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Abstract
The genome of every known organism is composed of deoxyribonucleic acid (DNA).
The DNA in organisms like humans, is organized into chromosomes and encodes the
genetic instruction necessary for survival. When alterations occur in the genome,
they can lead to disease. Structural variations (SVs) are large-scale genomic re-
arrangements, which can span several megabases, and are difficult to detect using
traditional short-read sequencing methods. SVs have been observed in the widely
used eukaryotic model organism Saccharomyces cerevisiae (S. cerevisiae). Partic-
ularly in strains with a compromised defense system against endogenous reactive
oxygen species (ROS). In this project, optical genome mapping (OGM) was used to
study SVs in a ROS-sensitive S. cerevisiae strain lacking the TSA1 gene. OGM is
a technique that enables sequence-related information to be extracted across long
DNA segments. OGM was performed using competitive binding of YOYO-1 and
netropsin to fluorescently label DNA, followed by stretching od DNA via a nanoflu-
idic approach. The DNA was then imaged using fluorescence microscopy. A cul-
tivation scheme was developed for both wild-type and ROS-sensitive S. cerevisiae
strains suitable for the purpose of this study. Additionally, chromosomal DNA ex-
traction methods were evaluated to obtain long DNA fragments suitable for OGM.
Fluorescence imaging data was processed to generate single molecule intensity pro-
files (barcodes). Barcodes where then compared to theoretical intensity profiles of
the S. cerevisiae reference genome to assess coverage and detect structural changes.
Amongst the samples, enough data was obtained to cover the entirety of the S.
cerevisiae genome approximately 4-11 times. By focusing on chromosome II, com-
parisons between non-stressed and oxidatively stressed strains revealed intensity
profile differences that may indicate SVs. However, further validation, preferably
with higher coverage, is necessary to further characterize the genomic changes.

Keywords: DNA, Structural variations, Optical Genome Mapping, Saccharomyces
cerevisiae, Competitive binding, nanofluidics, reactive oxygen species, TSA1
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1
Introduction

Deoxyribonucleic acid (DNA) carries the genetic information essential for the func-
tion, survival, and evolution of all known organisms [1]. The information is packaged
in the form of chromosomes, which together constitute the genome. When changes
occur to the genome, though mutations or structural variations (SVs), they can lead
to disease. Detecting and characterizing these changes is therefore of great impor-
tance. Structural variations (SVs) refer to large-scale alterations to the genome,
such as deletions, duplications, inversions, or translocations [2]. They have been
shown to be associated with numerous types of cancer as well as genetic disorders
[3] [4]. Due to their size, which can span up to several megabases, SVs are di�cult
to detect using traditional short-read sequencing methods. Therefore, techniques
that provide long-read sequence information are of interest, such as optical genome
mapping (OGM).

OGM is a single-molecule technique that involves �uorescent labeling and stretching
of long, intact DNA molecules [5]. The DNA molecules used for OGM are typically
over 150 kilobase pairs, which are then imaged using �uorescence microscopy. This
enables the extraction of sequence-related information across longer length scales
than the currently possible with traditional sequencing.

The widely used eukaryotic model organismSaccharomyces cerevisiae(S. cere-
visiae), has a genome consisting of 16 chromosomes [6].S. cerevisiaehas previously
shown SVs associates with a compromised oxidative stress defene system [7]. Specif-
ically, a deletion of the TSA1 gene which codes for a peroxiredoxin, impairs the
organism's ability to manage endogenous reactive oxygen species (ROS), leading to
genomic instability.

However, detailed characterization of these SVs has been limited by the lack of suit-
able techniques. OGM now provides the potential to detect such variations. Ap-
plying OGM to study SVs in S. cerevisiaecould serve as a foundation for extending
this approach to investigate similar mechanisms in human diseases.
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1. Introduction

1.1 Aim

The aim of this project is to characterize structural variations using competitive
binding optical genome mapping in aSaccharomyces cerevisiaestrain with a com-
promised defense system against endogenous reactive oxygen species.

To achieve the aim, it can be divided into three parts:

ˆ Develop a S. cerevisiaecultivation scheme for studying the development of
SVs due to endogenous ROS.

ˆ Evaluate DNA extraction methods to ensure that the resulting DNA is suitable
for OGM.

ˆ Perform OGM and identify SVs.

1.2 Limitations

This project will focus on a single strain, wild-type BY4742, and BY4742 with a
speci�c mutation, no other strains will be used throughout the study. Any SVs
detected will be attributed to oxidative stress rather than to the strain-speci�c
mutation. While di�erent ROS-sensitive strains with di�erent underlying mutations
could result into di�erent types of SVs, it is beyond the scope of this project to
investigate. The use of OGM has limitations regarding the size of SVs that can be
detected, as it is not possible to obtain base-pair resolution and smaller SVs may
therefore go undetected. In addition, the project is limited to a single approach to
inducing oxidative stress in cells.

Since the yeast will undergo limited growth in liquid culture (fewer than �ve gener-
ations), it is not entirely possible to exclude genomic changes occurring during this
phase. The potential changes to the genomes and the possibility for heterogeneity
within a DNA sample represent a limitation in the experimental design.

1.3 Ethical and Societal aspects

At its current stage, this project does not involve any ethical concerns, as no ex-
periments will be conducted on organisms other thanS. cerevisiae. However, future
applications may involve utilizing OGM to detect SVs in the human genome. When
the method is ready for human genome analysis, the ethical considerations will need
to be reassessed.
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2
Theory

The following chapter provides theoretical information on DNA, Optical Genome
Mapping (OGM), Structural Variations (SVs), S. cerevisiaeand Reactive Oxygen
Species (ROS), to provide context and understanding of the project.

2.1 DNA

The Central Dogma of molecular biology describes the �ow of genetic information
within a biological system [1]. It illustrates how genetic instructions are transferred
from DNA to RNA, ultimately leading to protein synthesis. At the core of this
process is DNA, the molecule that stores all hereditary information. DNA carries
genetic information in all known organisms, both eukaryotic and prokaryotic organ-
isms, making it fundamental to life. The genome of an organism is de�ned as the
entirety of DNA present in its cells [8].

2.1.1 DNA Structure

The DNA molecule consists of two antiparallel strands arranged in a double he-
lix structure. Each strand is composed of a linear sequence of nucleotides, which
are connected by phosphodiester bonds, forming the sugar-phosphate backbone, as
illustrated in Figure 2.1 [9]. Each nucleotide includes a nitrogenous base, either ade-
nine (A), cytosine (C), guanine (G) or thymine (T), which determines the genetic
code. These bases pair speci�cally with complementary bases on the opposite strand
through hydrogen bonds. As shown in Figure 2.1, adenine pairs with thymine (A-T)
via two hydrogen bonds, while guanine pairs with cytosine (G-C) via three hydrogen
bonds. The additional hydrogen bond in G-C pairs contributes to greater stability
compared to A-T pairs.

3



2. Theory

Figure 2.1: Structure of the DNA double helix, highlighting the sugar-phosphate
backbone, base pairing, helix width, and the distance between base pairs. Created
in https://BioRender.com

Adenine and guanine are classi�ed as purines and consist of two nitrogen-containing
rings [9]. Thymine and cytosine are on the other hand classi�ed as pyrimidines and
consist of one nitrogen-containing ring. The two strands of DNA are antiparallel
and twist around each other to form a double helix. The helical shape of DNA is the
most energetically favorable conformation, resulting in the nitrogenous bases being
positioned on the inside of the molecule and the sugar-phosphate backbone on the
outside.

The phosphate groups in the backbone of the DNA molecule carry negative charges,
which gives the entire DNA molecule an overall net negative charge [10]. The di-
ameter of the DNA helix which is determined by the distance between the two
backbones across a base pair, is approximately 2 nanometers (nm) [9]. Each base
pair is spaced about 0.34 nm apart, and one complete helical turn spans 10 base
pairs, which corresponds to a length of approximately 3.4 nm.

2.1.2 Eukaryotic DNA

The organization of DNA di�ers signi�cantly between eukaryotic and prokaryotic
organisms. One di�erence is where the cells stores the DNA [11]. In eukaryotes,
the DNA is enclosed within a membrane-bound nucleus. Prokaryotes, instead of a
membrane compartment, have a region where the DNA typically exist, called the

4



2. Theory

nucleoid. In eukaryotic organisms, the DNA is arranged in chromosomes, where the
number of chromosomes depends on the species [12]. The shape of a chromosome
is characterized by its arms, with the ends referred to as telomeres and the central
region where the arms meet known as the centromere, as illustrated in Figure 2.2.

Due to the limited space within the nucleus, eukaryotic cells must compact their
long DNA molecules into a highly condensed and organized structure. The orga-
nization of DNA is facilitated by histones, specialized proteins that form histone
octamers (complexes composed of eight histone proteins) which package DNA into
a more compact structure [12]. Histones are positively charged, which allows them
to e�ectively bind to the negatively charged DNA, facilitating tight packing. DNA
wraps around a histone octamer approximately 1.65 times, and thereby forming
a structure called nucleosome, as shown in Figure 2.2. A nucleosome represents
the fundamental unit of chromatin, which is the complex of DNA and protein that
constitutes the chromosomes.

Figure 2.2: Organization of a chromosome, showing condensed chromatin structure
and a zoom-in on the nucleosome. The locations of the telomere and centromere are
also highlighted on the chromosome. Created in https://BioRender.com

These nucleosomes are connected by linker DNA strands and are further folded
into chromatin �bers [12]. Through additional levels of compaction, the chromatin
�bers are coiled and condensed into the highly organized structure of a chromosome,
enabling e�cient storage, regulation, and access to genetic information within the
nucleus.
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2. Theory

2.2 Advancements in Genomic Mapping Technolo-
gies

In recent years, traditional DNA sequencing methods have become increasingly re-
�ned, which has been signi�cant for the advancement of genomics as a �eld [13].
Short-read sequencing refers to technologies that generate DNA fragments of rela-
tively short lengths, typically ranging from 100 to 300 base pairs (bp), which are
sequenced individually during a run [14]. Next-generation sequencing (NGS), par-
ticularly platforms like Illumina, are a widely used short-read family of methods that
has revolutionized genomics by enabling high-throughput, cost-e�ective sequencing
with single-base resolution. NGS is well-established and broadly accessible, and its
capacity to generate large amounts of data makes it the preferred method of choice
for numerous applications, including detection of single-nucleotide variants (SNV),
small insertions and deletions (indels), and copy number variations (CNVs), which
require high base-level accuracy [13].

Short-read sequencing has limitations, especially when assembling complex genomic
regions or detecting large structural changes that exceed the read length. Fluo-
rescence In Situ Hybridization (FISH) is a method that overcomes some of these
limitations which allows for localization of speci�c DNA sequences directly on chro-
mosomes [15]. However, FISH is most e�ective for studying genomic changes ranging
from several hundred kilobase pairs (kbp) to megabase pairs (Mbp) and has inherent
limitations in resolution [16].

To overcome these challenges of short-reads and low resolution, methods that provide
information in the kilobase pair (kbp) scale, such as optical genome mapping, may
be employed [5].

2.3 Optical Genome mapping

Optical Genome Mapping (OGM) is a technique in which �uorescently labeled indi-
vidual DNA molecules are analyzed by stretching them out and imaging them using
�uorescence microscopy [5]. This method enables the collection of sequence-related
information across large genomic regions. OGM provides long-scale optical maps
corresponding to a minimum of 150 kbp [17]. This capability allows for the detec-
tion of large-scale genomic changes that are often missed with NGS. In addition,
OGM can visualize complex regions of the genome, such as repetitive sequences.

Another possibility of OGM is de novogenome assembly, which enables the con-
struction of reference maps for entire genomes of organisms [18]. These maps can
then be used to detect large-scale genomic variations.

2.3.1 DNA Stretching in OGM

For OGM purposes, DNA can be stretched either by anchoring it to glass or con�ning
it within nanochannels [5]. In the latter approach, an applied force drives the DNA
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into nanochannels on a nano�uidic chip, where it becomes elongated. Compared to
glass-based stretching methods, nano�uidics o�ers advantages that include uniform
DNA stretching and a higher throughput data collection [19].

Elongation of DNA by con�nement occurs due to several factors. DNA molecules
carry a negative charge, and when con�ned within nanochannels that also have
negatively charged walls, electrostatic repulsion occurs. The repulsion, combined
with the restriction of movement due to the dimensions of the nanochannels, causes
the DNA to extend [20].

Some physical aspects of DNA behavior when con�ned within nanochannels can be
described using its persistence length (P) and contour length (L). The persistence
length describes the sti�ness of DNA, representing its resistance to bending under
thermal �uctuations. In contrast, the contour length refers to the total length of
the DNA backbone.

The behavior of DNA in nanochannels is also in�uenced by the dimensions of the
channels, speci�cally the average cross-sectional diameter (D), as this determines the
con�guratios that the DNA can assume [20]. DNA typically adopts a coil formation
when free in solution, as shown in Figure 2.3. However, when con�ned within a
nanochannel, the DNA may take on di�erent regimes depending on the channel
dimensions. The de Gennes and the Odijk regime are illustrated in Figure 2.3.
The de Gennes regime describes the con�guration of DNA as a series of blobs,
occurring when the channel size is larger than the DNA's persistence length (D
> P). In contrast, the Odijk regime occurs when the channel size is smaller than
the persistence length (D < P). Under these conditions, DNA is less likely to form
blob-like structures compared to the de Gennes regime and hence a more extended
con�guration [20].
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Figure 2.3: Con�gurations of DNA when free in solution and when con�ned within
nanochannels. In the de Gennes regime (D > P), DNA forms a series of blob-
like structures, while in the Odijk regime (D < P) it may adapt a more extended
con�guration.

The degree of DNA extension can vary depending on solvent conditions, such as salt
concentration, which reduces the electrostatic repulsion along the DNA. Therefore,
to accurately determine the DNA extension when performing OGM, a size reference
is required. � -DNA is commonly used for this purpose.� -DNA is linear and double-
stranded phage DNA widely used for research purposes and is obtained from an
Escherichia Coli bacteriophage [21]. When fully extended,� -DNA has a contour
length of around 16.5� m, consisting of 48.5 kbp [22].

2.3.2 Labeling strategies for OGM

Several DNA labeling strategies have been developed for OGM. The available la-
beling strategies can be categorized as either sparse labeling or continuous labeling
[23]. Sparse labeling involves the introduction of �uorescent tags at speci�c sequence
locations along the DNA molecule. Fluorescent tags can be, for example, incorpo-
rated using labeled nucleotides during the repair of controlled single-strand nicks or
cuts. These nicks or cuts can be introduced by enzymes such as nicking enzymes or
CRISPR-Cas9 systems. The resulting �uorescent pattern creates a barcode-like map
where tagged locations correspond to speci�c DNA sequences. Continuous labeling,
on the other hand, results in a barcode represented by a continuous �uorescent in-
tensity pro�le along the DNA strand. This pro�le can be achieved by more frequent
labeling of the DNA, using denaturation mapping to exploit di�erences in melting
temperatures between sequences or through a�nity-based binding with molecules
like intercalating dyes [23], [24].
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BioNano Genomics has commercialized OGM that uses a sparse enzymatic labeling
approach and electrophoretic force to guide DNA into nanochannels. This method
enables the collection of sequence-related information across much longer length
scales compared to traditional sequencing techniques [25]. Their Direct Labeling
and Staining (DLS) approach has allowed for a standardized labeling process and
thereby enhances scalability as well as accessibility.

In contrast, Westerlund's BioNanoFluidics research group at Chalmers University of
Technology has developed an approach that combines nano�uidics with competitive
binding (CB) based labeling [26]. The competitive binding of two ligands results in
a sequence-dependent continuous �uorescent signal that can be used for OGM. The
two ligands used in Westerlund's CB strategy are YOYO-1 and netropsin.

YOYO-1 is virtually non-�uorescent in solution [27]. However, when bis-intercalated
into double-stranded DNA, it exhibits strong �uorescence due to the restriction of
its movement. The molecule is a homodimer and belongs to the cyanine dye family
and is widely used for probing and visualizing DNA. YOYO-1 exhibits an emission
peak at 509 nm when excited at around 470 nm, resulting in green �uorescence.
The molecule consists of two oxazole yellow (YO) units, which are aromatic ring
structures connected by a methane bridge. When bound to DNA, each YOYO-1
molecule spans approximately 4 base pairs [28]. Studies have shown that YOYO-1
binding causes conformational changes to the DNA, including some extension of the
contour length.

Netropsin, on the other hand, is an antibiotic and binds to DNA through hydrogen
bonding to adenine (A) and thymine (T) bases [29]. Additionally, netropsin prefers
the minor groove of the DNA helix due to it having more possibilities for hydrogen
bonding acceptors. For netropsin to bind, it is essential to have at least three
consecutive AT base pairs.

By mixing YOYO-1 and netropsin with DNA, netropsin binds to AT-rich regions,
blocking these sites and allowing YOYO-1 to primarily bind to GC-rich regions
[30]. Since YOYO-1 is �uorescent, this competitive binding produces variations in
�uorescence intensity along the DNA molecule, where higher intensity corresponds
to GC-rich regions and lower intensity to AT-rich regions, illustrated in Figure 2.4.
The �uorescence imaging data is used to generate barcodes for each DNA molecule,
corresponding to the �uorescence intensity pro�le that re�ects the GC content at
speci�c positions along the molecule.
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Figure 2.4: Illustration depicting YOYO-1 and netropsin binding to DNA, demon-
strating how DNA elongation facilitates the generation of an intensity pro�le, also
referred to as a barcode.

2.4 Structural Variations

In the context of genomics, structural variations (SVs) refer to large genomic rear-
rangements such as insertions, deletions, translocations and copy number variations
[2]. SVs are characterized by a wide range of sizes, typically spanning from 50 base
pairs to several megabases. While NGS can detect small SVs, and FISH can resolve
larger SVs spanning multiple megabases, there remains a detection gap for SVs in
the kilobase to low-megabase range. One such approach is OGM, which enables the
detection of SVs in this size range and is commercially available through BioNano
Genomics [25][31].

In humans, SVs can arise under diverse conditions and may have signi�cant con-
sequences related to various diseases [32]. For instance, SVs are closely associated
with numerous cancers, including breast cancer and hematologic malignancies [3]
[4]. Therefore, developing methods to e�ectively detect SVs and investigating the
mechanisms underlying their formation are critical for understanding their role in
health and disease.

SVs may result from DNA damage that is not properly repaired by the cell's DNA
repair systems. This damage can originate from endogenous factors, meaning that
they arise from internal cellular functions [33]. Endogenous damage could for exam-
ple be improper DNA repair, spontaneous double-stranded brakes or accumulation
of reactive oxygen species. Alternatively, exogenous sources of DNA damage could
also lead to SVs arising. These include for instance ionizing radiation or chemical
exposure. If such damage is not repaired correctly, it may destabilize the genome
and potentially leading to SVs.

2.5 Saccharomyces cerevisiae

The budding yeastSaccharomyces cerevisiae(S. cerevisiae) also known as baker's
yeast is a well studied model organism and has been widely used for both research
and industrial purposes for many years [6]. The name budding yeast comes from its
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particular mechanism of reproduction, where the daughter cell forms as an outgrowth
or bud on the parent cell. Once the bud is fully developed, it pinches o� and a
genetically identical cell has been created.

Its major importance in the world of research stems from it being an eukaryote
that shares many fundamental biological processes with higher eukaryotes such as
humans [6]. S. cerevisiaeis also highly susceptible to genetic modi�cations and
therefore excellent for studying gene functions.

2.5.1 The genome of S. cerevisiae

Through a collaboration that reached world-wide, the genome ofS. cerevisiaebe-
came the �rst eukaryotic genome to be completely sequenced [34] [35]. The work
was released in 1996 and involved contributions from hundreds of researchers. The
achievement was groundbreaking and allowed for valuable insights into the funda-
mental biology of eukaryotes. The strain S288C was used as a reference strain during
its sequencing, which is a widely used strain in laboratory work. The BY4742 strain
of S. cerevisiaeis also commonly used in laboratory settings and is a derivative of
S288C, with only minor genetic di�erences [36].

S. cerevisiaehas a genome composed of 16 nuclear chromosomes and a mitochondrial
chromosome ranging from 68 to 86 kbp. Together, these comprise approximately
12,200 kbp and encode around 6000 protein coding genes [6]. The 16 chromosomes
and their corresponding sizes in kbp are shown in Figure 2.5, ranging from the
smallest, chromosome I (� 230 kbp), to the largest, chromosome IV (� 1532 kbp)
[37].

Figure 2.5: All 16 nuclear chromosomes ofS. cerevisiaeshown with their corre-
sponding sizes in kilobase pairs (kbp). Chromosome I is the smallest, at approxi-
mately 230 kbp, while chromosome IV is the largest, at around 1532 kbp. Size data
obtained from the Saccharomyces Genome Database (SGD)
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There are regions of theS. cerevisiaegenome that are di�cult to sequence, leading
to limitations in the reference genome [38]. This is particularly true for repetitive
regions, such as those found on chromosome XII, where tandem repeats, approxi-
mately 150 to 200 in number, make up around 60% of the entire chromosome.

2.5.2 The cell wall of S. cerevisiae

A crucial component of the cellular structure of yeast is the cell wall, which for
S. cerevisiaecorresponds to approximately 30% of the dry weight of the cell [39].
The cell wall constitutes four major functions; to maintain the shape of the cell,
protection against any physical stress, stabilization of internal osmotic conditions
as well as a sca�old for proteins [40]. The cell wall has a width of 110-200 nm
where the major components are polysaccharides, mannoproteins and lipids and
the main components are illutrated in Figure 2.6 [41]. Out of the polysaccarides,� -
glucans compose the major part of the cell wall where� -1,3-glucan forms the primary
structural framework of the cell wall and� -1,6-glucan is an essential for maintaining
wall integrity and acts as a linker connecting� -1,3-glucan to manoproteins and
chitin. Chitin is another polysaccaride of much lower cell wall density, around 1 to
2%, and can be found of the highest concentration in the septum or bud neck, formed
as a scar resulted from budding. Mannoproteins, located in the outermost layer of
the cell wall, interact with the environment and can exhibit enzymatic activity.

Figure 2.6: llustration of the S. cerevisiaecell wall, highlighting its components:
mannoproteins,� -1,3-glucans,� -1,6-glucans, chitin and the plasma membrane.

The structural complexity of the yeast cell wall must be considered when plan-
ning methods to access intracellular components. Degrading the cell wall results in
the creation of spheroplasts, which is what cells are called when the cell wall has
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been partially or completely removed [42]. To create spheroplasts, strategies such
as mechanical, chemical or enzymatic methods may be employed. For enzymatic
degradation, enzyme preparations of lyticase or zymolyase can be used.

Lyticase is a lytic enzyme system puri�ed fromArthrobacter luteus and primary
consists of� -1,3-glucanase, witch hydrolyses� -1,3-glucan, a major component of the
S. cerevisiaecell wall [43]. Zymolyase, on the other hand, is a mixture of enzymes
in which � -1,3-glucanase is also the dominant source of activity. Like lyticase,
zymolyase can be extracted fromArthrobacter luteus, but also contains enzymatic
activities such as proteases and mannan-degrading enzymes [44]. The more complex
composition of zymolyase compared to lyticase, with its ability to target di�erent
parts of the cell wall, may lead to a higher success rate in spheroplast generation.

2.5.3 Cultivation of S. cerevisiae

Cultivation of S. cerevisiaeis most commonly performed in liquid medium or on agar
plates [45]. As mentioned earlier, the yeast is widely used in laboratory environments
and largely because it is easy to cultivate. Yeast extract Peptone Dextrose (YPD)
is one of the most commonly used growth media. YPD can be prepared both as
liquid broth or solidi�ed with agar to create plates.

In liquid culture, the availability of nutrients is generally more uniform as a result
of constant mixing, which reduces the formation of gradients. Cultivation on agar
plates on the other hand may create nutrient gradients as cells grow, depleting
local nutrients and causing a variation of nutrient availability within a colony [46].
These gradients may subject cells to stress which can result in modi�cations to the
composition of the cell wall. Studies suggest that solid-grown yeast can have a higher
content of mannoproteins and glucans compared to liquid-grown yeast, making the
cell wall more rigid [47].

The growth of S. cerevisiaein a liquid culture can be categorized into three distinct
phases: lag, exponential (log) and stationary-phase, all illustrated in Figure 2.7
[48]. The lag phase describes the period before the cells begin exponential growth,
during which they adapt to their environment and only minimal cell replication
occurs. Under optimal growth conditions, this phase usually lasts between 30 to 90
minutes. once the cells have adapted, they enter the next phase phase, namely the
exponential phase, or also often refereed to as the log phase. Here, the the number of
cells increase exponentially, andS. cerevisiaehas a doubling time of approximately
90 minutes. The stationary phase begins when nutrients are depleted and can no
longer support exponential growth. To monitor cell growth in liquid culture, a
spectrophotometer can be used to measure optical density (OD), which correlates
with cell concentration. Continuous OD measurements allow real-time tracking of
the growth curve and identi�cation of the current growth phase.
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Figure 2.7: Growth curve illustrating the growth of S. cerevisiaein liquid culture
showing the three main phases: lag, exponential (log) and stationary.

The growth monitoring when cultivating S. cerevisiaeon solid YPD agar plates
di�ers from how it is done when monitoring a liquid culture. Instead of measuring
OD or concentration of cells, growth is observed by the formation and expansion
of colonies growing on the plate [49]. Cultivation on solid YPD agar plates takes
generally longer time compared to in liquid culture.

2.6 Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) is a term that is used to describe a group of highly
reactive compounds, derived from molecular oxygen, which are formed through
reduction-oxidation (redox) reactions [50]. These ROS-generative redox reactions
may take place during metabolic processes in the cell (endogenous) or as a result
of some sort of exposure from the surrounding environment (exogenous) such as
ionizing radiation [51]. A primary source of endogenous ROS production is in the
mitochondria as byproducts from the electron transport chain where molecules such
as superoxide anion radical (O2� ) and hydrogen peroxide (H2O2) are formed. Within
a cell or organism, there exists a phenomenon known as oxidative eustress, where
reactive oxygen species (ROS) play essential roles in cellular signaling and home-
ostasis. However, excessive exposure to ROS can lead to oxidative stress, a condition
that causes damage to cellular components and disrupts normal function [50]. ROS
have been studied in relation to various diseases, carcinogenesis and in connection
to aging.

2.6.1 Endogenous ROS scavenging

The major endogenous ROS hydrogen peroxide, has been shown to have signaling
attributes connected to antioxidant defense systems. The cell has developed several
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defense mechanisms to excessive amounts of ROS and these systems have been
identi�ed in all kingdoms of life. These systems include peroxiredoxins, a family of
small antioxidant proteins [52]. Peroxiredoxins scavenge peroxide through reactive
cystine residues that can catalyze the reduction of H2O2 and using a thioredoxin as
electron donor. In S. cerevisiae, the TSA1 gene encodes the peroxiredoxin Tsa1p
, which plays a critical role in scavenging endogenous ROS [7]. In the absence of
Tsa1p, ROS levels rise, leading to oxidative stress and an increased likelihood of
mutations. Defects in DNA repair systems, such as the base excision repair (BER)
and nucleotide excision repair (NER) pathways, have also been shown to elevate ROS
levels and thereby increase mutations rates and promotion of large-scale genome
rearrangements.

SVs in S. cerevisiaehave been observed in strains with a deletion of the TSA1
gene and with severely compromised BER and NER pathways, demonstrated by
Contour-Clamped Homogenous Electric Field (CHEF) electrophoresis [7]. CHEF
electrophoresis is a type of pulse-�led electrophoresis which can separate large DNA
molecules. However, due to the limitations of this technique, including low resolu-
tion, certain genomic changes could not be detected and therefore remained char-
acterized. Thus, studying genomic changes arising from these genetic variations
that causes oxidative stress is of interest using higher-resolution techniques, such as
OGM.

It has been shown that chromosome II is more susceptible to SVs caused by oxidative
stress, compared to, for instance, chromosome III [7]. This was demonstrated using
CHEF electrophoresis, a technique that more easily resolves smaller chromosomes
like chromosome III, enabling a direct comparison. These �ndings suggest that
chromosome II is particularly prone to oxidative stress-induced genomic instability.

Additionally, chromosome II contains a high density of retrotansposon sequences,
particularly in the regions surrounding its centromere. These mobile genetic ele-
ments, especially when present in repeated copies, are know to act as hotspots for
genome rearrangements [53]. This heightens the susceptibility to SVs.
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The methodology of the project included the culture ofS. cerevisiae, extraction of
genomic DNA, the use of OGM with a competitive binding labeling strategy, as well
as the processing and analysis of the obtained data.

3.1 Cultivation of S. cerevisiae

The S. cerevisiae strain used in this project was BY4742, along with a mutant variant
lacking the TSA1 gene (� tsa1), which is known to be more susceptible to oxidative
stress.

S. cerevisiaewas cultivated using both liquid culture and solid agar plates. The
methodologies for each approach are described in Sections 3.1.1 and 3.1.2, and were
primarily followed during experiments aimed at establishing a cultivation scheme
suitable for the objectives of this project. The resulting cultivation scheme is shown
in Section 3.1.3 and was followed for experiments to asses changes to the genome
due to oxidative stress.

3.1.1 Cultivation in liquid YPD media

A liquid culture of S. cerevisiaewas inoculated by transferring a yeast colony from an
agar plate into a sterile Falcon tube containing 10 ml of YPD media. Two replicates
were prepared, along with a control containing only YPD media to con�rm sterility
during handling of yeast. The tubes were incubated overnight at 30°C in a shaker
set at 200 rpm.

On the following day, a small volume of the overnight yeast culture was transferred
to a sterile Erlenmeyer �ask containing YPD media. For monitoring growth optical
density measured at a wavelength of 600 (OD600) was used. The goal was to adjust
the starting culture to an OD600 of 0.1. For example, this could be achieved by
diluting 100 ml of YPD media with 2 ml of yeast culture, followed by adjusting
with additional yeast culture as needed to reach the target OD600. Once the culture
reached an OD600 of 0.1, the �ask was incubated at 30°C with shaking at 200 rpm
for 6-8 hours, until an OD600 of approximately 1.0 was reached. Then 100 ml of the
culture was divided into three sterile Falcon tubes with an estimated total of6� 108
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cells in each tube. The tubes were centrifuged at 5000 xg for 10 minutes at 4°C.
Following centrifugation, the supernatants were discarded, and the cell pellets were
frozen at -20°C for storage.

3.1.2 Cultivation on agar YPD plates

When cultivating S. cerevisiaeon YPD agar plates, a single colony was picked using
an inoculation loop and streaked onto a fresh YPD agar plate. The plate was
incubated at 30°C for at least 3 days. After incubation, the newly formed colonies
could be used for subsequent experiments.

3.1.3 Cultivation Scheme and Creation of Passages

Taking into account the two DNA extraction techniques evaluated in Section 4.1,
a yeast cultivation scheme involving �ve serial passages was established. The culti-
vation scheme includes cultivation of two strains of BY4742S. cerevisiae, wild-type
(WT) and � tsa1 (TSA), as illustrated in Figure 3.1. Five passages have been shown
to be su�cient to observe genome rearrangements, as described by Degtyareva et al.
[7], and hence why this number of passages was chosen. Here, one passage is de�ned
as re-streaking one colony of yeast onto a fresh YPD agar plate and letting it grow
at optimal conditions for 3 days. As indicated in the illustration of Figure 3.1, four
di�erent sample types are in the end created named by the type ofS. cerevisiae
strain and the amount of passages it has been subjected to: WT 0, WT 5, TSA 0
and TSA 5.
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Figure 3.1: Cultivation and passage scheme for two strains of BY4742S. cerevisiae,
WT and � tsa1, indicating the sample names WT 0, WT 5, TSA 0 and TSA 5.

Before creating Passage 1, colonies were picked to create liquid cultures with the
purpose to increase the mass of yeast. This was done to ensure su�cient amount of
yeast for genomic DNA extraction as well as getting a su�cient DNA concentration
for down stream experiments. Liquid cultures were also created after passage 5 for
the same due to the same reasoning as described previously.

For each liquid culture created, one colony was placed into a 100 ml shake �ask
containing 10 ml of YPD media. This corresponds to approximately1:5 � 105

amount of cells. One extra liquid culture for each type of strain was created for
each experiment to be able to monitor the growth using a spectrophotometer to
measure OD600. In addition to monitoring yeast growth, OD600 measurements were
also used to ensure that the cells did not grow for more than �ve generations, thereby
minimizing the risk of potential genomic changes.

When the yeast had grown for su�cient time, not surpassing the set limit of 5
generations, the content of each separate shake �asks were transferred to separate
Falcon tubes for centrifugation. Each sample were then centrifuged for 10 minutes
at 5000 x g to pellet the cells. Once the supernatant containing the YPD media was
removed by decantation and pipetting, the pellets were frozen at -20°C for storage.
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This was done for the four samples indicated in the cultivation scheme in Figure
3.1.

3.2 Genomic DNA Extraction

Extraction of genomic DNA from S. cerevisiaewas performed either by embedding
DNA in agarose plugs using CHEF Yeast Genomic DNA Plug Kit from BIO-RAD
or through a strategy including separation on glass beads with Monarchr HMW
DNA Extraction Kit for Tissue.

3.2.1 Preparation of Agarose Embedded DNA

The genomic DNA extraction for yeast cultivated on YPD plates using the CHEF
Yeast Genomic DNA Plug Kit from BIO-RAD was performed according to the
manufacturer's protocol, with modi�cations to accommodate yeast grown on solid
media rather than liquid cultures.

To prepare agarose DNA plugs, 62.5µl of Cell Suspension Bu�er (CSB) was added to
1.5 ml Eppendorf tubes, one for each plug. Yeast colonies were transferred directly
from the plate into the CSB using small inoculation loops. The tubes were then
frozen at -20°C for at least 16 hours. After freezing, the tubes were thawed and
placed on a 37°C heating block. The next step included addition of enzymes for cell
wall degradation, which was either lyticase or Zymolyase Ultra and the volume used
varied depending on experiment. Separately, 2% CleanCut Agarose soulution (CCA)
was carefully melted in a microwave until fully clear and lique�ed. 40µl of CCA
was then added to each yeast and CSB solution while carefully mixing by pipetting,
keeping on a 50°C heating block. A total of 100µl of the mixture was transferred
to a plug mold and incubated at 4°C for approximately 20 minutes to allow the
agarose to solidify. Once solidi�ed, the plug was gently pushed out into a new 1.5
ml Eppendorf tube. Depending on the enzyme used and the volume, additional
enzyme and 250µl of lyticase bu�er were added to the tube. The solutions were
then incubated at 37°C for a time dependent on the experiment. After incubation,
the solutions were removed and the agarose plugs were washed with MQ water. 250
µl of proteinase K reaction bu�er together with 10µl proteinase K stock were added
to each plug and incubated at 50°C overnight.

After incubation, 1X Wash Bu�er was prepared from 10X Wash bu�er by diluting
with MQ water, and each plug was washed 4 times for 1 hour. The �nished agarose
DNA plugs were then stored in the 1X Wash Bu�er at 4°C.

3.2.2 Extraction of Agarose Embedded DNA

To extract DNA embedded in agarose plugs, 600µl of 1X rCutSmart bu�er was
prepared for each plug. The plugs were washed twice with the bu�er, each time
for 15 minutes. When the plugs had been washed, 78µl of MQ water and 20µl of
10X rCutSmart bu�er were added to the each plug and incubated for 10 minutes at
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70°C to let the agarose melt. The plugs were additionally incubated for 10 minutes
at 42°C to prepare for the following step where the enzyme agarase is added. After
incubation, 2 µl of agarase was added to each sample and the solutions were mixed
carefully by swirling around with a pipette tip. The agarase was left to work for
approximately 3 hours while incubating at 42°C. During the incubation, the samples
were checked every 30-60 minutes to ensure that the plugs were dissolving.

3.2.3 Modi�ed Monarch DNA extraction

DNA extraction from yeast grown on YPD plates using the Monarchr HMW DNA
Extraction Kit for Tissue was performed according to the protocol provided for yeast
DNA extraction with modi�cations speci�cally for yeast grown on YPD plates and
to obtain DNA molecules of 150 kbp or longer.

Yeast colonies were picked using inoculation loops and added to 1.5 ml Eppen-
dorf tubes containing 62.5µl CSB. The tubes were then placed in a -20°C freezer
overnight or longer. After freezing, the tubes were thawed and placed on a 37°C
heating block. 250µl lyticase bu�er, 40 µl MQ water and 11.5 µl of Zymolyase
Ultra were added to each tube and incubated at 37°C for the amount of time that
was evaluated for the speci�c experiment. After incubation, the samples were spun
down for 3 minutes at 300 xg and the supernatants were removed. 150µl of cold
0.5 M NaCl was added to each tube and pipetted up and down with wide-bore tips
to resuspend the pellets. A master mix was prepared for each sample, containing
450µl of HMW gDNA Tissue Lysis Bu�er and 15 µl of proteinase K. Each sample
received 450µl of the master mix and were incubated at 56°C overnight. After the
overnight incubation, 10 µl of RNase was added and the samples were mixed by
inverting approximately 10 times before incubation for an additional 20 minutes at
56°C. The samples were then centrifuged for 3 minutes at 16 000 xg to get rid
of cellular debris and the supernatants were transferred to new 1.5 ml Eppendorf
tubes. 0.5 volumes of protein separation solution was added and mixed by inverting
for 1 min. The samples were then centrifuged for 10 minutes at 16 000 xg, creating
a phase separation where the DNA was present in the upper phases. The upper
phases were then transferred with wide-bore tips to Monarch 2 ml Tubes. 2 DNA
Capture Beads were added to each sample as well as 0.7 volumes of isopropanol.
The samples were then placed on a vertical rotating mixer at 10 rpm for 5 minutes.
Here, the DNA attached to the beads. The liquid was then removed by pipetting
and 500µl of gDNA Wash Bu�er was added immediately and mixed by inverting
2-3 times. The washing step was repeated once and the solutions were removed.
Bead Retainers were placed in Monarch Spin Collection Tubes, one for each sam-
ple, and the beads were poured into the retainers. To remove any residual solution
from the beads, the tubes were pulse spinned in a bench top minicentrifuge. The
Bead Retainers were then separated from the collection tubes and the beads poured
into new Monarch 2 ml Tubes while the Bead Retainer were placed on new 1.5 ml
Eppendorf tubes. 50µl of Elution Bu�er was added immediately after and the sam-
ples were placed on a 56°C heating block for a minimum of 5 minutes. During the
incubation, the samples were checked by horizontally wiggling the tubes to make
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sure that the beads were not stuck to the bottom. The beads together with the
elute were then poured into the bead retainers and centrifuged for 30 seconds at
12 000 xg to ensure all elute had gone through the retainers. The Bead Retainers
were then removed and the remaining elutes were pipetted up and down carefully
5 times with wide-bore tips. To ensure homogeneously in the samples before DNA
quanti�cation, the samples were either placed on a 37°C heating block for one hour
or stored in room temperature overnight. The extracted DNA was stored at 4°C.

3.2.4 DNA Concentration Measurements with Qubit Fluo-
rometer

To quantify the concentration of DNA obtained from each extraction, a Qubit Flu-
orometer with the ThermoFisher Qubit dsDNA Broad Range (BR) Assay Kit was
used. The total volume of the measurement solution was consistently 200µl, con-
sisting of 5 µl of the DNA sample and 195µl of Qubit Working Solution. The kit
included two standards for preparing a standard curve, 10µl of Standard #1 and
Standard #2 were each mixed with 190µl of Qubit Working Solution to achieve a
total volume of 200 µl per standard. Before measuring the standards or samples
in the Qubit Fluorometer, the solutions were vortexed for approximately 5 seconds.
Ideally, three measurements were taken for each sample, one from the top, middle
and bottom of the tube. The average DNA concentration of the three measurements
were used for further calculations. However, in a similar way, if the DNA concen-
tration was too low to be detected, ThermoFisher Qubit dsDNA High Sensitivity
(HS) was used to verify.

3.3 Optical Genome Mapping

Optical genome mapping was performed using continuous labeling with competitive
binding and stretching of DNA on a nano�uidic chip.

3.3.1 Staining of DNA

To perform OGM using competitive binding, the DNA molecules were stained with
the intercalating �uorescent dye YOYO-1 and the AT-speci�c binding molecule
netropsin.

Depending on the quantity DNA extracted and quanti�ed using Qubit measure-
ments, the total amount of DNA for the staining was determined to be between 2
and 8 µMbp (Molar base pair). The total amount of DNA included 70% extracted
DNA and 30% � -DNA. The quantities of YOYO-1 and netropsin added to the re-
action were decided based on the desired molar ratio of 10:1:300 (base pairs DNA:
YOYO-1: Netropsin). The staining reaction was performed in a total volume of 10
µl in 0.5X TBE bu�er. An example of the components, concentrations and volumes
used in a staining reaction is shown in Appendix A.1.

When all components had been added together, the solution was put on a 50°C heat-
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ing block for 30 minutes. This was to allow for YOYO-1 and netropsin to bind and for
the competitive binding to happen. Before imaging using �uorescence microscopy,
each sample was diluted with 137µl MQ water and 3 µl � -mercaptoethanol (BME).
This dilution created an environment where negatively charged DNA molecules could
self-repel, due to the salinity being reduced, promoting su�cient stretching.

3.3.2 Fluorescence Microscopy

For DNA stretching and imaging, a nano�uidic chip was used which consisted of
4 loading wells, two parallel microchannels connecting each pair of wells and 120
nanochannels connecting the microchannels, as shown in Figure 3.2.

Figure 3.2: Illustration of the nano�uidic chip design. The four loading wells
(labeled 1�4) are connected by two microchannels, which are further linked by an
array of nanochannels. The illustration also demonstrates how DNA introduced into
loading well 1 can be driven into the nanochannels by applying nitrogen pressure to
wells 1 and 2.

The stained and diluted sample was added to the nano�uidic chip by loading 10µl
into any of the loading wells. The remaining three wells were �lled with a bu�er
consisting of 0.033X TBE and 2% BME. By applying nitrogen gas pressure, the
DNA molecules were guided out of the loading well and through the microchannel.
Additional pressure was applied from both sides of the microchannel to facilitate
the DNA to enter the nanochannels for stretching. The microchannels had the
dimensions 50µm (width) x 850 nm (height) and the nanochannels 150 nm (width)
x 100 nm (height) x 500µm (length). For imaging, a Zeiss Observer D.1 �uorescent
microscope was used with a 63x oil immersion objective, Colibri 7 light source and
a Photometrics Evolve EMCCD camera resulting in a pixel size of 254 nm/px.
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For each DNA molecule imaged, 30 frames were captured to account for thermal
�uctuation.

Prior to and between each sample being analyzed, all channels on the nano�uidic
chip where �ushed with 5% hypochlorite, followed by MQ water and bu�er consisting
of 0.033X TBE and 2% BME.

To ensure su�cient stretching of the DNA molecules, the lengths of� -DNA molecules
while stretched in the nanochannels were measured each imaging session.� -DNA
has a contour length of 16.5µm, thus samples where� -DNA molecules measuring
less than approximately 11.5µm (around 70% of the contour length) were consid-
ered to be insu�ciently stretched, compromising the accuracy of the analysis. If the
� -DNA molecules were too short, the DNA sample was further diluted with 49µl
of MQ water and 1µl BME.

3.4 Data processing

The processing of the data was performed through in-house developed MATLAB
and R scripts from Westerlund's lab and MATLAB scripts that have been developed
by Tobias Ambjörnsson's group at the Department of Astronomy and Theoretical
Physics at the University of Lund. The data processing primarly involved the detec-
tion of individual DNA molecules from a series of �uorescence microscopy images,
followed by the generation of kymographs. These kymographs were used to extract
intensity pro�les, here referred to as barcodes. The resulting barcodes were either
aligned to theoretical reference barcodes derived from theS. cerevisiaegenome, or
analyzed for overlapping regions within the barcodes of the same dataset to enable
de novoassembly of partial or complete chromosomes. Eventually, assembled ge-
nomic regions from the two di�erent strains ofS. cerevisiae, wild-type and � tsa1,
and DNA extracted from both before and after employing 5 passages, were com-
pared to each other for revelation of SVs. As mention previously in Section 3.1.3,
the four distinct samples are referred to as WT 0, WT 5, TSA 0 and TSA 5.

3.4.1 Molecule Detection

The raw imaging data acquired from the �uorescence microscope consisted of movies
containing 30 frames and in .czi format. These �les were imported into MATLAB
and processed using a script called DNA Barcode Matchmaker (DBM). The param-
eters used for DBM is presented in Appendix B.1. As part of the DBM script, the
�les were converted into .tif format and kymographs were subsequently generated.
Kymographs were produced by stacking sequential image frames, enabling the visu-
alization of intensity variations along the length of individual DNA molecules over
time. Additionally, intensity pro�les could be obtained by plotting the time-average
intensity from the kymographs along the length of the DNA molecules, obtaining
what is referred to as the experimental barcodes. Before averaging the itensity
over the molecule from the kymographs, here, the kymographs were �rst aligned, to
account for �uctuation or movement of the DNA molecules when con�ned within
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nanochannels. At this point, it was possible to perform quality control of the data
by visually inspecting the generated kymographs and barcodes.

The DBM script also included a pipeline for� -DNA detection. Here, the output
consisted of intensity pro�les and kymographs of the detected� -DNA, as well as
information such as the length, which was used for calculation of the DNA extension.

Due to occasional failures of the� -DNA detection pipeline, manual measurements
were performed of� -DNA molecules using ImageJ.� -DNA molecules exhibit a dis-
tinct and recognizable intensity pro�le, which made it possible to manually distin-
guish and sort them out by observing the generated kymographs. Measurements
were carried out by manually tracing the length of these molecules, using a known
pixel size of 254 nm/px.

3.4.2 Reference-Based Alignment

The next step in the data analysis involved reference-based alignment, performed
using a MATLAB pipeline called Human Chromosome Alignment (HCA). The in-
put for this pipeline consisted of the kymographs previously generated through the
DBM pipeline. Within HCA, experimental barcodes were once again extracted by
averaging the intensity across all aligned frames of each kymograph along the length
of the corresponding DNA molecule.

To perform the alignment, theoretical barcodes were also generated to serve as ref-
erences. These were derived from the complete genome sequence ofS. cerevisiae, ob-
tained from publicly available FASTA �les from the Saccharomyces Genome Database
(SGD) [37]. Using the HCA pipeline, these sequences were converted into theoret-
ical intensity pro�les that could be compared to the experimental barcodes. To
ensure comparability between experimental and theoretical barcodes, the extension
of DNA molecules in nm/bp, previously determined from the� -DNA measurements,
was applied to the theoretical barcodes.

During the alignment process, an additional parameter of stretching factor was
applied to account for variability in DNA extension while also getting the best
possible alignment. The stretching factor was set to± 15%, corresponding to a
range from 0.85 to 1.15, with a step size of 1%. This meant that each experimental
and theoretical barcode was systematically scaled, both compressed and stretched,
within this range.

The quality of each alignment was assessed using a correlation coe�cient score (cc-
score), calculated based on the Pearson correlation coe�cient. The cc-score quan-
ti�es the linear relationship between the experimental and theoretical barcodes,
ranging from -1 (perfect negative correlation), through 0 (no correlation), to 1 (per-
fect positive correlation). Here, it is desirable to have a cc-score as close to one as
possible, meaning that the aligned barcode correlates well to the reference.

The output of the HCA pipeline included the cc-scores for all attempted alignments.
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A length threshold could also be applied to prioritize longer experimental barcodes,
which tend to provide more reliable alignment results.

For downstream analysis and visualization of the HCA results, custom R scripts de-
veloped in-house were used. For evaluating the coverage of theS. cerevisiaegenome,
experimental barcodes were aligned using a cc-score threshold of 0.5. Additionally,
the di�erence between the best and second-best match was required to exceed 0.03
in cc-score to not be �ltered away. A minimum length threshold of 120 kbp was also
applied.

3.4.3 De novo assembly

For de novoanalysis of the obtained data, �rstly pair-wise comparisons were made
between each barcode in every set of data. The pair-wise experiments were followed
by parametrization, where parameters were obtained and later used for bargrouping
of barcodes.

3.4.3.1 Pair-wise comparison experiments

Pair-wise comparison experiments was conducted without the use of theoretical
barcodes, instead solely the experimental barcodes for each distinct sample.

To begin, data was loaded into the pair-wise comparison analysis pipeline in the
form of kymographs, which were once again converted into experimental barcodes.

To improve alignment reliability and reduce artifacts, masking procedures were ap-
plied to the barcodes. First, the initial and terminal six pixles of each barcode were
removed, as these regions often contain peaks of low intensity and that are not rep-
resentative of the actual DNA sequence. Such peaks could in�ate the cc-score and
thereby lead to false-positive alignments.

In addition to masking of the ends, extreme intensity values or peaks, both high
and low, were also removed. Any peaks that deviated more than 3.5 standard
deviations from the mean intensity were masked. Furthermore, repetitive regions
of experimental barcodes where also masked. If an experimental barcode was fully
repetitive, it was excluded from further analysis. For barcodes containing partially
repetitive regions, only the repetitive segments were masked.

A critical parameter in the pair-wise comparison analysis was the minimum length
of the overlapping region required for a valid alignment. Overlap window thresholds
of 150 px, 120 px, and 100 px were tested to evaluate their impact on assembly
quality. The stretching factor was set to± 10% with a 1% step size.

During the pair-wise comparison analysis, each barcode was systematically com-
pared to all others, initiating alignment at every possible pixel o�set. As in previ-
ous steps, alignments were evaluated based on the cc-score derived from the Pearson
correlation coe�cient.
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3.4.3.2 Parametrization

Parametrization is a procedure used to determine what constitutes a "good" cc-
score within a given dataset. This process is important because the quality and
characteristics, such as length and noise, may vary between datasets, in�uencing
the cc-score interpretation.

The parametrization pipeline involves plotting the distribution of cc-score under the
null hypothesis that no meaningful match exist between barcodes. Speci�cally, a
� -extreme value probability density function is �tted to the cc-score data to approx-
imate this null distribution.

To actually perform the parametrization, 100 experimental barcodes were picked
out from each set of data (or fewer if the dataset was smaller). A segment or
a cut-out was extracted from each of these barcodes. These cut-outs were then
pairwise aligned and evaluated using both global and local cc-score. The resulting
cc-scores are then �tted to the� -extreme value distribution, form which four �tting
parameters are eventually extracted, two for the global cc-score distribution and two
for the local cc-score distribution.

This parametrization procedure allows for calibration of cc-score thresholds, depend-
ing on how much false positives should be allowed, that are speci�c to the quality
and characteristics of each dataset. By comparing experimental cc-scores to the
empirically generated null distribution, the reliability and ability to interpret the
resulting cc-scores could be improved.

3.4.3.3 Bargrouping of Barcodes

Bargrouping refers to the visualization and evaluation of barcodes that have been
grouped together based on overlapping regions, with the aim of forming larger con-
sensus structures. A bargroup may consist of as few of two barcodes, though larger
groups were preferred for higher con�dence and coverage. The structures obtained
from the pairwise comparison experiments, along with their associated parameters
from the parametrization procedure, were used as input for the bargrouping process.

Several additional parameters were speci�ed during the execution of the bargrouping
script, many of which required optimization. These parameters included the allowed
degree of local stretching of barcodes, maximum distance from the true alignment
position for grouping, as well as the p-value threshold used for false positive con-
trol. The speci�c parameter setting used for each sample type for the bargrouping
experiments described in in Section 4 are provided in Appendix B.2.

Generated bargroups were visualized by plotting individual bargroups alongside a
consensus barcode generated from their alignment. These bargroups were manually
handpicked based on visual inspection. A high-quality bargroup was de�ned as
one where barcodes aligned well and contributed to an extended consensus region.
Bargroups were discarded if, for instance, they contained only short alignments
and not contributing to an overall consensus extension, such as when the generated
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bargroup's consensus length was no longer than the longest single bargroup in it.
Each bargroup contained metadata such as which were the barcodes that contributed
to the bargroup which allowed for traceability.

Once the high-quility bargroups had been selected, they were compared to the the-
oretical barcodes ofS. cerevisiaeusing the HCA algorithm. Both global and local
cc-scores were used to assess the alignments. To improve the coverage of the genome,
barcodes that had not been included in bargroups could be added to the HCA, to-
gether with the bargroups. A minimum overlap threshold was applied to determine
whether an experimental bargroup or barcode could be aligned to the theoretical
barcodes.

Finally, consensus sequences representing entire chromosomes were assembled by
combining both experimental bargroups together with supporting individual exper-
imental barcodes.

3.4.4 Comparing Consensus for calling of SVs

The generated consensus barcodes from each sample were used to evaluate potential
SVs in the genome. Speci�cally, the output of the consensus generation pipeline
served as the basis for comparison across samples.

To ensure meaningful comparisons, the extension factor determined from the� -
DNA measurements of each sample were taken into account. Since the physical
DNA extension of experimental barcodes di�ered between samples, normalization
was required to be able to compare. To visualize and compare consensus barcodes
within a single plot, the consensus with the largest extension factor was scaled down
to match the consensus with the smallest extension factor.

To quantify similarities and di�erences between consensus barcodes, comparisons
were performed over de�ned pixel lengths. For each pairwise comparison, two �xed
window sizes were used: one for identifying the region with the lowest cc-score and
another for detecting the region with the highest cc-score between the consensus
barcodes.
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4
Results and Discussion

The following chapter presents the results and discussion of the obtained data. It be-
gins with evaluation of DNA extraction methods suitable for OGM. This is followed
by reference-based alignment to evaluate the genome-wide coverage ofS. cerevisiae
using the generated experimental barcodes. The generation of bargroups is then dis-
cussed, along with subsequent reference-based alignments. Finally, the focus shifts
to chromosome II for the identi�cation of potential SVs.

4.1 Evaluating DNA extraction methods suitable
for OGM

To perform ODM, the DNA extraction method must yield long and intact DNA
molecules, preferably at least 150 kbp, which has been shown to be suitable for
OGM. The evaluate this, two DNA extraction kits were tested: the CHEF Yeast
Genomic DNA Plug Kit from BIO-RAD and Monarchr HMW DNA Extraction Kit
for Tissue, in combination with the di�erent compositions for cell wall degradation:
lyticase and zymolyase. The evaluation of the DNA extraction methods were taken
into account when establishing the cultivation scheme ofS. cerevisiaepresented in
section 3.1.3 of the Methodology.

4.1.1 Adaption of protocol for Agarose Embedded DNA

The initial task involved evaluating the CHEF Yeast Genomic DNA Plug Kit from
BIO-RAD on yeast grown on YPD plates, rather than in liquid media as speci�ed
by the protocol. The enzyme lyticase was used for cell wall digestion during this
process. Lyticase and the protocol have worked in the past when extracting high
molecular weight DNA from liquid cultivated S. cerevisiae, Schizosaccharomyces
pobe and Candida albicans. The concentration of the extracted DNA, measured
using Qubit �uorometer, is compared to the mass of yeast picked, which is shown
in Figure 4.1.
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Figure 4.1: Results from a DNA extraction showing the DNA concentration
(ng/ µl) with corresponding mass of yeast (mg) using a linear �t.

A linear �t in Figure 4.1 shows that as the mass of yeast increases, the concen-
tration of extracted DNA also increases. While the Qubit measurements con�rm
successful DNA extraction, the samples also contained cellular debris, including non-
lysed yeast cells. This was not observed when extracting DNA from yeast grown
in liquid culture, leading to the hypothesis that di�erences in cultivation methods
contribute to the cells being harder to digest, likely due to a more robust cell wall.
The contamination of cellular debris and intact cells disrupted downstream anal-
ysis by preventing DNA from entering the microchannels and nanochannels of the
nano�uidic chip. This issue highlighted a limitation of the DNA extraction protocol.

In Figure 4.2, a separate experiment is shown where some modi�cations to the DNA
extraction protocol had been implemented in an attempt to address the issues with
insu�cient cell wall degradation. Speci�cally, the incubation time with the enzyme
lyticase was extended from 4 hours to 18 hours (overnight), allowing more time
for the enzyme to act, in the hope of achieving su�cient degradation of the cell
wall. The sample was stained with YOYO-1, placed on a coverslip and imaged.
Strands of DNA were clearly distinguishable, along with bright green dots repre-
senting undigested yeast cells. The DNA appeared to be long and the sample was
therefore further analyzed using the nano�uidic chip to evaluate whether the pres-
ence of yeast cells would cause clogging and disrupt imaging. Figure 4.3 shows the
well on the nano�uidic chip where the same sample was loaded. A high concentra-
tion of yeast cells can be seen accumulating near the entrance of the microchannel
while nitrogen gas is �ushed through the system. The strands of DNA observed on
the coverslip are less prominent here, overshadowed by the abundance of yeast cells.
Further into the microchannels, by the entrances to the nanochannels, where the
�eld of view is not disturbed by the brightness of the yeast cells, some strands of
DNA can be seen. However, these strands are short, present in low quantities, and
insu�cient for the goals of this study, which require long DNA strands.

When comparing the DNA extraction results shown in Figures 4.2 and 4.3, where
DNA was extracted directly from yeast grown on YPD plates, to samples prepared
using the agarose embedded DNA method from yeast cultivated in liquid YPD me-
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dia, clogging was no longer an issue. In the case of the liquid culture samples, long
DNA strands were observed exiting the loading well and moving through the mi-
crochannel. These strands could then be successfully pushed into the nanochannels
without obstruction.

Figure 4.2: Image taken of a
DNA extraction sample stained
with YOYO-1 and placed on a cov-
erslip, where the strands are DNA
and the bright dots are intact yeast
cells.

Figure 4.3: Image taken of a load-
ing well on the nano�uidic chip where
the same DNA sample as in Figure 4.2
has been loaded, showing intact yeast
cells accumulating by the microchan-
nel entrance.

Additionally, modi�cations to the original protocol, beyond focusing on the role of
lyticase, were evaluated in an e�ort to obtain uncontaminated DNA samples. These
included extending the incubation time with Proteinase K and increasing the num-
ber of washes with the washing solution. These strategies were tested to determine
whether contaminants such as protein remnants or cell wall components were caus-
ing the disruptions, despite lyticase being e�ective. However, these changes did not
alter the outcome, as intact yeast cells continued to clog the system and disrupt the
imaging process. The most reasonable approach to addressing these issues remained
focusing on the enzyme used to degrade the cell wall ofS. cerevisiae. While Pro-
teinase K is also an enzyme, its primary role is to degrade proteins. The presence of
intact yeast cells indicated that improving lyticase's e�cacy was a more appropriate
strategy for enhancing the DNA extraction protocol and enabling successful OGM.

4.1.2 Zymolyase Ultra for Cell Wall Degradation

To address the insu�cient degradation of the cell wall, Zymolyase Ultra from Zy-
moResearch was evaluated as a replacement for the lyticase provided in the CHEF
Yeast Genomic DNA Plug Kit from BIO-RAD. According to ZymoResearch, Zy-
molyase Ultra is more than 50 times more e�ective than lyticase and should e�-
ciently target the cell wall of Saccharomyces[54]. Zymolyase Ultra comprises four
distinct enzymes, each with unique lytic actions targeting speci�c parts of the cell
wall to allow for a more e�ective degradation. Based on the claims regarding the
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e�ciency by ZymoResearch, the initial protocol adaption for Zymolyase Ultra in-
volved half the enzymatic units of lyticase recommended by the BIO-RAD protocol
for each DNA agarose plug. The initial attempts with Zymolyase Ultra for cell
wall digestion were not fully successful, as major challenges such as cloggage per-
sisted when attempting to capture DNA in the nanochannels. However, microscopy
revealed fewer intact yeast cells in the loading well on the chip, suggesting some
improvement in cell wall digestion.

A sample was treated with 115 U of Zymolyase Ultra, which is double the enzymatic
units speci�ed by the BIO-RAD protocol for each DNA agarose plug when using
lyticase, and incubated for 2 hours. The sample was then imaged on a coverslip,
as shown in Figure 4.4. No yeast cells were observed in the image, indicating that
incubation with Zymolyase Ultra was successful in degrading the cell wall.

Figure 4.4: Image taken of a DNA extraction sample stained with YOYO-1 and
placed on a coverslip, where strands of DNA can be seen and notably no yeast cells
are visible.

While the sample shown in Figure 4.4 demonstrate improvement in the DNA ex-
traction protocol for S. cerevisiaegrown on YPD plates and potential for OGM,
the high enzyme concentration used in this experiment introduced challenges. The
DNA concentration in this sample was low, making imaging di�cult and the DNA
molecules too short for this purpose and suggesting zymolyase could promote some
DNase activity. Out of the 28 molecules aligned in the Human Chromosome Align-
ment (HCA), only 3 molecules exceeded the threshold of 150 kbp, which is essential
for this application. Another issue observed was the stickiness of the sample, which
caused DNA strands to adhere to one another, to the microchannel walls and at the
entrances to both microchannels and nanochannels. The stickiness was likely due
to contamination, possibly from the high concentrations of Zymolyase Ultra used
in the experiment, or from components that were not su�ciently broken down, re-
maining in the sample and disrupting the imaging process. This stickiness interfered
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with imaging by creating bright spots, making it harder to visualize individual DNA
molecules. Over time, this led to imaging being nearly impossible.

To address the problem of stickiness, the experiment was repeated with a prolonged
incubation time of three days with Zymolyase Ultra and reduced amounts (14.375
U, 28.74 U and 57.5 U of Zymolyase Ultra). DNA was successfully extracted in
all three cases, but stickiness persisted across all samples. Additionally, the sample
treated with 57.5 U of Zymolyase Ultra showed the presence of yeast cells, further
complicating the imaging. These observations of stickiness and contamination high-
lighted inconsistencies in the method, suggesting that additional adjustments are
needed to optimize the protocol.

Data was extracted and processed for samples treated with 28.74 U and 57.5 U
of Zymolyase Ultra. For the sample treated with 28.74 U of Zymolyase Ultra, 76
molecules were detected by the DBM across 76 images, 12 molecules met the criteria
of having a length greater than 150 kbp and a cc-score above 0.5. In Figure 4.5,
cc-scores are plotted against the length of the molecules that passed the criteria.
Molecules with high cc-values are highlighted in green in Figure 4.6, where their
matches to di�erent chromosomes are shown. The highest-scoring molecule in this
dataset aligns with chromosome XI. No molecules were detected as� -DNA. As a
result, the extension was assumed to match that of another sample imaged on the
same day, with results presented later in Figures 4.7 and 4.8.

Figure 4.5: The cc-scores of all aligned molecules of a DNA extraction sample that
had been treated with 28.74 U of Zymolyase Ultra for cell wall digestion, plotted
against their corresponding length (kbp).

32



4. Results and Discussion

Figure 4.6: Coverage of all 16 chromosomes ofS. cerevisiaeof a DNA extraction
sample treated with 28.74 U Zymolyase Ultra for cell wall digestion. Each chromo-
some is represented by black and red bars. Aligned DNA molecules are shown as
narrower bars; matches to the chromosome are indicated in black. The correspond-
ing cc-scores are shown by the gradient color bar on the right.

The results from the sample treated with 57.5 U of Zymolyase Ultra are shown in
Figures 4.7 and 4.8. As illustrated in Figure 4.7, 7 molecules exceeded the length
threshold of 150 kbp, had a cc-score above 0.5 and showed a di�erence greater
than 0.03 between the best and second-best matches. A total of 62 molecules were
detected by the DBM pipeline across 29 images. Additionally, 3� -DNA molecules
were identi�ed, and an extension rate of 0.196 nm/bp was applied for analysis.
The extension was low and the sample should have been diluted to decrease the salt
concentration and thereby increase the extension. Figure 4.8 highlights chromosome
XI as the highest-scoring match in this dataset.
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Figure 4.7: The cc-scores of all aligned molecules of a DNA extraction sample
that had been treated with 57.5 U of Zymolyase Ultra for cell wall digestion, plotted
against their corresponding length (kbp).

Figure 4.8: Coverage of all 16 chromosomes ofS. cerevisiaeof a DNA extraction
sample treated with 57.5 U Zymolyase Ultra for cell wall digestion. Each chromo-
some is represented by black and red bars. Aligned DNA molecules are shown as
narrower bars; matches to the chromosome are indicated in black. The correspond-
ing cc-scores are shown by the gradient color bar on the right.

Although DNA was successfully extracted fromS. cerevisiaecells cultivated on YPD
plates using Zymolyase Ultra for cell wall degradation, the quality of the samples
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brought challenges for microscopy. This highlighted the need for further protocol
optimization to improve sample quality and ensure reliable analysis.

4.1.3 Monarch DNA extraction

As previously noted, the poor quality of the samples hindered imaging. To ad-
dress this issue, strategies to improve sample cleanliness were explored. One com-
mon method, alcohol precipitation, was evaluated using ethanol. This technique is
widely used to reduce DNA solubility, enabling its precipitation into a pellet while
leaving other soluble components in the supernatant. However, since the goal was
to separate DNA from yeast cells, which do not dissolve in solution, this method
proved ine�ective. The experiments demonstrated that alcohol precipitation could
not successfully isolate DNA from yeast under these conditions.

Another approach of isolating DNA was performed using the Monarchr HMW DNA
Extraction Kit for Tissue. This kit utilizes a method where DNA binds to borosil-
icate glass beads, facilitating separation. The process combines two strategies in-
cluding increasing the salt concentration to neutralize the DNA's negative charge
and adding isopropanol to reduce DNA solubility, enhancing it to bind to the silica
beads. Ionic interactions between the silica and the DNA enable this separation.

Here, the same amount of Zymolyase Ultra which was considered most e�cient in
previous experiments (28.74 U) was used. Since this kit did not involve embedding
the DNA in agarose plugs, it was expected that less incubation time with Zymolyase
Ultra was going to be needed. This was because the enzyme would not have to
di�use through a layer of agarose to get to the yeast cells. Four di�erent incubation
times were evaluated, 2 hours, 4 hours, overnight (� 18 hours) and over the weekend
(� 72 hours). The results indicated that 4 hours of incubation yielded the highest
amount of DNA. Longer incubation periods, particularly over the weekend, may
have reduced DNA yield due to potential DNase activity from the Zymolyase. On
the other hand, shorter incubation times did not allow for su�cient time for the the
enzymes to e�ectively degrade the cell walls.

Microscopy of the sample with 4 hours incubation time revealed a signi�cant im-
provement over those samples extracted from agarose plugs. No yeast cells could be
observed and although some stickiness remained, the overall quality was noticeably
better. Here, the data captured included 90 images where 270 molecules were de-
tected. Figure 4.9 presents the size distribution and the average size of the molecules
that met the selection criteria of a length threshold of 150 kbp and a cc-score over
0.5. The analysis reveals that the average size of the molecules is just below 200
kbp, which is considered a good size for this application.
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Figure 4.9: The size distribution of DNA molecules extracted using the Monarchr

HMW DNA Extraction Kit for Tissue where the average size is represented as a red
dashed line.

Figure 4.10 shows the cc-scores and the length of the molecules from the same data
shown in the previous picture. In Figure 4.11, the matches to the chromosomes are
instead presented and notably chromosome III seems to be completely covered.

The cc-scores of all aligned molecules of a DNA extraction sample that had been
treated with 57.5 U of Zymolyase Ultra for cell wall digestion, plotted against their
corresponding length (kbp).
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Figure 4.10: The cc-scores of all aligned DNA molecules of DNA extraction using
the Monarchr HMW DNA Extraction Kit for Tissue, plotted against their corre-
sponding length (kbp).

Figure 4.11: Coverage of all 16 chromosomes ofS. cerevisiaeof DNA extracted
using Monarchr HMW DNA Extraction Kit for Tissue. Each chromosome is repre-
sented by black and red bars. Aligned DNA molecules are shown as narrower bars;
matches to the chromosome are indicated in black. The corresponding cc-scores are
shown by the gradient color bar on the right.
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Figure 4.12 displays the number of molecules matched to each chromosome, repre-
sented by colored bars, alongside the expected distribution of matches indicated by
black dots. One major deviation from the expected distribution is the large number
of matches to chromosome III, which as shown in Figure 4.11, was fully covered.

Figure 4.12: Coverage of the 16 reference chromosomes ofS. cerevisiaeby DNA
extracted using the Monarchr HMW DNA Extraction Kit for Tissue, where the
number of DNA molecules matched are represented by the colored bars and the
expected distribution of matches are indicated by the black dots.

To improve the quality of the data, which may explain why chromosome III has by
far the highest amount of matches, more� -DNA could be captured. By capturing
more� -DNA, the extension factor can be determined more accurately. Additionally,
while imaging, it is important to verify that the extensions are not too short.

A cultivation scheme forS. cerevisiaewas established to study the development of
SVs, employing the presented DNA extraction methods. The cultivation scheme can
be found in Methodology 3.1.3.

4.2 Data collection

Following the cultivation scheme, DNA from the four di�erent sample types were ex-
tracted. Initially, DNA extraction was attempted for all samples using the Monarch
extraction method, as this approach is expected to yield DNA samples with less
contamination compared to the DNA agarose plug method, thereby facilitating e�-
cient imaging. However, successful extraction using the Monarch method was only
achieved for the WT 0 sample. The success of WT 0 DNA extraction was likely
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due to a coincidentally higher yeast biomass was obtained in the liquid culture. To
reliably use the Monarch method further optimization would be required, particu-
larly in determining the number of generations allowed to grow during liquid culture
growth and in balancing this with the need for genetic homogeneity in the sample.

The remaining samples (WT 5, TSA 0, and TSA 5) were extracted using the DNA
agarose plug method. Each sample, along with its corresponding DNA extraction
method, is listed in Table 4.1.

Table 4.1: The four distinct samples listed together with their corresponding DNA
extraction method, average� -DNA length and average� -DNA extension. Due to
variation of DNA extension in sample TSA 0 and TSA 5, the data was split up
into two sets, hence two values are given for average� -DNA length and average
extension.

Sample Extraction
Method

Average � -DNA
length ( µm)

Average � -DNA
extension
(nm/bp)

WT 0 Monarch 12.15 0.251

WT 5 Agarose Plug 9.39 0.194

TSA 0 Agarose Plug 9.43 & 11.86 0.194 & 0.244

TSA 5 Agarose Plug 8.63 & 10.88 0.178 & 0.224

Each imaging session using �uorescence microscope and nano�uidics device yielded
speci�c values for� -DNA length and extension, both per sample and session. These
values are presented in Table 4.1 as averages across every session for each sample
type. However, as also shown in Table 4.1, the TSA 0 and TSA 5 samples each
have two values listed for both average length and extension. This is due to high
variability in DNA extension between imaging sessions. To improve the accuracy
in downstream data analysis, it was therefore decided to split these samples into
two separate datasets. A complete list of all imaging sessions included in averages
presented in Table 4.1 can be found in Appendix A.2.

Notably, the � -DNA length in the WT 0 sample stands out when compared to the
other samples. As mentioned in Methods section 3.3.2, a� -DNA length greater than
11.6 µm is desirable to ensure su�cient extension for reliable barcode alignment.
The WT 0 sample showed consistently higher extension values, and it is likely not
a coincidence that this sample was also the only one extracted using the Monarch
method. Lower contamination in this sample likely contributed to improved DNA
extension, as impurities such as excess salt can negatively a�ect molecular stretching.
This trend was also evident during imaging where DNA molecules from the WT 0
sample appeared bright and could be imaged at a laser intensity of only 10%. In
contrast, the WT 5, TSA 0 and TSA 5 samples appeared less bright, suggesting
that the YOYO-1 dye had bound not only to the DNA but also other contaminants.
These samples required laser intensities of 40-50% to be able to distinguish DNA
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molecules from the background noise.

4.2.1 Chromosome Coverage Estimation

To obtain an indication on how much of theS. cerevisiaegenome in the four separate
samples was covered by the obtained imaging data, the HCA pipeline was run.
All detected molecules were matches to a reference containing all 16 chromosomes
based on the quality criteria described in section 3.4.2. Table 4.2 summarizes all
samples, including the total number of images acquired across all imaging sessions,
the number of kymographs generated and the number of molecules that passed
the previously described threshold. Additionally, Table 4.2 presents the estimated
coverage of the genome, which is de�ned as how many times the aligned molecules
could span the entire genome. The mean length of the aligned molecules which
passed the criteria are also presented in the same table.

Table 4.2: The four samples listed together with the amount of images captured,
amount of kymographs generated, number of molecules matched in the HCA, cov-
erage of the chromosomes and the mean length of the molecules matched in kbp.

Sample Images
Kymo-
graphs

Molecules
(HCA)

Coverage Mean
Length
(kbp)

WT 0 543 1581 502 9.07 220

WT 5 192 334 127 3.65 351

TSA 0 458 1098 331 9.12 336

TSA 5 452 786 305 10.95 438

In Figure 4.13, molecules from sample WT 0 are aligned to references of the 16
chromosomes ofS. cerevisiae. Aligned regions are shown in black, while regions
without aligned DNA molecules are marked in red. The cc-scores of the aligned
molecules are represented by the color of each line: brighter green indicates a higher
cc-score, while a darker red corresponds to a lower cc-score.

A notable feature of WT 0 is the mean length of the aligned DNA molecules, which
is 220 kbp and signi�cantly shorter than in the other samples. This re�ects a
limitation of the Monarch DNA extraction method, which tends to yield shorter
DNA molecules compared to the DNA agarose plug method.
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Figure 4.13: Coverage of all 16 chromosomes of sample WT 0. Each chromosome is
represented by black and red bars. Aligned DNA molecules are shown as narrower
bars; matches to the chromosome are indicated in black. The corresponding cc-
scores are shown by the gradient color bar on the right.

The S. cerevisiaegenome coverage of sample WT 5 is shown in Figure 4.14. Sam-
ple WT 5 exhibits lower coverage compared to the others, mainly due di�culties
encountered during imaging of the sample. The overall quality was poor and con-
tamination was evident, as the DNA molecules appeared dark and not su�ciently
clear for detection by the DBM algorithm.
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Figure 4.14: Coverage of all 16 chromosomes of sample WT 5. Each chromosome is
represented by black and red bars. Aligned DNA molecules are shown as narrower
bars; matches to the chromosome are indicated in black. The corresponding cc-
scores are shown by the gradient color bar on the right.

A higher S. cerevisiaegenome coverage can be distinguished from both of the TSA
samples. In Figure 4.15, the aligned DNA molecules of sample TSA 0 is shown.
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Figure 4.15: Coverage of all 16 chromosomes of sample TSA 0. Each chromosome
is represented by black and red bars. Aligned DNA molecules are shown as narrower
bars; matches to the chromosome are indicated in black. The corresponding cc-scores
are shown by the gradient color bar on the right.

The highest coverage was obtained for sample TSA 5, which is illustrated in Figure
4.14.
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Figure 4.16: Coverage of all 16 chromosomes of sample TSA 5. Each chromosome
is represented by black and red bars. Aligned DNA molecules are shown as narrower
bars; matches to the chromosome are indicated in black. The corresponding cc-scores
are shown by the gradient color bar on the right.

In two cases, speci�cally WT 5 and TSA 5, no molecules were aligned to chromo-
some I. However, this does not necessarily re�ect the true absence of chromosome I
sequences in the data of those samples. Chromosome I is the shortest chromosome in
the S. cerevisiaegenome, consisting of approximately 230 kbp. The HCA performed
here used a global alignment strategy, meaning that each DNA molecule was aligned
as a whole to the reference. In this approach, molecules that only partially match
a chromosome or extend beyond its boundaries are excluded from the alignment.
Since the allowed stretching was set to 15%, molecules stretched to the maximum
(115% of their original length) must still be equal to or smaller than the size of the
corresponding chromosome. Since longer molecules were prioritized during imag-
ing, shorter fragments which would more likely match to chromosome I, may have
been underrepresented or overlooked. Additionally, the reference genome used in
the analysis may be incomplete, particularly near the chromosome ends. Fragments
that contain the edges likely extends a couple of pixels out of the reference and
therefore does not align. This is re�ected across all four samples, where terminal
regions of the chromosomes often appear red, indicating no aligned molecules in
those areas.

In fact, when focusing on local alignment, which evaluate the correlation coe�cient
over a �xed number of consecutive pixels, matches to the theoretical barcode of
chromosome I do appear. As shown in Figure 4.17, barcodes generated from the
�rst dataset of TSA 5 align with the theoretical barcode of chromosome I. This
contrasts with the overview shown in Figure 4.16, where chromosome I appears to
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lack coverage. In Figure 4.17, the black segments of the barcodes indicate aligned
regions based on a local cc-score calculated over 100 consecutive pixels. The corre-
sponding local and global cc-score values are displayed in the bottom right corner
of the �gure.

Figure 4.17: Barcodes from the �rst TSA 5 dataset aligned to chromosome I using
a 100-pixel overlap window. Both global and local cc-scores are shown in the bottom
right corner.

Overall, the genome coverage appears su�cient, except in the case of WT 5. Al-
though a higher coverage, would be preferable. According to BioNano Genomics,
a coverage of 80 times is recommended forde novogenome assembly [KÄLLA]. A
limitation of this project was the need to image four distinct samples, which led to
reduced coverage per sample due to time constraints.

4.3 Bargrouping and Reference-Based Alignment

Pair-wise comparison experiments were initially performed for all datasets: WT 0,
WT 5, TSA 0 and TSA 5. Note that two datasets were analyzed for both TSA
0 and TSA 5 due to di�erences in DNA molecule extension during imaging. The
pair-wise comparison experiments where used to generate bargroups. Generation of
bargroups is an iterative process of grouping of barcodes that could belong to the
same locus of the genome based on similarity of their intensity pro�les. Here, no
theoretical barcodes of the reference genome ofS. cerevisiaewas used.

In addition, the resulting bargroups together with ungrouped experimental barcodes
were aligned to theoretical barcodes of theS. cerevisaegenome. This alignment was
performed to evaluate both genome coverage and the quality of the experimentally
generated bargroups.
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4.3.1 Bargrouping Experiments

Bargrouping involves grouping and visualizing barcodes with overlapping regions to
form larger consensus structures. A bargroup may contain as few as two barcodes,
though larger groups are preferred for increased reliability. The primary purpose
of bargrouping the experimental barcodes was to extend their coverage length and
achieve de novo assembly of whole chromosomes, and improve the alignment to
theoretical barcodes. Bargroups generated from pair-wise comparisons with overlap
windows of 150 pixels, 120 pixels and 100 pixels were evaluated. An overlap window
of 120 pixels were later selected for continued analysis based on visual inspection of
resulting bargroups across all samples.

As with previous alignments, the similarity between barcodes was evaluated using
the Pearson correlation coe�cient (cc-score), which depends not only on the quality
of alignment but also on the length of the overlapping region. A trade-o� exists
between overlap length and the alignment reliability: shorter overlaps, such as 100
pixels, may produce arti�cially high cc-scores that do not necessarily re�ect true
similarity between two segments of barcodes. Furthermore, extreme intensity peaks
in the barcodes disproportionally in�uence cc-scores, potentially skewing results.
As described in the Methodology section 3.4.3.1, these e�ects were mitigated by
masking intensity peaks that deviated more than 3.5 standard deviation from the
mean, to enhance alignment reliability.

Another key parameter in bargroup formation was the p-value threshold used for
false positive control. By simulating a null distribution using cc-scores from random
barcode alignments, a p-value-based threshold was set (see Methodology section
3.4.3.2), allowing control over the false discovery rate. While a p-value threshold of
0.05 may be su�cient for one dataset, another dataset with more variable barcode
quality might require a more permissive threshold, such as 0.1, to retain true positive
alignments.

Figure 4.18 shows a bargroup composed of �ve experimental barcodes from the �rst
TSA 5 dataset. Notably, this bargroup demonstrates consistent features across bar-
codes and a clear extension beyond the length of individual barcodes. Importantly,
this group was only formed when the p-value threshold was set to 0.1. At a threshold
of 0.05, the same bargroup was excluded. This example highlights the sensitivity of
bargroup formation to the chosen false-positive threshold and underscores the need
to tailor this parameter to the speci�c characteristics of each dataset.
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Figure 4.18: Bargroup created from the �rst dataset of TSA 5 with a p-value
threshold for false positives of 0.1, containing �ve experimental barcodes.

For all distinct datasets, the generated bargroups were manually evaluated based on
visual inspection of both alignment quality and extension length. Bargroups that
were deemed satisfactory were selected for subsequent reference-based alignment to
theoretical barcodes of theS. cerevisaegenome. An overlap length of 120 pixels
was determined to be optimal across all datasets, consistently producing the highest
quality bargroups.

4.3.2 Reference-based Alignment

The bargroups selected based on the previously described criteria were aligned to
theoretical barcodes of allS. cerevisaechromosomes to asses genome coverage. This
alignment aimed to evaluate how well the chosen bargroups represented the genome.
Both global and local cc-scores were computed for each alignment, and a speci�c
overlap window (in pixels) was set for each case.

For instance, in Figure 4.19, the selected bargroups from the �rst TSA 0 dataset
were aligned to chromosome V using a 200 pixel overlap window. The resulting
alingment demonstrates a full coverage of the chromosome. Notably, bargroup 7
spans the entire length of the chromosome. Both global and local cc-scores for each
aligned bargroup are displayed in the �gure.
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Figure 4.19: Bargroups from the �rst TSA 0 dataset aligned to chromosome V
using a 200-pixel overlap window. Both global and local cc-scores are shown in the
bottom right corner.

There were also instances where the selected bargroups alone were insu�cient to
achieve full chromosome coverage. In Figure 4.20, bargroups together with individ-
ual experimental barcodes from the �rst TSA 0 dataset were aligned to chromosome
XI using a 200 pixel overlap window. It is evident from the alignment that the
bargroups alone could not span the entire chromosome, prompting the inclusion
of additional experimental barcodes. Notably, the alignment shows extension on
both ends of the chromosome. Furthermore, the presence of ungrouped barcodes
raises the question of why these were not incorporated during bargrouping. This
highlights the distinction between alignment based on similarity to the theoretical
barcode, as opposed to similarity between experimental barcodes. Both local and
global cc-scores are displayed in the �gure.
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Figure 4.20: Bargroups and barcodes from the �rst TSA 0 dataset aligned to
chromosome XI using a 200-pixel overlap window. Both global and local cc-scores
are shown in the bottom right corner.

In Figure 4.21, bargroups and individual barcodes from the �rst TSA 5 dataset
have been aligned to the theoretical barcode of chromosome II. Chromosome II is
of particular interest in this project, as it will be examined further for potential
structural changes to the genome, or SVs. In this case, the bargroups alone were
insu�cient to achieve full coverage of the chromosome, which is why additional
experimental barcodes were included in the alignment.

The pixel overlap for the alignment presented in Figure 4.21 was set to 300 pixels,
which may partly explain why the local cc-scores shown in the �gure are generally
lower compared to those in Figures 4.19 and 4.20. Another possible explanation for
the lower local cc-scores is the presence of structural alterations in this chromosome,
such as SVs, which would naturally result in poorer alignment. Such changes would
be plausible, given that this sample comes from the� tsa1 strain of S. cerevisiae,
which has a compromised defense system against endogenous ROS, and has also
undergone �ve passages through the full cultivation scheme. This possibility will be
investigated further in the following section.
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Figure 4.21: Bargroups and barcodes from the �rst TSA 5 dataset aligned to
chromosome II using a 300-pixel overlap window. Both global and local cc-scores
are shown in the bottom right corner.

4.4 SV calling focusing on Chromosome II

The following section focuses on chromosome II ofS. cerevisiae. SVs have been
previously reported in this chromosome, particularly in strains with compromised
endogenous ROS scavenging systems, such as the� tsa1 strain. This makes chro-
mosome II especially relevant for further investigation.

Telomeric regions, referring to the ends of chromosomes, are known hotspots for
genomic alterations and are particularly sensitive to structural changes. These areas
are therefore of high interest when studying SVs.

In Figure 4.22, a consensus of experimental bargroups and barcodes from the �rst
TSA 5 dataset have been made and aligned to the theoretical barcode ofS. cerevisiae
chromosome II. The blue line represents the alignment based on the best local cc-
scores from the dataset of barcodes and bargroups, used to generate a consensus
barcode. In contrast, the black line shows the consensus barcode generated from
all barcodes and bargroups that align to chromosome II within the dataset. The
approximate position of the centromere is also marked in the �gure, as this region
has been previously reported prone to genomic alteration [7].

While a sharp low intensity feature in both of the consensuses is observed at the site
of the centromere, consistent with its AT-rich composition and conserved structure.
The regions surrounding the centromere, particularly to the left, show more signi�-
cant deviation between the consensuses and the theoretical barcode. This suggests
a possible structural alteration in these �anking regions. However, it is di�cult to
de�nitively determine whether these di�erences originate from centromere changes
or extend into subtelomeric or telomeric regions.
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