, and 200 bp (no true
positive colonies observed). However, with the 400 bp cHR and mock gRNA, the integration
efficiency was 59.6%, indicating that even without Cas9-induced cleavage, longer homology

regions can promote detectible levels of proper integration.

The second factor tested to better understand yeast’s HR capabilities is the effect of AJ
length (30, 60, and 200 bp, with a 0 bp control) on the efficiency of integrating a GFP GOI
cassette, using 200 bp cHRs (Figure 4). Figure 11 presents the transformation efficiency
(CFU/pmol) that was normalized from counting GFP-positive colonies growing on YPD with
hygromycin plates by the dilution factor plated and amount of DNA transformed. The graph

reveals that the highest integration efficiency was achieved with 200 bp AJs, while shorter AJs
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(30 bp and 60 bp) also resulted in successful integration at lower efficiencies. Notably, the mock
gRNA conditions showed minimal integration across all AJ lengths, indicating a high degree of

target specificity. The absence of an assembly junction (0 bp AJ) resulted in no integration.

Statistical analysis of the data presented in Figure 11 was conducted using a two-way
ANOVA with Bonferroni’s multiple comparisons test. This revealed that there were significant
main effects of both AJ length (p = 0.00048), and the gRNA used (p < 0.0001), along with a
significant interaction between the two factors (p = 0.00049). Furthermore, there is a
significantly higher CFU/pmol observed with the ADE2-targeting gRNA compared to the mock

gRNA at AJ lengths of 60 bp (*, p=0.026) and 200 bp (****, p <0.0001).
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Figure 11. The impact of varying assembly junction lengths from 0-200 bp on transformation efficiency using
our Cas9-mediated clone-less in vivo DNA assembly and integration method to integrate GFP in the ADE?2
locus. Linear products were PCR amplified from the same plasmids, with modifications being made only to the
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length of AJs. These fragments were transformed into yeast strain BY4741 containing Cas9 in a 1:1:1 pmol ratio
with 500 ng of ADE? targeting or mock gRNA. Post-transformation, reaction mixtures were plated on YPD agar at
dilutions of 1:1 (all mock samples and 0 bp AJs), 1:2 (30 and 60 bp AJs), or 1:32 (200 bp AJs) to obtain countable
colony numbers, followed by replica plating onto YPD + Hygromycin B [200 ng/pL] after 20 hours. Normalized
values for the pink GFP-positive colony forming units (CFU) per pmol of DNA transformed are plotted. The pink,
GFP-positive colonies were counted by analyzing brightfield and fluorescent (using IVIS) images of the plates on
FIJI. Data represent the mean and standard deviation (error bars) of technical triplicates (n=3). Statistical
significance was determined by two-way ANOVA with Bonferroni multiple comparisons. Figure generated using
BioRender.com.

3.5 One-Step Clone-less Yeast Transformation for Simultaneous
Integration of Two Genes into the ADE?2 Locus Using a Cargo
Linker Liberating YIp

pEC.IV(XV.CL.MX) is a YIp designed to integrate two genes (a DNA cassette and an
MX selection marker) in a simultaneous yeast transformation reaction into the ADE?2 loci. The
plasmid has Sapl restriction enzyme cut sites at locations that enable the liberation of the cargo
linker (CL) fragments essential for our clone-less in vivo DNA assembly and integration
approach (Figure 5). We investigated the transformation efficiency of co-transforming 1000 ng
of the Sapl-digested reaction of pEC.IV(XV.CL.MX) with 1 pmol of a PCR amplified GFP
cassette that has 30 bp AJs and 1 pmol of a iphMX6 cassette with its TEF promoter (372 bp) and

terminator (203 bp) as AJs into a Cas9-expressing BY4741 strain.

Figure 12 presents the transformation efficiency, measured as pink and GFP-positive
colony-forming units per pmol (CFU/pmol), when simultaneously integrating two genes (GFP
and hphMX6) into the ADE?2 locus using a linearized YIp. The graph compares a mock gRNA
control to an ADE2-targeting gRNA. A Welch’s t-test revealed a statistically significant effect of
the gRNA target on transformation efficiency (*, p = 0.036). The mean CFU/pmol in the ADE?2-
targeting condition (198 pink GFP+ CFU/pmol) was noticeably higher than in the mock gRNA

condition (0 pink GFP+ CFU/pmol), with a mean difference of 198. This indicates that targeting
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the ADE? locus with a specific gRNA significantly enhanced the integration efficiency of the

two genes compared to the non-targeting mock gRNA.

Appendix B, Figure 4 presents the raw number of colonies observed on YPD +
Hygromycin B [200 ng/uL] for the data reported in Figure 12. In the mock gRNA condition, an
average of 692 white and GFP-negative colonies grew on the selective media, indicating
integration of the resistance marker without the intended ADE?2 disruption or GFP integration. In
the ADE2 gRNA condition, where pink colonies indicate ADE?2 disruption, the integration
efficiency for achieving a pink, GFP-positive phenotype (true positive) out of all the colonies
observed (pink/ white and GFP-positive/negative) was calculated to be 27.2%. The precision for
the ADE2 gRNA condition, representing the likelihood that a pink colony also contained GFP,
was 0.538. This suggests that among the colonies exhibiting ADE?2 disruption (pink),
approximately 53.8% also showed GFP expression. Conversely, this implies that about 46.2% of

the pink colonies selected on hygromycin did not contain the GFP insert.
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Using a Cargo Linker Liberating Ylp to Simultaneously
Integrate Two Genes in ADE2 Locus
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Figure 12. The transformation efficiency, represented as pink and GFP-positive colony forming units/pmol,
when simultaneously integrating two genes into the ADE2 locus. pEC.IV(XV.CL.MX) YIp was digested with
Sapl to release the linear fragments that would enable the integration of a PCR amplified GFP and Aphmx6 cassettes
into the ADE?2 locus. These linear fragments were co-transformed (1 pmol of each of GFP and hphMX6 cassettes,
1000 ng of digest) with an ADE?2 targeting or mock gRNA (500 ng) into a BY4741 yeast strain expressing Cas9. The
normalized pink GFP-positive colony forming units (CFU) that grew on YPD + Hygromycin [200 ng/uL] are
plotted. Data represent the mean and standard deviation (error bars) of technical triplicates (n=3). Statistical
significance was determined by an unpaired t-test. Figure generated using BioRender.com.

3.6 Using Terminator Insulator Spacer Sequences as Unique
Assembly Junctions for Integrating One Gene into the ADE?2 Locus
pEC.IV ADE2(400):: TINS is a YIp that provides unique assembly junctions (AlJs), rather
than the previously used EasyClone AJs, for our clone-less in vivo DNA assembly and
integration method. Using primer sets 17-19 (Table 4), the YIp was PCR amplified to provide
fragments #1 (contains 400 bp upstream ADE2 cHR and TINS1.A) and 2 (TINS1.D, hphMX6
cassette, and 400 bp downstream ADE?2 cHR) for the integration of a GFP cassette with TINS1.A

and TINS1.D functioning as AJs. The normalized (by amount of DNA transformed and dilution
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factor plated) data generated from co-transforming the linear fragments (1:1:1 pmol ratio) using

ADE2-targeting or mock gRNAs (500 ng) are presented in Figure 13.

An unpaired t-test indicated no statistically significant difference in transformation
efficiency between the mock and ADE2 gRNA conditions (p = 0.195). The mean pink GFP-
positive CFU/pmol for the mock gRNA condition was 800, while the ADE2 gRNA condition

showed a lower mean of 522, with a mean difference of -277.

Analysis of the raw colony counts presented in Appendix B, Figure 5, provides insights
into the efficiency and precision of using TINS as unique AJs for targeted integration of a GOI
cassette at the ADE?2 locus with 400 bp cHRs. A higher number of true positive colonies (pink
GFP-positive colonies with hygromycin resistance) was observed on the mock gRNA plates
(average of 25) compared to the ADE2-targeting gRNA plates (average of 16), an approximate
1.5-fold increase in the non-targeted condition. This suggests that while the selection for DNA
uptake was effective, more colonies were observed with both ADE?2 disruption and GFP
integration when integration was not specifically directed. The calculated integration efficiency
indicates that with the ADE2 gRNA 72.7% and with the mock gRNA 67.6% of colonies observed
on the selection plate are true positives. The precision values reveal that the likelihood that a pink
colony (showing ADE? disruption) also contained GFP was 0.800 for the ADE2 gRNA and 0.862

for the mock gRNA condition.
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TINS as Unique AJs for Integrating GFP into
the ADE2 Locus
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Figure 13. The transformation efficiency, represented as pink and GFP-positive colony forming units/pmol,
when using terminator insulator spacer sequences as unique assembly junctions for integrating GFP into the
ADE?2 locus. pEC.IV ADE2(400)::TINS YIp was PCR amplified to provide fragments #1 (contains 400 bp upstream
ADE?2 cHR and TINS1.A) and 2 (TINS1.D, hphMXG6 cassette, and 400 bp downstream ADE2 cHR) for the clone-
less in vivo DNA assembly and integration of a GFP cassette with TINS1.A and TINS1.D functioning as AJs. These
linear DNA fragments were co-transformed in a 1:1:1 pmol ratio with an ADE?2 targeting or mock gRNA (500 ng)
into a BY4741 yeast strain expressing Cas9. The normalized pink GFP-positive colony forming units (CFU) that
grew on YPD + Hygromycin [200 ng/puL] are plotted. Data represent the mean and standard deviation (error bars) of
technical triplicates (n=3). Statistical significance was determined by an unpaired t-test. Figure generated using
BioRender.com.
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Chapter 4: Discussion

The central hypothesis of my research is that we can design a novel yeast integrating
plasmid (YIp) capable of one-step, simultaneous multi-loci integration and in vivo assembly of
linear DNA fragments in S. cerevisiae, driven by homologous recombination (HR). This YIp was
conceptualized as an expansion of the EasyClone system [74], [75], [76] for enhanced
multiplexing by simplifying experimental steps. To support this hypothesis, my thesis aimed to
make incremental improvements to existing yeast genetic engineering systems while building a
foundational understanding of key genetic elements and processes that focus on efficient genome
modification in S. cerevisiae. This involved exploring several interconnected aspects: yeast's HR
capabilities, the enhancement of HR efficiency through CRISPR-Cas9-induced double-strand
breaks (DSBs), the utility of yeast as a whole-cell reporter system (utilizing ADE2, GFP,
antibiotic, and auxotrophic selection), the inherent challenges of multiplexed genetic engineering
compared to single-target modifications, the development of a cargo linker liberating YIp for

clone-less integration, and the design of unique assembly junctions (TINS).

4.1 Clone-less in vivo DNA Assembly

My first research objective was to establish an efficient clone-less in vivo DNA assembly
and integration method in S. cerevisiae, leveraging its endogenous HR capabilities. Yeast
possesses a remarkable ability to assemble DNA in vivo through its efficient HR-based DNA
repair pathway [31], [32]. This inherent HR proficiency has enabled impressive in vivo
assemblies, such as the simultaneous joining of up to 38 linear DNA fragments with 20-200 bp

long homologies, as demonstrated in prominent research conducted by Daniel G. Gibson [85].
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Yeast’s capacity to efficiently assemble DNA in vivo, bypassing the need for traditional in vitro
cloning steps, forms the foundational principle motivating the development and exploration of

our streamlined clone-less DNA assembly and integration method presented in this thesis.

We hypothesized that this streamlined approach could offer an alternative to the multi-
step in vitro cloning-based systems, such as those highlighted in Table 1. To achieve this, we
chose to use elements of the well-characterized and easily accessible EasyClone system. My
study was designed to mimic the EasyClone system’s in vitro cloning requirements (DNA
amplification, plasmid assembly, bacterial transformation, colony inoculation, and plasmid
purification and validation) while presenting a clone-less alternative. This was achieved by PCR
amplifying fragments from an EasyClone YIp to enable the in vivo assembly of a gene of interest
(GOI) under standard and Cas9-mediated DSBs conditions (Figure 2). Our results, presented in
Figure 7, demonstrate the feasibility of this clone-less method for genomic integration of GFP

with a hygromycin resistance gene at the X-4 locus.

Under standard conditions (without CRISPR-Cas9), the traditional EasyClone system
demonstrated a higher transformation efficiency (1500 GFP positive CFU/pmol) compared to
our clone-less approach (450 GFP positive CFU/pmol). This difference in efficiency could arise
because the EasyClone method transforms a single, pre-assembled, and linearized fragment of
DNA, which may present a more readily available substrate for the yeast’s HR machinery to
incorporate. In contrast, our clone-less method requires the initial in vivo assembly of multiple
linear DNA fragments before HR can lead to integration, a process that can be less efficient than

direct integration of a single linearized molecule [110].
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To enhance our clone-less integration method for scalability and high-throughput, we
incorporated CRISPR-Cas9, a well-established tool for efficient, targeted genome editing [20].
The EasyClone MarkerFree system [76] leverages the CRISPR-Cas9 system for targeted genome
editing in S. cerevisiae. CRISPR-Cas9 has been a pillar in the field of genetic engineering due to
its simple two-component system (Cas9 protein and a gRNA), well-characterized mechanism of
creating blunt-end DSBs, and the availability of various well-validated toolkits (Table 1) for its

use in S. cerevisiae [76], [111].

The introduction of CRISPR-Cas9-mediated DSB at the X-4 locus significantly enhanced
the integration efficiency for both methods tested (Figure 7). This observation aligns with the
well-established principle that DSBs stimulate HR in yeast [71], [76], [81]. The approximately
20-fold increase in GFP-positive CFUs/pmol for both EasyClone and our clone-less method in
the presence of Cas9 highlights the influential effect of targeted DNA cleavage on genomic
integration efficiency. The statistical significance of this enhancement, confirmed by two-way
ANOVA where p<0.00001 and <0.05 was obtained for the EasyClone and clone-less approach
respectively, demonstrates the crucial role of Cas9 in improving the outcome of both assembly

strategies.

Interestingly, while Cas9 significantly enhanced transformation efficiencies for both
methods, the precision, defined as the proportion of GFP-positive colonies among hygromycin-
resistant colonies, was slightly lower for the clone-less method, particularly in the presence of
Cas9 (about 5% decrease). This suggests that while the overall number of transformants
increased with CRISPR-Cas9, the clone-less approach might have a higher background of non-
specific integration or incomplete assembly events leading to hygromycin resistance but lacking

the complete GFP cassette. This observation represents a potential trade-off for the significant
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reduction in the need for tedious in vitro molecular cloning steps, a simplification that was a

primary aim of this study.

Furthermore, the raw colony counts (Appendix B, Figure 1) suggest similar
transformation outcomes between EasyClone and our clone-less approach, however, the
normalized efficiency data in Figure 7 provides a more insightful comparison by accounting for
the different amounts of input DNA and plating dilutions. Notably, even with the requirement for
in vivo assembly from multiple fragments, the clone-less method still yielded a substantial
number of normalized transformants, indicating a viable pathway for genomic integration that

bypasses traditional cloning.

In summary, this combined system (clone-less with CRISPR-mediated DSBs) holds
significant potential for future studies, particularly in expanding the multiplexing capabilities of

the EasyClone system without the need for extensive in vitro cloning steps.

4.2 Multiplexing Using the EasyClone System

The EasyClone system provides Ylps that enable integration of GOIs into pre-
characterized intergenic loci in the S. cerevisiae genome for stable DNA integration, high gene
expression, and minimal impact on cell growth [73], [75]. These sites are typically referred to by
their chromosome number and a sequential identifier [73], [75]. These well-characterized
chromosomal integration sites have been widely adopted by other researchers [51], [81], making

them a valuable component for yeast genetic engineering.

The second objective of my study was to characterize multiplexing in yeast using the

EasyClone system. My first aim was to identify EasyClone integration sites that are compatible
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with the design of our clone-less DNA assembly and integration approach. These sites will then
be used to achieve the second aim of my second objective of demonstrating the potential for
multiplexing in a proof-of-concept experiment by simultaneously integrating multiple GOIs into

distinct chromosomal loci using the EasyClone system.

My initial experiments focused on identifying compatible integration sites using five pre-
validated EasyClone loci (X-2, X-4, XI-3, XII-4, XII-5). These loci were selected to adhere to
the Borodina lab’s recommendation for multiplexing of targeting sites that are positioned on
different chromosomes to avoid the potential genome instability that may arise if they were
closely positioned [76]. By targeting GFP to each of these sites using our clone-less assembly
method, both with and without Cas9-mediated DSBs, varying integration efficiencies across the
loci was observed (Figure 8). As anticipated, Cas9-assisted integration significantly enhanced
transformation efficiencies at most sites, highlighting the benefit of targeted DNA cleavage for
genome integration. Notably, the X-4, XI-3, and XII-5 sites exhibited the highest normalized
integration efficiencies with Cas9, suggesting that these loci are particularly suitable for efficient
genetic manipulation using our combined approach. While detectable integration occurred
without Cas9, the efficiencies were considerably lower, highlighting the importance of DSBs for

robust integration of linear DNA fragments generated via PCR in our clone-less strategy.

The significantly lower transformation efficiencies observed at the X-2 and XII-4 sites,
under both standard and Cas9 conditions, is inconsistent with the higher efficiencies reported in
the EasyClone MarkerFree paper’s validation data [76]. While potential genomic variations in
our BY4741 strain compared to the CEN.PK 117-7D strain used by the EasyClone MarkerFree

authors could explain this discrepancy, the primary aim of this objective was to identify three
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sites compatible with an EasyClone system multi-loci targeting gRNA. Therefore, we proceeded

with the more efficient sites rather than pursuing this variation further.

Having identified X-4, XI-3, and XII-5 as promising integration sites, I proceeded to my
second aim of characterizing the EasyClone system’s multiplexing capability using their three-
loci targeting gRNA (pCfB3052 [X-4, XI-3, XII-5]). The design of this multiplexing experiment in
detailed in Figure 14, where GFP and hphMX6 were targeted to the X-4 locus (using pCfB2194),
URA3 to XI-3 (using pCfB2195 for selection on -Ura), and LEU?2 to XII-5 (using pCfB2337 for
selection on -Leu), allowing for the assessment of simultaneous integration at three distinct sites

using visual and selectable markers.

@ Bacterial transformation

O @ Colony inoculation
! 1
—

i

@ Insert DNA Plasmid purification
cassettes into e

EasyClone @ In vitro DNA assembly \A‘(ﬁl — ‘i‘l o _:' ~ / Q ‘
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vectors . /V Escfli;rﬁmia P Nl

pCrB2909

Linearize assembled
plasmids with Notl

Transform linear DNA
with gRNA plasmid into
BY4741 expressing Cas9

Genome of §. cerevisiae cells expressing
genes of interest and assembly components
at targeted chromosomal locations mediated

by homology directed repair

Figure 14. Using the EasyClone system to simultaneously integrate GFP and a hygromycin resistance cassette
into the X-4 site, URA3 into the XI-3 site, and LEU?2 into the XII-5 site in the genome of S. cerevisiae.
Components from the EasyClone 2.0 (pCfB2194) and MakerFree (pCfB2904, pCfB2909, pCfB3052, and
pCiB2312) toolkits were used to replicate the system’s multiplexing design, where in vitro assembly of genes of
interest (GOIs) into Ylps is required prior to integration into yeast. Figure generated using BioRender.com.
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We successfully demonstrated the simultaneous integration of four genes (GFP, hphMX6,
URA3, and LEU?) into three distinct loci using a multiplexing gRNA (Figure 9). The statistically
significant increase in transformation efficiency compared to the mock control confirms the
system’s capacity for multi-site targeting and integration. However, precision analysis of
colonies selected for integration at all three loci revealed that approximately 14% did not exhibit
GFP expression, resulting in a precision of 0.86. This is lower than the 0.988 precision achieved
in our single-gene, single-locus integration following the EasyClone system’s design (Figure 7).
This observation aligns the EasyClone-MarkerFree study’s analysis which notes targeting
efficiencies of 90-100% for single insertions and 60-70% for triple insertions [76], suggesting

that the complexity of multiplexing can impact the reliability of complete co-integration.

This proof-of-concept experiment, intended to establish a baseline efficiency for my
research on multiplexing with the EasyClone system, highlighted a significant limitation: the
requirement for extensive in vitro cloning. Due to the EasyClone system’s uniform assembly
junction (AJ) sequences (ADH1 terminator upstream, CYC/ terminator downstream) across all
Ylps, our clone-less approach was not directly applicable, necessitating traditional cloning steps.
Nevertheless, this experiment (Figure 14) successfully provided an understanding of the

capabilities and limitations of using the EasyClone system for multiplexing.

4.3 Exploiting Yeast Homologous Recombination

My next research objective focused on leveraging yeast’s efficient HR machinery to
streamline and reduce the cost of genetic engineering workflows. By minimizing reliance on in
vitro cloning, this approach can enable YIp design with shorter cHRs and direct integration of

pre-synthesized GOIs or DNA fragments using PCR-added homology overhangs (AJs).
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A key challenge in this objective is the lack of definitive and quantifiable information
regarding the minimal length of homology required for robust and accurate in vivo DNA
assembly and integration. This variability might be due to factors such as AT/GC content, DNA
fragment structure, or potential unintended complementarity to other regions of the yeast genome
[84], [85]. Therefore, determining the shortest effective homology length could significantly
advance our understanding of yeast’s HR capabilities, potentially supporting literature
speculations that surprisingly short homology regions of 20-30 bp can be sufficient [84], [85],
[112]. To investigate the impact of homology length, we used the ADE?2 locus as a visual reporter
system since its disruption leads to pink colonies, providing a direct readout of successful

homologous directed repair (HDR) at a CRISPR-induced DSB [87].

The first aim I investigated was to determine the shortest chromosomal homology length
for predictable and efficient genomic integration using our clone-less approach. To achieve this,
we designed a Ylp, pEC.IV ade2(400)::HphMX, based on an EasyClone YIp backbone
(maintaining the ADHI and CYC1 terminator AJs and the hygromycin selection cassette), but
targeting the ADE?2 locus with 400 bp upstream and downstream homologies. We then used
CRISPR-Cas9 to target the ADE?2 locus on chromosome XV and tested the integration efficiency
of a GFP expression and AphMX6 cassette with varying chromosomal homology region (cHR)
lengths (30, 50, 200, and 400 bp), while keeping the EasyClone AJ lengths consistent at
approximately 200 bp. Linear DNA fragments were co-transformed with either an ADE2-

targeting gRNA or a mock gRNA into a Cas9-expressing yeast strain.

Figure 10 shows successful GFP integration across all tested cHR lengths using the
ADE?2-targeting gRNA, with 400 bp cHRs being the most efficient (6378 CFU/pmol, 93.6%

integration efficiency), yet 30 bp also showed integration (1700 CFU/pmol, 75.3% integration
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efficiency). Without the ADE2-targeting gRNA, integration was only observed with 400 bp cHRs
(874 CFU/pmol, 59.6% efficiency), likely from inherent yeast HR, similar to our Cas9-
independent results at the X-4 locus with 400 bp cHRs (Figure 7, 450 CFU/pmol). The
significantly higher efficiency with the ADE2 gRNA emphasizes CRISPR-Cas9’s role in
enhancing targeted integration. Furthermore, the 200 bp cHR length also demonstrated high
transformation and integration efficiencies with the ADE2-targeting gRNA (4000 CFU/pmol,
94.3% integration efficiency) and, importantly, showed no integration in the mock gRNA

condition, suggesting it could be a favourable length balancing efficiency and specificity.

In my second aim of this research objective, I explored the impact of assembly junction
(AJ) length (30, 60, and 200 bp, and a 0 bp control) while using 200 bp cHRs (Figure 11). The
highest transformation efficiency was achieved with 200 bp AJs, but even shorter AJs (30 and 60
bp) facilitated integration. As expected, no integration was observed in the absence of any
assembly junction (0 bp AJ). Similar to the cHR experiments, the mock gRNA conditions
showed minimal integration across all AJ lengths, highlighting the specificity conferred by the

gRNA-Cas9 system.

These results suggest that a more streamlined and cost-effective genetic engineering
workflow is achievable. Specifically, future YIp designs can incorporate 200 bp cHRs (based on
their high efficiency and specificity), while any GOI cassette can be prepared with 30 bp AJs
added via PCR overhangs. This strategy, leveraging direct DNA synthesis or PCR, promises a

more cost-effective and rapid workflow for multiplexed yeast genetic engineering.
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4.4 Designing and Validating a One-Step Cargo Linker Liberating
YIp

Building upon our exploration of yeast’s HR capabilities for streamlined genetic
engineering, my next research objective aimed to simplify the process of multiplexing. Current
methods for multi-gene integration, such as those using the EasyClone system, often require the
construction and individual preparation of multiple integrative plasmids (YIps), which can be
time-consuming. To address this, we designed and validated a Ylp, pEC.IV(XV.CL.MX),
intended to streamline the simultaneous integration of two gene cassettes at the ADE?2 locus

through a single restriction enzyme digest reaction (Figure 5).

The design of pEC.IV(XV.CL.MX) incorporates Sapl restriction enzyme recognition sites
strategically positioned to liberate the necessary cargo linker (CL) fragments for our clone-less in
vivo DNA assembly and integration approach with a single digest reaction (Figure 5). Sapl, a
Type IIS restriction enzyme, was chosen for its ability to cut outside of its recognition sequence,
allowing us to precisely define the ends of the DNA fragments released [113], [114]. This is
crucial for generating CLs with the AJs and cHRs needed for efficient in vivo HR-mediated

integration of the GFP cassette and the hphMX6 selection marker at the ADE?2 locus.

The results presented in Figure 12 demonstrate that co-transforming yeast with the Sapl-
digested pEC.IV(XV.CL.MX) and PCR-amplified GFP and hphMX6 cassettes, along with an
ADE?2-targeting gRNA, resulted in a statistically significant increase in pink, GFP-positive
colonies compared to the mock gRNA control. The presence of a significant number of white,
GFP-negative colonies in the mock condition represents the background integration of the

resistance marker, likely due to non-specific plasmid integration or incomplete integration
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events, which highlights the importance of the CRISPR-Cas9-mediated DSBs for targeted

integration using this experimental design.

The integration efficiency for achieving the desired pink, GFP-positive phenotype
(27.2%) and the precision (53.8% of pink colonies were also GFP positive) suggest that further
optimization may be needed to enhance the reliability of co-integration. Overall, this indicates
that our one-step linearizable YIp design, coupled with the clone-less approach, can facilitate the

simultaneous integration of multiple genes at a targeted genomic locus.

In summary, this proof-of-concept study demonstrates the potential of using a one-step
linearizable YlIp to simplify multiplexing by reducing the need for multiple in vitro plasmid
constructions. However, the observed imbalance in co-integration (having pink but GFP-negative
colonies) suggests a potential bias in the integration efficiency of the selection marker (hphMX6)
versus the gene of interest (GFP). We hypothesize that the longer homology regions part of PCR
amplified AphMX6 cassette (173 bp upstream and 200 bp downstream) may facilitate its
integration at a higher rate than the added GFP cassette, which only had 30 bp AJs. To address
this, future work will involve testing this hypothesis by designing PCR primers to amplify the
hphMXG6 cassette with only 30 bp homology to the linearized YIp CL fragments. By making the
homology lengths equal for both the selection marker and the GOI, we aim to improve the
efficiency and precision of simultaneous multi-gene integration using this one-step YIp

approach.
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4.5 Establishing Unique Terminator Insulator Spacer (TINS)
Sequences as Assembly Junctions

When looking to expand our clone-less in vivo DNA assembly and integration approach
for multiplexing across multiple genomic loci, we recognized a limitation of the EasyClone
system. Each EasyClone YlIp contains identical AJs (ADH1 terminator upstream and CYC/
terminator downstream). This means that we cannot use the EasyClone AJs to simultaneously

direct the in vivo assembly of multiple DNA constructs in one yeast transformation reaction.

To address the limitations of the EasyClone system’s identical assembly junctions across
its YIps, we aimed to create novel AJs with unique homology regions. Inspired by the Voigt lab’s
work on genetic circuits [89], which included the analysis of sequences for the creation of
insulated gates with synthetic promoters, strong terminators, insulators (ribozymes and
terminators), and spacers to prevent interference and unwanted HR, we designed Terminator
Insulator Spacer (TINS) sets as unique AJs. We then constructed the pEC.IV ADE2(400):: TINS
YlIp (Table 3) to test the integration of a single GOI into the ADE?2 locus using one of these TINS
sets, with the TINS sequences designed based on an analysis of the Voigt lab’s results [89]

(Appendix A, Table 1).

The results of my evaluation of TINS as unique AJs presented in Figure 13 showed no
significant difference (un-paired t-test) in transformation efficiency between the A DE2-targeting
(522 CFU/pmol) and mock (800 CFU/pmol) gRNA conditions for obtaining colonies with proper
integrations (pink, GFP-positive, and hygromycin resistant). The mock condition yielded more
true positive colonies than the ADE2-targeting (average 25 vs. 16). While the calculated

integration efficiencies (67.6% mock, 72.7% ADE2 gRNA) for true positive colonies and
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precision values (0.862 mock, 0.800 ADE2 gRNA) for the chance that a pink colony is also GFP

positive are high in both conditions, the lack of CRISPR-Cas9 enhancement is notable.

The higher number of true positives in the mock condition implies that the TINS
sequences might be promoting a significant level of Cas9-independent integration. This could be
attributed to the 400 bp of ADE2 cHRs used, which, as seen in our earlier experiments (Figure

10), can facilitate HR even without a DSB.

Moreover, the presence of terminators after gene sequences in DNA cargos used for yeast
integration is crucial for ensuring proper expression of the GOI [88]. Transcriptional terminators
are composed of efficiency elements (like TATATA variants) that enhance termination strength,
positioning elements (often A-rich sequences resembling AAUAAA) that guide RNA cleavage,
and polyadenylation sites where the poly(A) tail is added for mRNA stability [115]. If a
terminator does not function correctly, it can lead to transcriptional read-through into
downstream sequences, potentially disrupting the expression of other genes, and result in
unstable or incorrectly processed mRNA, ultimately leading to reduced or abnormal expression
of the intended gene [115], [116]. Therefore, we hypothesize that the TINS are not functioning as
expected due to inefficient termination of transcription, resulting in lower and less targeted

expression of the GFP gene in pink, ADE?2 disrupted colonies.

A potential solution is to replace the terminator sequences in the TINS with ones
characterized by MacPherson and colleagues [117]. MacPherson’s study designed and validated
a set of short, orthogonal synthetic terminators to prevent HR-mediated rearrangements caused
by repeated use of standard terminators during yeast multigene assembly, achieving a range of
termination efficiencies, some highly effective [117]. We can further enhance our redesigned

TINS by adding adaptor sequences after the spacers with a proven ability to facilitate modular
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genetic assembly in S. cerevisiae [72]. These are VEGAS (versatile genetic assembly system)
adaptors characterized by the Boeke lab as 57 bp sequences made from an in-house collection of

sequences that are distinct from the yeast genome to prevent unintended HR [72].

In summary, while our initial evaluation demonstrated that TINS could function as unique
assembly junctions for gene integration, the lack of CRISPR-Cas9-dependent enhancement and
the lower overall efficiency compared to EasyClone AJs suggest limitations in their current
design. We hypothesize that inefficient transcriptional termination within the TINS may
contribute to reduced and less targeted GFP expression. To address this, future efforts will focus
on redesigning the TINS to create TINAs (Terminator Insulator spacer Adaptor sequences),
potentially by incorporating highly effective synthetic terminators identified by MacPherson
[117] and including VEGAS adaptors [72] after the spacers to, aiming to create more robust and

efficient unique AJs for multiplexed genome engineering.

4.6 Future Outlook: Designing an EasyClone Expansion Pack for
Streamlined Multiplexing

My thesis lays the foundation for a more streamlined and versatile approach to
multiplexed genetic engineering in yeast, which we envision as an EasyClone Expansion Pack.
Figure 15 provides a comparative overview contrasting the current multi-step EasyClone system
with our proposed two-step Expansion Pack for the simultaneous genomic integration of multiple

genes of interest (GOIs) into several chromosomal sites.

The current EasyClone system (Figure 15a) requires the individual cloning of each GOI
into separate YIp, which must be linearized before co-transformation with a multiplexing gRNA

plasmid into a Cas9-expressing yeast strain. While eftective (Figure 9), this multi-step process,
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particularly the in vitro cloning, can be time-consuming and labour-intensive. In contrast, our
proposed EasyClone Expansion Pack (Figure 15b) aims to simplify this workflow. We envision a
single, yeast integrative vector, pEC.IV [EC EP], containing 200 bp chromosomal homology
regions (cHRs) for multiple pre-defined integration sites (such as X-4, XI-3, XII-5). Crucially,
this vector would incorporate our uniquely designed terminator, insulator, spacer, and adaptor
regions (TINAs) as unique AJ sequences. A single restriction digest using Sapl would linearize

this vector, releasing cargo linkers (CLs) as integrative fragments for yeast transformation.

The EasyClone Expansion Pack workflow would involve co-transforming these CLs with
linear GOI cassettes or MX selection marker cassettes. These cassettes would be designed to
contain short (30 bp) homology arms complementary to the TINA sequences on the linearized
vector fragments. This design would leverage our findings on efficient integration with short AJ
lengths of 30 bp, allowing for the direct use of PCR-amplified GOIs or synthesized DNA
fragments, further minimizing the need for in vitro cloning. Combined with a multiplexing
gRNA plasmid, this two-step approach promises to enable the simultaneous integration of

multiple genes into targeted chromosomal locations.

The anticipated outcome of both the traditional EasyClone system and our proposed
Expansion Pack (Figure 15c¢) is the precise integration of GOIs and selection markers at the
desired genomic loci in S. cerevisiae. Future work will focus on constructing and validating the
pEC.IV [EC EP] vector and optimizing the efficiency of the TINA-mediated assembly and

integration of multiple DNA fragments simultaneously.
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Figure 15. Comparative overview of the multi-step EasyClone system versus our streamlined two-step
EasyClone Expansion Pack (EC EP) approach. Both systems allow for the simultaneous genomic integration of

multiple genes of interest (GOIs) into three chromosomal sites (X-4, XI-3, and XII-5) in Saccharomyces cerevisiae.
This figure was created using BioRender.com.
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Chapter 5: Conclusion

This thesis advanced yeast genetic engineering research through the exploration and
development of streamlined, clone-less DNA integration methods enhanced by CRISPR-Cas9.
Yeast’s endogenous homologous recombination (HR) machinery was explored, resulting in
efficient in vivo DNA assemblies occurring when yeast integrating plasmids (YIps) contain 200
bp of chromosomal homology (cHR) with 30 bp of homologous overhangs (AJs) added to genes
of interest by PCR. To simplify multiplexing, a novel one-step cargo linker liberating YIp was
designed and validated for the clone-less simultaneous integration of multiple genes at a single
locus. Furthermore, the potential of unique Terminator Insulator Spacer (TINS) sequences as
assembly junctions for scalable, multi-locus integration was explored, although initial findings
suggest a need for further development to achieve efficiency that is comparable to existing

systems.

These advancements collectively contribute valuable tools and insights towards
supporting my hypothesis that a novel Ylp, presented as our EasyClone Expansion Pack, could
be designed for the two-step, simultaneous multi-loci integration and in vivo assembly of linear
DNA fragments in S. cerevisiae, leveraging HR. This paves the way for the use of low-cost and
streamlined yeast genetic engineering in applications such as complex metabolic pathway
construction for biofuel and vaccine production [46], [50], rapidly engineering industrial yeast
strains with multiple enhanced traits [45], [48], and prototyping gene interactions for mammalian

cell studies [118].
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Appendix

Appendix A: Materials and Methods Supplemental Information

Table 1. Supplemental sequence information for the DNA constructs used in this study.

Purpose Name Sequence (5’ to 3°) \

To create pCfB.XV 20 bp ADE? targeting | CTGCTCATAGAACTCCACAT
(ADE2 gRNA) gRNA sequence

70 bp oligonucleotide | tctccgcagtgaaagataaatgatcCTGCTCATAGAACT

ordered to integrate CCACATgttttagagctagaaatagcaagtt

ADE? targeting gRNA

sequence into an

EasyClone gRNA YEp
To create pCfB.MOCK | 20 bp mock gRNA GCCTATCATCTCGAATCACA

sequence

70 bp oligonucleotide | tctccgecagtgaaagataaatgatc GCCTATCATCTCGAA

ordered to integrate TCACAgttttagagctagaaatagcaagtt

mock gRNA sequence

into an EasyClone

gRNA YEp
Sequencing primer to gRNA-ORI.REV gggggocggagcctatg
validate pCfB.XV and
pCfB.MOCK plasmid
assemblies

TINSL.A CCTATGAATCGGatgatGtATATAcgAAAAGTAT
Unique regions of TAAAAACATCTTACCATtcAAACTACGAGCG
homology created using CTGTCTGTACTTGTATCAGTACACTGACGA
Terminator Insulator GTCCCTAAAGGACGAAACACCGTGATTTG
Spacer (TINS) elements ATCGTAACTTATTCACCCGGTCTGTGTTATT
with sequences TTTTAGATACTGATGATATTTTAGAACCAGA
evaluated in [89] CTATATATAaggatCCTTAC

TINS1.D CAGTGGacAGCTTTTGATTAAGCCTTCTTCC

AAAAAACACTTTTGGTCAaTCCTGAAGCCC
CATAGGGTGGTGTGTACCACCCCTGATGAG
TCCAAAAGGACGAAATGGGGGCCATGTTG
GTATGGTCAATGCGCGGGGCGGCCACGCG
CATCTATGGCGATTAAGCCCTGGAGGGGCA
AGGGTGTGGAAGGCCCTCGGCGTTCGGTT
TAgataatgatgTCATTAT TaatatatataTATATATAttgt
aCCATCC
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Protocol followed for counting colonies using ImageJ, FIJI [106]:

1. Open the Image J software (Fiji Downloads (imagej.net)) and upload image of plate
Convert image to 8-bit:
a. Image = Type - 8-bit
Crop image to only include the plate
Image = Adjust = Threshold = Slide to select which colonies get counted 2 Apply
Process = Binary - Make binary
Process = Binary - Watershed. This separates any clumps of colonies
Define colony size
a. Analyze = Analyze particles. Set size to 10-25000 pixel units and circularity to 0.60
—1.00. Show overlay

N

NownkWw

Appendix B: Results Supplemental Information

EasyClone System vs. Clone-less in vivo Assembly
for Integrating GFP into X-4 Site
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Figure 1. The number of GFP-positive and negative colonies obtained for GFP integration at the X-4 locus
using the EasyClone (EC) system versus our clone-less in vivo assembly method. This was assessed under
conditions without (standard) or with Cas9-mediated double-stranded DNA break. Bars represent the total number of
colonies, with the green portion indicating GFP-positive colonies and the orange portion indicating GFP-negative
colonies. This data was not normalized by the amount of DNA transformed and instead represents the raw colony
counts on YPD + Hygromycin B [200 ng/pL] plates using IVIS for imaging and FIJI for standardized counting. The
standard plates are from 1:4 dilutions and Cas9 from 1:32 dilutions of the yeast transformation mixture plated onto
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https://imagej.net/software/fiji/downloads

YPD for recovery. Error bars represent the standard error of triplicate (n=3) transformations in BY4741 yeast.
Figure created using GraphPad Prism.

Simultaneous Integration of Four Genes
into Three Different Loci Using EasyClone Systems
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Figure 2. The number of colonies counted on different selection plates for the simultaneous integration of
four genes into three different loci using EasyClone systems and a multiplexing gRNA. The four genes and
three integration locations are: GFP and hphMXG6 into X-4, URA3 into XII-3, and LEU?2 into XII-5. These genes
were integrated into EasyClone Ylps, linearized, and co-transformed with mock or multiplex (targeting the three

integration sites) gRNAs into BY4741 yeast expressing Cas9. Colonies that were integrated into the X-4 locus were

counted on YPD + Hygromycin plates, X-4 and XI-3 loci on SC -Ura +Hygromycin plates, X-4 and XII-5 loci on
SC -Leu + Hygromycin plates, and all three loci (X-4 + XI-3 + XII-5) on SC —Ura -Leu + Hygromycin. IVIS was

used to image plates and detect GFP-positive/ negative colonies. Data represent the mean and standard error (error

bars) of technical triplicates (n=3). Figure generated using GraphPad Prism.
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Investigating the Impact of the Length of cHR for DNA Integration Efficiency
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Figure 3. The impact of varying chromosomal homology region lengths from 30-400 bp on integration
efficiency using our Cas9-mediated clone-less in vivo DNA assembly and integration method to integrate GFP
in the ADE?2 locus. Linear products were PCR amplified from the same plasmids, with modifications being made
only to the length of chromosomal homology regions (cHRs). These fragments were transformed into yeast strain
BY4741 containing Cas9 in a 1:1:1 pmol ratio with 500 ng of ADE2-targeting or mock gRNA. Post-transformation,
the reaction mixtures were plated on YPD only agar plates in a 1:32 dilution and then replica plated onto YPD +
Hygromycin B [200ng/uL] plates after 20 hours. The pink, GFP-positive colonies were counted by analyzing
brightfield and fluorescent (using IVIS) images of the plates on FIJI. Data represent the mean and standard error
(error bars) of technical triplicates (n=3). Figure generated using GraphPad Prism.
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Using Linearizable Ylp to Simultaneously
Integrate Two Genes in One Locus
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Figure 4. The number of colonies observed when simultaneously integrating two genes into the ADE2 locus.
pEC.IV(XV.CL.MX) Ylp was digested with Sapl to release the linear fragments that would enable the integration of
a PCR amplified GFP cassette and iphMX6 cassette into the ADE?2 locus. These linear fragments were co-
transformed (1 pmol of each of GFP and hphMXG6 cassettes, 1000 ng of digest) with an ADE2-targeting or mock
gRNA (500 ng) into a BY4741 yeast strain expressing Cas9. Post-transformation, 1:1 dilution (for the mock
samples) and 1:2 dilution (for the ADE2 gRNA samples) of the transformed yeast cells were plated on YPD prior to
replica plating onto YPD+ Hygromycin B [200 ng/pL]. The number of colonies observed on the YPD +
Hygromycin plate imaged using brightfield (to observe pink colonies) and IVIS (to detect GFP) are plotted. Data
represent the mean and standard error (error bars) of technical triplicates (n=3). Figure generated using GraphPad
Prism.
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TINS as Unique AJs for Integrating
GFP into the ADE2 Locus
50m

1 Pink/GFP+
1 Pink/GFP-
1 White/GFP+
40+ 3 White/GFP-
| B3
9
5 30m
©
o T
[}
3
£ 20=-
=]
=
10
0 | | |
Mock ADE2
gRNA Target

Figure 5. The number of colonies observed when using terminator insulator spacer sequences as unique
assembly junctions for integrating GFP into the ADE?2 locus. pEC.IV ADE2(400)::TINS YIp was PCR amplified
to provide fragments #1 (contains 400 bp upstream ADE2 cHR and TINS1.A) and 2 (TINS1.D, hphMX6 cassette,
and 400 bp downstream ADE?2 cHR) for the clone-less in vivo DNA assembly and integration of a GFP cassette with
TINS1.A and TINS1.D functioning as AJs. These linear DNA fragments were co-transformed in a 1:1:1 pmol ratio
an ADE2-targeting or mock gRNA (500 ng) into a BY4741 yeast strain expressing Cas9. Post-transformation, 1:32
dilutions of transformed yeast cells were plated on YPD only prior to replica plating onto YPD+ Hygromycin B [200
ng/pL]. The number of colonies observed on the YPD + Hygromycin plate imaged using brightfield (to observe pink
colonies) and IVIS (to detect GFP) are plotted. Data represent the mean and standard error (error bars) of technical
triplicates (n=3). Figure generated using GraphPad Prism.
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