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Abstract
Antibiotic resistance is one of the largest threats to global health, as it counters
the way we treat bacterial infections. Antibiotic resistance genes can spread be-
tween bacteria via plasmids. Simple and efficient methods for studying plasmids
are thus important in the global fight against antibiotic resistance. This project
optimizes and evaluates a novel molecular combing method for length estimation of
plasmids – dragging a droplet of DNA solution across a ZEONEX®-coated cover slip
followed by fluorescence microscopy. The method was optimized for pH, deposition
speed and concentration using λ-DNA. A plasmid containing the resistance gene
blaCT X−M−15 was linearized using either Cas9 or S1 nuclease, and the efficiency of
both endonucleases was assessed. The plasmid was accurately estimated to 150 kbp
by using λ-DNA as reference. The method shows promise, but further optimization
is required to reduce noise that arise from broken DNA fragments.

Keywords: plasmids, deposinator, molecular combing, Cas9, S1 nuclease.

v





Acknowledgements
I would like to thank my supervisor, Vilhelm Müller, for all his help despite lack
of time, and Hemant Kumar for making the software for extracting and measuring
DNA lengths in images. I would further like to thank Fredrik Westerlund and all
staff in his group for support and inspiration.

Alexander Radenkovic, Gothenburg, January 2017

vii





Contents

List of Figures xi

List of Tables xv

1 Introduction 1
1.1 Relevant Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theory 3
2.1 DNA & Genetic Information . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 λ-DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Cas9 and S1 nuclease . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.1 Cas9 endonuclease . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.2 S1-nuclease . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Fluorescence, Microscopy and Optical Mapping . . . . . . . . . . . . 8
2.3.1 Luminescence . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.2 YOYO-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.3 Fluorescence Microscopy . . . . . . . . . . . . . . . . . . . . . 13
2.3.4 Optical Mapping . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Stepper Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 Aim 17
3.1 Project Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Methods 19
4.1 Preparation and equipment . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.1 Zeonex coating . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1.2 Deposinator . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1.3 λ-DNA and Plasmid DNA . . . . . . . . . . . . . . . . . . . . 21
4.1.4 Cleavage of Plasmids Using Cas9 and S1 nuclease . . . . . . . 21
4.1.5 Fluorescent staining of DNA . . . . . . . . . . . . . . . . . . . 22
4.1.6 Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.1.7 Fluorescence Microscopy . . . . . . . . . . . . . . . . . . . . . 22

4.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.3 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.3.1 Measuring of single DNA molecules . . . . . . . . . . . . . . . 23

ix



Contents

4.3.2 Histogram Plotting . . . . . . . . . . . . . . . . . . . . . . . . 24

5 Results and Discussion 25
5.1 Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.1.1 pH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.1.2 Speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.1.3 DNA-concentration . . . . . . . . . . . . . . . . . . . . . . . . 26

5.2 Estimation of DNA-length . . . . . . . . . . . . . . . . . . . . . . . . 27
5.2.1 Length of λ-DNA and Non-cut DA25168 . . . . . . . . . . . . 27
5.2.2 Length of S1-cut DA25168 and S1-cut DA25168 mixed with

λ-DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.2.3 Length of DA25168 cut with Cas9 . . . . . . . . . . . . . . . . 30

5.3 Further Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.3.1 DNA breakage . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.3.2 Folding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.3.3 Cas9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

6 Conclusions 33

Bibliography 35

A Protocols I
A.1 Cas9 Cleavage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I
A.2 S1 nuclease Cleavage . . . . . . . . . . . . . . . . . . . . . . . . . . . II

B High Resolution Histograms III
B.1 Figure 5.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III
B.2 Figure 5.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V
B.3 Figure 5.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VII

x



List of Figures

2.1 (a) dsDNA in the shape of a double helix [1]. (b) The chemical
structure of the two types of base pairs, A connected to T and G
connected to C [2, 3]. The dotted lines represent hydrogen bonds. . . 4

2.2 (a) Chromosome of a eukaryote [4]. (b) Chromosome and plasmid in
a bacteria. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.3 The CRISPR loci. The white boxes represent CRISPRs and the col-
ored boxes represent spacer sequences. Each spacer is unique and
matches the sequence of various bacteriophages and plasmids. The
repeats are followed by a set of cas-genes and are crucial in the
CRISPR/Cas system. Reused by permission from Nature Publish-
ing Group [5]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.4 The three types of CRISPR/Cas systems. Type I is matured by either
Cas5 or Cas6 and interferes threats together with CRISPR-associated
complex for antiviral defense (Cascade) and Cas3. Type II is matured
by tracrRNA, RNase II and an unknown factor, and interferes threats
together with Cas9. Type III is matured by Cas6 and an unknown
factor, and interferes threats together with the Csm/Cmr complex.
Reused under creative commons licence [6]. . . . . . . . . . . . . . . . 7

2.5 A circular DNA molecule undergoing supercoiling due to either under-
or overwinding (left and right respectively) [7]. . . . . . . . . . . . . . 8

2.6 (a) The energy for different atomic orbitals ranging from 1s to 6s (not
to scale and only for comparative purposes). (b) The more primitive
Bohr model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.7 (a) An electron being excited by a photon with energy hv1 where
∆E = hv1. (b) An electron returning to the ground state, emitting a
photon with energy hv2. . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.8 (a) Fluorescence stemming from the substance quinine when exposed
to UV-light [8]. (b) A glow-in-the-dark, phosphorescent toy [9]. . . . . 11

2.9 The difference between a singlet ground state, a singlet excited state,
and a triplet excited state. The horizontal lines represents orbitals
and the arrows represents electrons where the direction of the ar-
rows correspond to the angular momentum of each electron, i.e. the
direction of their spin. . . . . . . . . . . . . . . . . . . . . . . . . . . 12

xi

http://dx.doi.org/10.1016/j.biochi.2015.03.025


List of Figures

2.10 Jablonski diagram. S0 refer to the singlet ground state, S1 and S2
refers to the first and second singlet excited states respectively, and
T1 refers to the first triplet excited state. At each electronic stage, the
system can exist in a number of vibrational states, depicted as hori-
zontal lines. Straight arrows depict radiative decay (or absorption),
while swirly arrows depict non-radiative decay. . . . . . . . . . . . . . 12

2.11 Chemical structure of YOYO-1 [10] . . . . . . . . . . . . . . . . . . . 13
2.12 Schematics of an epifluorescence microscope. Light travels through an

excitation filter, removing light not corresponding to the excitation
wavelength. The light is led through the objective and excites the
sample. The fluorescent light emitted as the sample de-excites is led
back through the objective and into an ocular for viewing or camera
for image capture. The prefix epi- refers to the fact that the light
travels through the objective before exiting the sample, and then
travels back though it again. [11] . . . . . . . . . . . . . . . . . . . . 14

2.13 Four steps of a bipolar stepper motor. In this example, each full ro-
tation consists of 4 steps. The motor consists of a central bar-shaped
permanent magnet and four surrounding electromagnets. In step 1,
current is led through the coil polarizing the electromagnets on top
and below the central magnet. This attracts the two ends of the rod
which is thus kept in place. In step 2, current is led through the
second coil and the rod shifts 90° clockwise due to magnetic attrac-
tion. In step 3, current is led to the first coil again, but this time
the direction of current is reversed, thus reversing the polarity of the
electromagnets and the central magnet shifts another 90° clockwise.
In step 4, current is led through the second coil like in step 2, but
with reversed directional flow. The motor then returns to step 1.
[12, 13, 14, 15] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.1 Schematics of the deposinator. The stepper motor is controlled by the
computer via the circuit board. The translation stage converts the
rotational motion of the stepper motor into translational movement
of the slider. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2 Image of the deposinator, including stationary pipette tip. . . . . . . 21
4.3 Early experiments yielded heterogeneous staining which would affect

optical mapping. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.1 Results for 0.1µM λ-DNA in solution with pH 6.1 and 6.5 deposited
on ZEONEX®-coated cover slips. . . . . . . . . . . . . . . . . . . . . 25

5.2 0.5 µM (a), 0.25 µM (b), and 0.1 µM (c) λ-DNA deposited on
ZEONEX®-coated cover slips. . . . . . . . . . . . . . . . . . . . . . . 26

5.3 (a) Histogram for the length of λ-DNA deposited on a ZEONEX®-
coated cover slip. (b) Histogram for the length of non-cut DA25168
deposited on a ZEONEX®-coated cover slip. A notable drop at 39 µm
has been marked. This is likely about half the length of the plasmid.
High resolution versions of both graphs can be found in Appendix B.1. 27

xii



List of Figures

5.4 (a) Histogram for the length of DA25168 cut with S1 nuclease and
deposited on ZEONEX®-coated cover slip. Notable peaks have been
marked with the corresponding lengths. (b) Histogram for the length
of λ-DNAmixed with S1-cut DA25168 deposited on ZEONEX®-coated
cover slip. Notable peaks have been marked with the corresponding
lengths. High resolution versions of both graphs can be found in
Appendix B.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5.5 The arrows point to examples of folded DNA molecules. These would
likely be regarded as one or two molecules each measured as half the
true length. The image is from deposited non-cut DA25168, 0.1 µM . 29

5.6 Histogram for the length of DA25168 cut with Cas9 and deposited on
ZEONEX®-coated cover slip. Notable peaks have been marked with
the corresponding lengths. High resolution versions of both graphs
can be found in Appendix B.3. . . . . . . . . . . . . . . . . . . . . . . 30

5.7 Difference between stretched DA25168 cut with Cas9 or S1 nuclease.
Dots appear at the ends of some of the plasmids cut with Cas9. This
is likely bundled up DNA which could be due to Cas9 interaction. . . 32

B.1 High resolution histogram for the length of λ-DNA deposited on
ZEONEX®-coated cover slip. . . . . . . . . . . . . . . . . . . . . . . . III

B.2 High resolution histogram for the length of non-cut DA25168 de-
posited on ZEONEX®-coated cover slip. A notable drop at 39 µm
has been marked. This is likely about half the length of the plasmid. IV

B.3 Histogram for the length of DA25168 cut with S1 nuclease and de-
posited on ZEONEX®-coated cover slip. Notable peaks have been
marked with the corresponding lengths. . . . . . . . . . . . . . . . . . V

B.4 Histogram for the length of λ-DNA mixed with S1-cut DA25168 de-
posited on ZEONEX®-coated cover slip. Notable peaks have been
marked with the corresponding lengths. . . . . . . . . . . . . . . . . . VI

B.5 Histogram for the length of DA25168 cut with Cas9 and deposited on
ZEONEX®-coated cover slip. Notable peaks have been marked with
the corresponding lengths. . . . . . . . . . . . . . . . . . . . . . . . . VII

xiii



List of Figures

xiv



List of Tables

4.1 Concentrations in the 200x and 10x solutions. . . . . . . . . . . . . . 22
4.2 Parameters optimized for deposition of DNA. . . . . . . . . . . . . . 23
4.3 The different types of samples that where stretched and analysed . . 23

xv



List of Tables

xvi



1
Introduction

Antibiotic resistant bacteria is a world wide and ever growing problem. It is therefore
important to study the way antibiotic resistance spread between bacteria. A way
for bacteria to spread antibiotic resistance is through plasmids [16, 17, 18]. These
are small, circular DNA molecules that are separate from the chromosomal DNA of
the bacteria. Simple and efficient ways of studying plasmids is thus needed in the
global fight against antibiotic resistance.

Methods for studying DNA often include fluorescence microscopy. As DNA
in solution has a tendency to move and bundle up, such analysis often require
fixation and stretching of the DNA molecules. There are several approaches to
achieve this, and among these are using nanofluidic channels or molecular combing.
Nanofluidic channels allow single DNA molecules in solution to be examined under
a microscope in a stretched conformation [19]. The method is efficient for stretching
the molecules, but it is quite laborious. Molecular combing involves letting DNA in
a solution interact with a positively charged surface [20]. This method stretches the
DNA by receding the liquid-surface border [20, 21]. As the DNA leaves the liquid,
surface tension stretches the molecules and they remain stretched as they bind to
the surface. This can be achieved by placing a cover slip on a positively charged
microscope slide. A droplet of DNA solution is then added to the edge of the cover
slip, and surface tension pulls the droplet under the cover slip, spreading it across
the surface between the microscope slide and the slip. As the liquid evaporates and
the surface area of the droplet recedes, the DNA is stretched. This method is simple,
but the stretching has often varied directionality, especially when it comes to longer
molecules [22].

This project assesses a more sophisticated type of molecular combing tech-
nique. ZEONEX®-coated cover slips are used for fixation of DNA, and a droplet
mechanically dragged across the cover slip is used to achieve the DNA-stretching
surface recession. ZEONEX® is a polymer with high hydrophobicity that has been
utilized for this purpose in similar studies [23]. The method allows for more con-
trolled and repeatable stretching than traditional molecular combing, while using
small amounts of DNA sample. In this project, the method was utilized to esti-
mate the length of plasmids. The project is a step in the process of assessing the
method for optical mapping, a plasmid characterization method which is explained
in Section 2.3.4.
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1. Introduction

1.1 Relevant Studies
This section describes similar studies on the subject that have been used as guidelines
and inspiration. Together with the aim chapter, it also gives the reader a perception
of how the project adds to the larger picture of scientific literature.

The plasmids used have previously been linearized using Cas9 by Müller et
al. (2016) in their study on resistance gene identification. The method used for
linearization have been replicated in this project. [24]

Major inspiration has come from Deen et al. (2015) when it comes to the
deposition of DNA. In their study they assessed a method for deposition of DNA
involving dragging a droplet of DNA solution across a polymer-coated cover slip.
The polymers tested were ZEONEX®, PMMA and CYTOP. The study found that
using ZEONEX®-coated cover slips along with a MES-buffer (pH 5.7) was superior
to the other polymers. [23]

Wei et al. (2015) demonstrated in a study a way of measuring short (5-48 kbp)
DNA molecules. The study utilized molecular combing and a small fluorescence
microscope installed on a cell phone to measure the length of the molecules. Their
combing technique involved pressing a solution droplet between two cover slips. [25]

Longer DNA molecules, around 8Mbp, were analysed by Kakyov et al. (2016).
Their combing technique involved perpendicularly pulling a silane-coated glass slide
from a DNA-solution [26]. The results were then analysed using fluorescent mi-
croscopy [26]. This method could be used to examine the plasmids in this project,
but the method requires large amount of DNA solution which might not be possible
in cases with limited amount of sample.
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2
Theory

This chapter describes the theoretical background necessary for understanding the
aim of this project. The structure and function of DNA is presented, as well as
the function and application of Cas9 and S1-nuclease, followed by an overview of
fluorescence.

2.1 DNA & Genetic Information
In nature, deoxyribonucleic acid (DNA) commonly exists as a double helix – two
strands of DNA forming a spiral staircase-like structure (Figure 2.1(a)). This is
known as the B form, which was described by James Watson and Francis Crick
based on an X-ray diffraction image taken by Rosalind Franklin [27]. The discovery
was revolutionary, and today entire fields of science revolve around this molecule
of life. This section briefly describes the structure and function of DNA to provide
theory for readers not well educated on the subject, or a refreshment for those who
are.

A DNA strand is a polymer of repeating monomers known as nucleotides, each
nucleotide consisting of two parts. The first part is a sugar (deoxyribose) attached
with a phosphate group. It is this part that connects each nucleotide with its
neighbour by linkage of the sugar to the neighbouring nucleotide’s phosphate group,
and is known as the backbone of the molecule. A linear single DNA strand has a
3’ terminus and a 5’ terminus, where the 3’ ends with the sugar of the backbone,
and the 5’ ends with the phosphate group of the backbone. The second part of
the nucleotide is a base; this base may be either adenine (A), thymine (T), guanine
(G) or cytosine (C), and the order of these bases along the DNA strand defines the
genetic information present in the molecule. In a double-stranded DNA molecule
(dsDNA) it is these bases that, through hydrogen bonds, connect the two strands
to each other. However, each base-type only binds to one of the other base-types
– A only binds to T, and G only binds to C (Figure 2.1(b)). Such bases are said
to be complementary to each other and two complementary bases are known as a
base pair. Each base pair in a dsDNA molecule must be complementary for the two
strands to be bound together. As a note, however, there are cases where the dsDNA
keeps affinity despite minor discrepancies to the complementary sequence. [28]

DNA stores the genetic information in all living organisms. The As, Ts, Gs
and Cs line up along the DNA to form sequences called genes. Each gene codes for a
protein with specific function, and the complete set of genes in an organism is called
its genome. Since humans spawn new offspring through sexual reproduction, every

3



2. Theory

(a) (b)

Figure 2.1: (a) dsDNA in the shape of a double helix [1]. (b) The chemical structure of
the two types of base pairs, A connected to T and G connected to C [2, 3]. The dotted lines
represent hydrogen bonds.

child’s genome is a combination of her parents’. Human beings thus gain hereditary
traits from their parents, which is why you are more likely to resemble your sibling
than your cousin. [28]

All organisms store their DNA in small packages known as chromosomes. Eu-
karyotic organisms (e.g. animals, plants and fungi) have two or more chromosomes,
and store their DNA in linear bundles. Bacteria, as opposed to eukaryotes, each
have a single chromosome where the DNA is stored as circular DNA, meaning that
the two ends of the molecule are connected, forming a ring. Figure 2.2 shows the
difference between eukaryotic and bacterial chromosomes. [28]

2.1.1 Plasmids
Many bacteria contain extra genetic information in additional circular DNAmolecules,
separate from the chromosome. These are called plasmids, and they can be repli-
cated and transferred between different bacteria. Plasmids are part of what makes
bacteria so adaptable, and allow spreading of antibiotic resistance. Cases of bacte-
ria with plasmids containing resistance genes are numerous, and make plasmids an
important part of studying antibiotic resistance [16, 17, 18, 29].

Traditionally, plasmids are studied using gel electrophoresis [30, 31]. However,
this does not study single molecules, and sequence characterization is not possible
in the same way as it is for optical mapping. Another common method for analysing
plasmids is PCR [32].

4



2. Theory

(a) (b)

Figure 2.2: (a) Chromosome of a eukaryote [4]. (b) Chromosome and plasmid in a bacteria.

2.1.2 λ-DNA
Enterobacteria phage λ is a bacteriophage common in E. coli. The genome is 48.5
kbp long and codes for 12-14 proteins [33]. This genome is often used as model
DNA, is commercially available, and will in this project be used as reference.

2.2 Cas9 and S1 nuclease
The ability to cut DNA at specific locations is important for various reasons. It
makes it possible to, for example, provide information about genetic information
present in the DNA or to even change this information. Cutting of DNA is done
using endonucleases, which are enzymes that cleave phosphordiester bonds in the
backbone of the molecule. These enzymes are often guided to specific sequences in
the DNA, and it is thus possible to cut DNA in specifically targeted regions. This
project utilizes endonucleases for linearization of plasmids, and this section describes
how to achieve this using CRISPR associated protein 9 (Cas9) and S1-nuclease.

2.2.1 Cas9 endonuclease
Cas9 is part of the adaptive CRISPR/Cas immune system found in many bacteria
and archaea [5, 34]. The CRISPR/Cas system provides protection against various
bacteriophages and plasmids, and was first discovered in E. coli [5, 6]. The system
is today often used for insertion of genetic information in DNA molecules.

CRISPR stands for Clustered Regularly Interspaced Short Palindromic Re-
peats. These are short repetitions of DNA which are separated by short spacer
sequences [5, 6, 34]. Spacer DNA is non-coding DNA that most often does not
contain any genetic information. However, the spacer sequences between CRISPRs
match sequences of infecting bacteriophages or plasmids [5, 6, 34]. When a new
bacteriophage or plasmid infects the host, new spacer sequences can be acquired to
match the current threat – this is what makes the system so adaptable [5, 6, 34].

5



2. Theory

Figure 2.3: The CRISPR loci. The white boxes represent CRISPRs and the colored boxes
represent spacer sequences. Each spacer is unique and matches the sequence of various
bacteriophages and plasmids. The repeats are followed by a set of cas-genes and are crucial
in the CRISPR/Cas system. Reused by permission from Nature Publishing Group [5].

The mechanism of addition of new spacers is unknown, but one possibility is that
Cas1 plays an important role [5]. CRISPRs are generally preceded by a leader se-
quence, and followed by a number of cas-genes [35]. This is known as the CRISPR
loci which is depicted in Figure 2.3

The CRISPR/Cas system works in three stages [6]. The first stage is adaption,
where new spacers are inserted into the CRISPR locus [6]. When a new spacer has
been added to the CRISPR, it provides specificity for the CRISPR/Cas immune
system [5]. The second stage is expression, where the cas-genes are expressed and
a long precursor CRISPR RNA (crRNA) is transcribed from the CRISPRs and its
spacers [5, 6, 34]. This precursor is processed by a Cas protein, which results in
small crRNAs [5]. The last stage is interference, where a Cas protein complex work
by guidance of crRNA to destroy the targeted nucleic acids of the invader [5, 6, 34].

There are three types of CRISPR/Cas systems: Type I, II and III (Figure 2.4.
The type relevant for this project is Type II, where crRNA maturation is dependent
on host RNase II and base-pair binding of a trans-coded small RNA (tracrRNA)
[6]. Interference of the invading phage or plasmid in Type II systems works through
Cas9, which binds to the crRNA and tracrRNA and cleaves DNA by guidance of the
crRNA [6]. The Type II CRISPR/Cas system is today utilized for targeted cleavage
of DNA in laboratory experiments [36, 37, 38].

In a study by Müller et al. (2016), the Type II CRISPR/Cas system was
used in combination with optical mapping to directly target and identify antibiotic
resistance in plasmids [24]. CRISPR/Cas was specifically used to target and cut
plasmids into their linear configuration. This method of plasmid linearization has
been mimicked and utilized in this project.

2.2.2 S1-nuclease
S1 nuclease is derived from the fungus Aspergillus oryzae and cleaves single stranded
DNAs and RNAs into oligonucleotides or mononucleotides [39]. However, S1 nucle-
ase can also be used to linearize large plasmids [40]. Circular DNA can undergo su-
percoiling, as depicted in Figure 2.5. Supercoiled DNA is more sensitive to enzymes
than non-supercoiled, which allows S1 nuclease to linearize the DNA [40, 41, 42].
This works in two steps. Firstly, S1 nuclease induces a nick on one of the strands in
the supercoiled circular DNA, which relaxes the molecule to a nicked circular DNA
molecule [42]. Secondly, the enzyme cleaves the DNA molecule opposite the nick as
this region is now single-stranded [42]. This results is a linear double-stranded DNA

6



2. Theory

Figure 2.4: The three types of CRISPR/Cas systems. Type I is matured by either Cas5 or
Cas6 and interferes threats together with CRISPR-associated complex for antiviral defense
(Cascade) and Cas3. Type II is matured by tracrRNA, RNase II and an unknown factor,
and interferes threats together with Cas9. Type III is matured by Cas6 and an unknown
factor, and interferes threats together with the Csm/Cmr complex. Reused under creative
commons licence [6].
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Figure 2.5: A circular DNA molecule undergoing supercoiling due to either under- or
overwinding (left and right respectively) [7].

molecule.
In this project, S1 nuclease will be used for linearization of plasmids. It will

serve as an easier but less accurate method for linearizing plasmids than usage of
CRISPR/Cas9.

2.3 Fluorescence, Microscopy and Optical Map-
ping

There are various ways of studying DNA, but many rely on staining with fluorescent
compounds. This section describes the physics and history behind fluorescence and
how it can be used for DNA analysis.

All type of light is made up of photons, small particles – or waves – of energy.
The energy of a photon is proportional to its frequency according to the Planck-
Einstein relation (Equation 2.1).

E = h · v (2.1)

where E is the energy of the photon, h is Planck’s constant and v is the photon’s
frequency. There are various ways that a substance can emit light. Traditional light
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(a) (b)

Figure 2.6: (a) The energy for different atomic orbitals ranging from 1s to 6s (not to scale
and only for comparative purposes). (b) The more primitive Bohr model.

bulbs, for example, emit light through incandescence, which occurs when a sub-
stance emits light due to high temperature. Fluorescence works differently, and to
understand the underlying physics of the phenomenon it is important to understand
the physics of atoms and molecules.

An atom consists of a nucleus containing protons and neutrons. Orbiting
this nucleus are a number of electrons matching the number of protons. Electrons
spins around an axis and each has a spin quantum number of either 1/2 or −1/2,
which describes the angular momentum of the electron. The wave-like behaviour of
electrons in an atom, molecule or ion are described by distribution functions known
as orbitals, each containing up to two electrons. Each orbital is denoted by an
energy level, n, and what type of orbital it is. The different types of atomic orbitals
are s, p, d and f . Electrons in an atom always fill low energy orbitals before they
fill higher ones. Hydrogen has one electron in the lowest energy orbital, as it is the
only electron the atom has. This orbital is known as the 1s-orbital. Helium also
only has electrons in the 1s-orbital, as the atom only has two electrons. Continuing
along the periodic table, however, more orbitals are filled as the number of electrons
increases. The next orbital in order is 2s – the number 2 implies that the orbital is at
an energy level above 1s. These energy levels can be compared to the atomic shells
of the more primitive Bohr model (Figure 2.6). Molecules have orbitals just like
atoms, but these are instead combinations of the atomic ones. Molecular orbitals
are denoted σ and π. [43, 44]

In quantum mechanics, electronic states refer to discrete values of energy that
electrons in an atom, molecule or ion can take on. If all electrons of an atom,
molecule or ion only occupy the lowest energy orbitals, the system is said to be in
its ground state. If enough energy is added to the system, an electron can transition
to a higher energy orbital. The electron is then referred to as excited, and the
system is now in an excited state. For an electron in the system to be excited
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(a) (b)

Figure 2.7: (a) An electron being excited by a photon with energy hv1 where ∆E = hv1.
(b) An electron returning to the ground state, emitting a photon with energy hv2.

to a higher state, the added energy needs to be the same as the energy difference
between the two levels (Figure 2.7(a)). For example, if the excitation is due to
a photon (photoexcitation), the energy of the photon needs to correspond to the
levels’ difference in energy (∆E = E1 − E0 = hv). If an electron returns to the
ground state after excitation, it might emit energy in the form of a photon (Figure
2.7(a)) – a phenomenon known as luminescence. [43, 44]

2.3.1 Luminescence
Luminescence occurs when a substance emits light due to relaxation of excited elec-
tronic states [45, 46]. This is thus, as opposed to incandescence, not due to high
temperature of the substance [45] – hot, glowing metal or molten lava is for example
not luminescent. The term luminescence was first introduced by Eilhard Wiedemann
in 1888 [45, 47]. As this was some years before quantum theory, Wiedemann was
naturally unaware of the existence of excited electronic states. His definition of lu-
minescence was thus “Eine terminologie für die Lichterscheinungen, die nicht durch
eine temperaturerhöhung allein bedingt sind”, roughly translated into “A terminol-
ogy for light appearances which are not caused by a temperature increase alone” [47].
A more current definition can be found in Glossary of terms used in photochemistry
(2007) as a “Spontaneous emission of radiation from an electronically excited species
or from a vibrationally excited species not in thermal equilibrium with its environ-
ment” [48]. Different types of luminescence are categorized depending on the mode
of excitation; examples include photoluminescence, chemiluminescence and biolumi-
nescence [45]. The form of luminescence relevant to this thesis is photoluminescence
which is defined as “luminescence arising from direct photoexcitation of the emitting
species” [48].

Photoluminescence is divided into two sub-categories, fluorescence and phos-
phorescence (Figure 2.8). Photoluminescent substances are placed in these cate-
gories based on the nature of the excited state [45, 46]. The difference between
fluorescence and phosphorescence was previously based on the duration of the emis-
sion [45]. Fluorescent emission was thought to stop simultaneously with the end
of excitation, and phosphorescent emission was thought to last longer. Although
phosphorescence in most cases lasts longer than fluorescence, the difference is today
described by singlet excited states and triplet excited states [46].

A system exists in a singlet or triplet state depending on the multiplicity of
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(a) Fluores-
cence

(b) Phosphorescence

Figure 2.8: (a) Fluorescence stemming from the substance quinine when exposed to UV-
light [8]. (b) A glow-in-the-dark, phosphorescent toy [9].

the system. Multiplicity is defined by Equation 2.2 and corresponds to the number
of possible orientations of the system’s spin angular momentum.

Multiplicity = 2 · S + 1 (2.2)

where S stands for the total spin quantum number. The multiplicity depends in turn
on the total spin quantum number, which describes the intrinsic angular momentum
of a particle. Two paired electrons in an orbital have opposite spins, meaning they
have a spin quantum number of 1/2 and −1/2 respectively. As the orbital thus has
a total spin quantum number of 0 the multiplicity of the atom or molecule, if all
other electrons also are paired, equals to 2 · 0 + 1 = 1. This is known as a singlet
state. An unpaired electron instead has the multiplicity of 2, and thus exists in a
doublet state. If a system has two unpaired electrons with the same spin quantum
number, the multiplicity equals 3, which is a triplet state. As opposed to the singlet
states, the two electrons in the triplet excited state are not paired. [44, 49]

As an example, consider Figure 2.9. The horizontal lines represent orbitals,
and the arrows represent electrons with different spin. In the first case, the electrons
have opposite spin, resulting in a total spin quantum number of 1/2 + (−1/2) = 0.
The multiplicity is thus 2 · 0 + 1 = 1, and the system is in a singlet state. As none of
the electrons are excited, the system is also in the ground state. In the second case,
the electrons still have opposite spins, but one of the electrons is excited to a higher
energy level orbital. This system is thus in a singlet excited state. In the last case,
the excited electron has the same spin as the non-excited one, resulting in a total
spin quantum number of 1/2 + 1/2 = 1. The multiplicity is thus 2 · 1 + 1 = 3, and
the system is in a triplet state. This would thus be referred to as a triplet excited
state. [44, 49]

How all this relates to fluorescence and phosphorescence can be seen in a
Jablonski diagram as depicted in Figure 2.10. When light absorption occurs, the
molecule is usually excited to either S1 or S2. If the molecule is excited to S2, it al-
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Figure 2.9: The difference between a singlet ground state, a singlet excited state, and
a triplet excited state. The horizontal lines represents orbitals and the arrows represents
electrons where the direction of the arrows correspond to the angular momentum of each
electron, i.e. the direction of their spin.

most always rapidly relaxes to the lowest level of S1 through non-radiative processes
known as vibrational relaxation and internal conversion. Vibrational relaxation oc-
curs when the molecule relaxes to lower vibrational levels of the same excited state
by giving away energy as heat. Internal conversion occurs when a molecule tran-
sitions form a higher state to a lower, while retaining its molecular spin. This can
occur when the vibrational levels of different states overlap. From S1, the system
may return to the ground state through fluorescence, emitting light. [46] If not, the
system returns to the ground state non-radiatively by internal conversion. Many
excited substances return to the ground state by a combination of luminescence and
internal conversion.

Figure 2.10: Jablonski diagram. S0 refer to the singlet ground state, S1 and S2 refers
to the first and second singlet excited states respectively, and T1 refers to the first triplet
excited state. At each electronic stage, the system can exist in a number of vibrational
states, depicted as horizontal lines. Straight arrows depict radiative decay (or absorption),
while swirly arrows depict non-radiative decay.
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Instead of returning to the ground state, the molecule may undergo intersystem
crossing between S1 and T1. This occurs when the excited electron reverses spin,
and is more likely to happen when the vibrational levels of the two states overlap.
From T1, the molecule can then return to the ground state through phosphorescence,
emitting light. The molecule can also return to the ground state from T1 through
internal conversion, just like with S1, without emitting any light. A molecule can
undergo excitation directly to a triplet excited state, but due to the additional spin-
reversal it is highly unlikely. To sum up, fluorescence occurs from a singlet excited
state, and phosphorescence occurs from a triplet excited state. [46]

2.3.2 YOYO-1
Fluorescent compounds are called fluorophores. A common fluorophore for stain-
ing DNA is YOYO-1 [50, 51, 52], which is a homodimeric derivate of the oxazole
yellow dye [53]. The chemical name of YOYO-1 is 1,1’-(4,4,8,8-tetramethyl-4,8-
diazaundecamethylene)bis[4-[(3-methylbenzo-1,3-oxazol-2-yl)methylidene]-l,4-dihyd-
roquinolinium] tetraiodide [53]. As this is somewhat of a mouthful, the naming
convention of YOYO-1 is based on the abbreviation of oxazole yellow (YO), and
the fact that it is a dimer of YO [53]. Figure 2.11 shows the chemical structure of
YOYO-1.

YOYO-1’s popularity when it comes to staining of DNA stems from four prop-
erties of the compound: It binds well to DNA, it is strongly fluorescent when bound
to DNA, it is non-fluorescent in solution, and it has a high molar attenuation coef-
ficient (relates to the absorptivity of the compound) [53]. YOYO-1 binds to DNA
through bis-intercalation between adjacent base pairs, of double stranded DNA [54].

Figure 2.11: Chemical structure of YOYO-1 [10]

2.3.3 Fluorescence Microscopy
The phenomenom of fluorescence can be used to study small, otherwise non-discernable
molecules under a microscope. This project utilizes epifluorescence microscopy for
imaging of DNA molecules.

Each type of fluorophore is excited by different wavelengths. A fluorescence
microscope thus works by exciting the fluorophore with light of the corresponding
wavelength. As the substance de-excites, fluorescent light is led through the objec-
tive of the microscope, allowing observation. As each fluorophore also emits light of
a certain wavelength, a filter in the microscope is used to reduce unwanted emission.
Figure 2.12 shows the schematics of an epifluorescent microscope. The fluorophore
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used in this project, YOYO-1, is excited by the wavelength 491 nm, and emits light
at 509 nm [55].

Figure 2.12: Schematics of an epifluorescence microscope. Light travels through an exci-
tation filter, removing light not corresponding to the excitation wavelength. The light is led
through the objective and excites the sample. The fluorescent light emitted as the sample
de-excites is led back through the objective and into an ocular for viewing or camera for
image capture. The prefix epi- refers to the fact that the light travels through the objective
before exiting the sample, and then travels back though it again. [11]

2.3.4 Optical Mapping
There are various ways of studying genes and sequences of DNA. One way is optical
mapping, which provides information about the sequence of single DNA molecules.
Optical mapping does not provide the exact sequence of a molecule, but instead
provides a barcode that reflects the sequence. This barcode can provide sequence
specific information about a DNA molecule, such as deletions and insertions. [19, 22]

One way of generating these barcodes is utilizing YOYO-1 in combination with
netropsin, an antibiotic from Streptomyces Netropsin. The method works via com-
petitive binding; as netropsin binds with high affinity to AT-rich regions, staining of
YOYO-1 in those regions is restricted. When studied under flurescence microscope,
the AT-rich regions of the molecule will have a lower fluorescence than the GC-rich
regions. This yields a fluorescent pattern along the DNA molecule depending on its
sequence, and can be used to extract information about the molecule. [19, 22, 56, 57]

Optical DNA mapping has been used in combination with the CRISPR/Cas
system to study antibiotic resistance in bacteria. [24]

2.4 Stepper Motors
Stepper motors are high precision electric motors that divide a full rotation into
a number of steps. There are unipolar and bipolar stepper motors. This project
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utilizes a bipolar motor, and its function is explained in this section.
The function of a simple 4 step bipolar stepper motor is shown i Figure 2.13.

The motor consists of a central bar-shaped permanent magnet and four surrounding
electromagnets. By leading current through the electromagnets in specific conces-
sions, the central magnet is induced to rotate.

(a) Step 1 (b) Step 2 (c) Step 3 (d) Step 4

Figure 2.13: Four steps of a bipolar stepper motor. In this example, each full rotation
consists of 4 steps. The motor consists of a central bar-shaped permanent magnet and
four surrounding electromagnets. In step 1, current is led through the coil polarizing the
electromagnets on top and below the central magnet. This attracts the two ends of the rod
which is thus kept in place. In step 2, current is led through the second coil and the rod
shifts 90° clockwise due to magnetic attraction. In step 3, current is led to the first coil
again, but this time the direction of current is reversed, thus reversing the polarity of the
electromagnets and the central magnet shifts another 90° clockwise. In step 4, current is
led through the second coil like in step 2, but with reversed directional flow. The motor
then returns to step 1. [12, 13, 14, 15]

The motor utilized in this project has a somewhat more complex nature, but
the principle remains the same. Instead of a rod, there is a solid cylinder with several
magnets on the outside, called teeth. By increasing the number of teeth around the
central cylinder, the rotation of each step is decreased. The stepper motor in this
project has 100 teeth, which yields 400 steps during a full rotation. Each step thus
results in a 0.9° rotation.
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3
Aim

3.1 Project Aim
The general aim of this project is to assess the use of ZEONEX®-coated cover slips
and fluorescence microscopy for length estimation of plasmids. This project is part
of a larger aim – to utilize the DNA stretching method for optical mapping of single
DNA molecules.

3.1.1 Objectives
The project aims to evaluate and optimize a DNA-measuring protocol for estimation
of plasmid lengths. A device for dragging a droplet containing DNA molecules on
ZEONEX®-coated cover slips will be used. The dragging of the droplet should fixate
and stretch the molecules, allowing image capture with fluorescence microscopy.
The following parameters will be optimized: moving the droplet at different speeds,
concentration of DNA in the droplet, and pH of the solution. Further, data received
from plasmids cleaved using S1 nuclease or Cas9 endonuclease will be compared
to non-cleaved plasmids. The length of stretched plasmids will be compared to
the stretched length of λ-DNA in order to calculate the size of the plasmid. This
value will be compared to the true size of the plasmid to assess the accuracy of the
method.
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4
Methods

This chapter describes the methods utilized in this project. The first section goes
through preparations necessary for collection of data, the second goes through the
experimental setup, and the last section describes post processing of data.

4.1 Preparation and equipment
Necessary preparations for collection of data are described in this section along with
function and mechanisms of utilized equipment.

4.1.1 Zeonex coating
ZEONEX® is a highly hydrophobic polymer from the company ZEON. It is used in
this project due to the successful results with the polymer in the study by Deen et
al. [23].

A 0.175 g piece of ZEONEX® was dissolved in 11.667 ml chlorobenzene to
obtain a 1.5% w/v ZEONEX® solution. The dissolution took about three hours,
whereupon the solution was separated into 2 ml glass vials and stored at room
temperature. A glass cover slip was placed on a spin coater and 30-40 µl ZEONEX®

solution was added on top. The cover slip was then spun at 3000 rpm for 90 s. To
smoothen the surface, the cover slips were heated at 120° C for 1 h immediately
after coating. Coated cover slips were stored at room temperature in petri dishes
sealed with Parafilm M®. The bottom of the petri dishes were covered with a lens
paper to facilitate retrieval of the cover slips when intended for use.

4.1.2 Deposinator
Deen et al. initially proposed and utilized this setup, and it has in this project been
assembled according to their instructions.

The deposinator consists of three parts: an RS Pro hybrid stepper motor
(0.9°, 400 steps), a translation stage, and an Arduino UNO circuit board connected
to a computer. The slider moves back or forward by activation of the stepper motor
which is controlled by the Arduino board. This works by the translation stage which
converts the rotational motion of the motor into translational motion of the slider.
The computer software was made by Deen et. al, and allowed for three different
speeds denoted fast, medium and slow. The speeds corresponded to 2, 10 and 60
rpm respectively, where rpm relates to the rotation of the stepper motor. 1 full
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Figure 4.1: Schematics of the deposinator. The stepper motor is controlled by the com-
puter via the circuit board. The translation stage converts the rotational motion of the
stepper motor into translational movement of the slider.

rotation of the stepper motor was converted to 1 mm movement of the slider. The
three motor speeds thus correspond to 2, 10 and 60 mm/min of deposition speed.
Figure 4.1 shows schematics of the deposinator, and Figure 4.2 shows an image of
it, including the stationary pipette tip.
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Figure 4.2: Image of the deposinator, including stationary pipette tip.

4.1.3 λ-DNA and Plasmid DNA
48.5 kbp long λ-DNA from Enterobacteria phage λ, was acquired from Roche Life
Science. 150 kbp long DA25168 plasmid DNA was a gift from Linus Sandgren at
Uppsala University. All DNA samples taken from stock solutions were diluted and
stored in MES-buffer (pH 5.7).

4.1.4 Cleavage of Plasmids Using Cas9 and S1 nuclease
Linearization of plasmids was performed using two endonucleases, Cas9 and S1
nuclease.

Cleavage using Cas9 was performed according to the protocol in Appendix
A.1. The enzyme was purchased from PNA Bio, and the RNA was purchased from
Dharmacon, GE Life Sciences. The crRNA strand was complementary an NGG
sequence 111 on the blaCT X−M−15gene, and had the sequence 5’ TGCCGAATTA-
GAGCGGCAGT 3’. Cleavage using S1 nuclease was performed according to the
protocol in Appendix A.2. The enzyme was purchased from Thermo Scientific, and
came with relevant buffers.
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4.1.5 Fluorescent staining of DNA
YOYO-1 was used as fluorophore. The molar concentration of DNA vs YOYO-1 was
kept to 5:1 in all experiments. 200x or 10x solutions (10x means the solution had
a 10x higher DNA concentration than the final deposited solution) were prepared
according to Table 1. The 10x solution was only used when cutting plasmids with
Cas9 due to low concentration in the post-cleavage solution. After incubation at 50°
C for 30 min, the solution was diluted to a DNA-concentration of 0.1 µM (except
for optimization experiments) and thus ready for deposition.

Table 4.1: Concentrations in the 200x and 10x solutions.

(a) 200xLS

Substance Concentration [µM ]
DNA 20
YOYO-1 4
MES-buffer Added to a total volume of 10µl

(b) 10xLS

Substance Concentration
DNA 1
YOYO-1 0.2
MES-buffer Added to a total volume of 10µl

4.1.6 Deposition
A ZEONEX®-coated class cover slip was placed on the slider of the deposinator, and
2 µl of sample was added on top. A stationary pipette tip was lowered to keep the
droplet in place while the slider moved. To ease lowering of the tip, it was fastened
to an adjustable radio antenna. The slider was moved 8 mm using the setup to drag
the droplet along the cover slip.

4.1.7 Fluorescence Microscopy
The cover slips were taped to a microscope glass for image capture. Zeiss Axio Ob-
server.Z1, equipped with a HBO lamp and a 63x/1.4 TIRF oil immersion objective
was used for image capture. The microscope was also equipped with a 1.6x Optovar
magnification changer resulting in a total magnification of 100x.

4.2 Experimental Setup
The system was optimized for three parameters (Table 4.2) using deposited λ-DNA.

Early experiments yielded results with heterogeneous fluorescent staining (Fig-
ure 4.3). Length estimation is not significantly reliant on homogeneous staining, but
it would be an issue if the method were to be used for optical mapping. As the het-
erogeneous staining was thought to be due to low pH, higher values than 5.7 were
tested to assess this hypothesis. pH 5.7 was used by Deen et al. (2015) for depo-
sition and was thus set as the lowest value [23]. The system was also evaluated for
pH 6.1 and 6.5.

The speed of the deposinator could be controlled, and faster speeds would
shorten time needed for experiments. The software controlling the deposinator had
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Figure 4.3: Early experiments yielded heterogeneous staining which would affect optical
mapping.

three speeds programmed – 2, 10 and 60 mm/min. All three speeds were tested to
see the effect of speed on deposition.

Lastly, different concentrations of DNA were tested. If the concentration was
high, the DNA molecules would be too closely spaced after deposition which would
affect length estimation with the software. DNA concentrations of 0.5, 0.25 and 0.1
µm were tested.

Table 4.2: Parameters optimized for deposition of DNA.

pH Speed [mm/min] DNA-conc. [µM ]
5.7 2 0.5
6.1 10 0.25
6.5 60 0.1

Table 4.3 shows the various samples that images were taken of. Images of
separate samples containing Cas9-cut plasmids, S1 nuclease-cut plasmids, non-cut
plasmids and λ-DNA were captured, as well as a sample where λ-DNA was mixed
with S1-cut plasmids.

Table 4.3: The different types of samples that where stretched and analysed

λ-DNA
Non-cut plasmid
DA25168 cut with S1 nuclease
λ-DNA+plasmid cut with S1 nuclease
DA25168 cut with Cas9

4.3 Data processing
This section describes how the lengths of the DNA molecules were estimated after
the images had been captured.

4.3.1 Measuring of single DNA molecules
Hemant Kumar, an – at the time – visiting researcher at the Department of Theoret-
ical Physics, Lund University, made a Matlab script that detects and measures the
lengths of DNA-molecules in an image. The software had a threshold for minimum
number of pixels inside the boundary of a detected molecule. The threshold was
meant to reduce noise and can bee seen as a high pass filter.

The script formed boundaries around molecules and used three methods for
estimating the length. The estimated lengths were then given as a matrix with three
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rows. This project used the third method for length estimation, which measured
the arc length of the fitted curve of the molecule.

4.3.2 Histogram Plotting
Several images were analysed for each sample, and histograms were made from the
results. The values from the results were grouped in whole µms in the histograms.
This means that, for example, molecules measured as 24.8, 25.0 and 25.4 µm would
all be rounded to 25 µm.
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5.1 Optimization
To achieve optimal stretching results, and thus allow for more accurate estimations
of length, the system was optimized for the following parameters: pH, deposition
speed, and concentration. This section presents the results.

5.1.1 pH
The DNA solutions were kept in MES buffer with pH 5.7 to allow binding of the
DNA ends to the ZEONEX® surface. However, initial results from deposition using
pH 5.7 yielded heterogeneous fluorescent staining. Although homogeneous staining
is not particularly important for measuring the size of molecules, it would affect
barcode quality if the method was utilized for optical mapping.

As there was a possibility that the heterogeneous staining was due to the low
pH, higher pH values than 5.7 were tested. Images of the results from deposition
of λ-DNA in solution with pH 6.1 and 6.5 is displayed in Figure 5.1. A pH of 6.1
yielded decent stretch of DNA molecules but this was accompanied by noise in the
form of bundled up DNA. A pH of 6.5 resulted in poor stretching. The following
experiments were thus performed using pH 5.7.

(a) pH 6.1 (b) pH 6.5

Figure 5.1: Results for 0.1µM λ-DNA in solution with pH 6.1 and 6.5 deposited on
ZEONEX®-coated cover slips.
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5.1.2 Speed
The software controlling the setup had three settings for speed: 2, 10 and 60
mm/min. 8 mm deposition using 2 mm/min speed thus took 4 minutes. As a
higher deposition speed would make the experiments quicker, each speed setting
was evaluated to see if there was any difference to DNA-stretching.

Any significant difference to the DNA-stretching was not found between the
different speed settings. Lower speed did, however, result in higher amount of DNA
deposited. The speed was thus set to 2 mm/min, as to reduce waste of DNA.

Many images had noise in the form of broken DNA fragments. There is a
possibility that even lower speeds than 2 mm/min might reduce breakage of DNA
molecules and thus reduce noise, but such experiments were not performed due to
time constraints. Further, as the software for measuring the molecules was not
complete until after experiments were finished, the extent of noise was, at the time
of data collection, unknown.

5.1.3 DNA-concentration
The length of the DNA molecules were measured using the Matlab script by He-
mant Kumar. Tightly spaced molecules were misinterpreted as one by the script,
and deposited DNA molecules thus had to be sufficiently far apart to be discerned
as separate molecules. Increasing the distance between molecules was done by de-
creasing the concentration of DNA in the solutions. Deposition quality depending
on concentration was thus evaluated for 0.5, 0.25 and 0.1 µM .

Images of the results from deposition of λ-DNA with different concentrations
is displayed in Figure 5.2. A concentration of 0.5 µM proved too high, since many
molecules overlapped which would make analysis difficult. A concentration of 0.25
µM yielded less tightly spaced molecules, but there was still a lot of overlap com-
pared to 0.1 µM . The last concentration might be to low and the sweet spot lies
somwhere between 0.25 and 0.1 µM . Nevertheless, the following experiments were
performed using 0.1 µM to ensure accurate detection with the software.

(a) 0.5 µM (b) 0.25 µM (c) 0.1 µM

Figure 5.2: 0.5 µM (a), 0.25 µM (b), and 0.1 µM (c) λ-DNA deposited on ZEONEX®-
coated cover slips.
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5.2 Estimation of DNA-length
After optimization, the method was used to estimate the size of the plasmid DA25168.
To do this, the stretched lengths of both λ-DNA and DA25168 were measured. As
the size of λ-DNA is well known, it should be possible to calculate the size of
DA25168 by comparing the λ-length and plasmid length of the stretched molecules.

Measurements were taken from five stretched samples. The software detected
and measured lengths of several hundreds molecules in each image. These lengths
were used to plot histograms which are presented in this section. The first two
samples presented below are deposited DNA from solutions containing only λ-DNA
or only non-cut DA25168. To more accurately measure the length of DA25168, the
plasmids were linearized according to the S1 protocol in Appendix A.2. Two samples
were measured using deposited S1-cut plasmid; one of the samples contained only
plasmid, while the other was a mix of λ-DNA and plasmid. The mixed sampled
was done to allow comparison in case the stretching differed between different de-
positions. The final sample contained DA25168 linearized using the Cas9 protocol
in Appendix A.1.

It should be noted that the image quality was poor for some samples, and the
results are thus less accurate for those samples. The threshold, as mentioned in
Section 4.3.1, has been set to 100 pixels for all measurements. This results in a clear
drop in number for molecules shorter than 10 µm. What appears to be a peak at
this length in some images is thus only due to the threshold.

5.2.1 Length of λ-DNA and Non-cut DA25168
The samples presented in this section were controls. They are two separate samples
containing only λ-DNA and only non-cut DA25168.

(a) (b)

Figure 5.3: (a) Histogram for the length of λ-DNA deposited on a ZEONEX®-coated cover
slip. (b) Histogram for the length of non-cut DA25168 deposited on a ZEONEX®-coated
cover slip. A notable drop at 39 µm has been marked. This is likely about half the length
of the plasmid. High resolution versions of both graphs can be found in Appendix B.1.

Figure 5.3(a) shows the histogram for the size of λ-DNA. The λ-DNA had
many of broken pieces, but the longer pieces that look nicely stretched seem to be
around 25-28 µm, which rhyme well with the histogram. There are no distinct peaks
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in the histogram, but there is a drop at 27 µm. The measured lengths below this
number are likely due to broken pieces of DNA. Larger molecules could be due to
the concatenative nature of λ-DNA.

Figure 5.3(b) displays the histogram for the length of non-cut DA25168. There
are no clear peaks in the histogram, but just like with the λ-DNA, there is a distinct
drop. This time the drop occurs at 39 µm.

5.2.2 Length of S1-cut DA25168 and S1-cut DA25168 mixed
with λ-DNA

The length of DA25168 cut with S1 nuclease was first measured when the plasmid
was deposited alone. This was followed by deposition of a sample where the cut
plasmid was mixed with λ-DNA. The mixed sample had a concentration of 0.05 µM
for both λ-DNA and DA25168, resulting in a total DNA concentration of 0.1 µM .

(a) (b)

Figure 5.4: (a) Histogram for the length of DA25168 cut with S1 nuclease and deposited
on ZEONEX®-coated cover slip. Notable peaks have been marked with the corresponding
lengths. (b) Histogram for the length of λ-DNA mixed with S1-cut DA25168 deposited
on ZEONEX®-coated cover slip. Notable peaks have been marked with the corresponding
lengths. High resolution versions of both graphs can be found in Appendix B.2.

Figure 5.4(a) displays the histogram for the length of DA25168 cut with S1
nuclease. The histogram has peaks at 41 µm and 86 µm. There is a very clear
noise, which appears to be inversely proportional to the length. Despite the noise,
the peaks are clear and the likely length of the plasmid is thus 86 µm. The peak
at 41 µm corresponds well with the non-cut plasmid at 39 µm and might be due
to DNA folding as depicted in Figure 5.5. Folding is especially apparent when
stretching non-cut plasmids. The reason to why the DNA folds could be due to
intact plasmids breaking during deposition. As a plasmid breaks, both new ends of
the molecule could fuse to the ZEONEX® at the same spot. Further data would be
required to asses this hypothesis.

Figure 5.4(b) displays the histogram for the length of λ-DNA mixed with S1-
cut DA25168. The figure can be compared with the S1-cut plasmids in Figure 5.4(a).
The same noise and the same two peaks appear, one at 41 µm, and one at 87 µm,
but with addition of a third peak at 28 µm. This peak is thus likely the λ-DNA,
which corresponds well with the 27 µm drop in Figure 5.3(a).
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Figure 5.5: The arrows point to examples of folded DNA molecules. These would likely
be regarded as one or two molecules each measured as half the true length. The image is
from deposited non-cut DA25168, 0.1 µM .

To estimate the base pair-length of the plasmid, a ratio between the measured
length (in µm) of λ-DNA and the plasmid can be multiplied with the known length
of λ-DNA. Comparing the two peaks, 28 µm and 87 µm we end up with a ratio
of 87

28 = 3.1. As λ-DNA is 48.5 kbp long, the calculated length of DA25168 is
48.5 · 3.1 = 150.35 kbp, which matches the expected length of the plasmid.

There is a clear difference between the samples containing only DNA (Figure
5.3) and the samples containing S1 nuclease (Figure 5.4). The samples containing
S1 nuclease showed peaks and the only-DNA samples had drops. The reason to this
is unknown. Molecules in an S1 solution that have been damaged by stress might
have more weak points that are targetable for cleavage, and only intact molecules
are left alone. This is highly hypothetical, however, and should be analysed further.
Experiments with samples only containing λ-DNA together with S1 nuclease would
be able to further assess the significance of the enzyme’s effect on noise distribution.
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5.2.3 Length of DA25168 cut with Cas9

Figure 5.6: Histogram for the length of DA25168 cut with Cas9 and deposited on
ZEONEX®-coated cover slip. Notable peaks have been marked with the corresponding
lengths. High resolution versions of both graphs can be found in Appendix B.3.

The results from the plasmids cut with Cas9 were incontestably the noisiest, as
can be seen in Figure 5.6. There is a small peak at 40 µm, but no distinct peak can
be observed around 86-87 µm, which was present in the results where the plasmids
were cut with S1 nuclease. Further experiments would need to be done to correctly
assess the usage of Cas9 for the purpose of length estimation of plasmids deposited
on ZEONEX®.

5.3 Further Discussion
Although the experiments yielded somewhat positive results, the method still holds
room for much improvement. This section sums up and extends discussion on ques-
tions posed previously in this chapter.

5.3.1 DNA breakage
The first thing to improve before utilizing the method for optical mapping is reduc-
tion of noise. A large portion of noise was due to samples having high concentrations
of broken DNA. There are three likely factors that induce DNA breakage – deposi-
tion speed, external forces, and vibration of the stepper motor.

The stretching of DNA relies on the droplet pulling the molecules with its sur-
face tension, and high speeds of the droplet likely rips the molecules apart. Although
the deposition speed was 2 mm/min, DNA molecules are fragile and even such low
velocities might induce breakage. It would be simple to assess if lower deposition
speed reduce DNA breakage. However, the setup utilizes a stepper motor which
divides a full rotation into 400 steps. Although the time for a full rotation might
be reduced, the speed between each step would not be smooth at very low speeds.
It should be possible to smoothen the rotation by taking half steps or micro steps.
Such possibilities should be explored if simply lowering the rotational speed is not
sufficient to reduce DNA breakage.
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The second factor, external forces, is disruption to the path of the droplet
during deposition. As the ZEONEX® surface is highly hydrophobic, even small
vibrations might shake the droplet and cause breakage of DNA currently being
deposited. Fixation of the translation stage on a pressurized microscope table stage
might reduce impact from these forces. Some vibration also arises from the stepper
motor, and smoothening the steps might reduce this.

The DNA might contain nicks which makes it more sensitive to the stretching.
This was however not examined.

5.3.2 Folding
The images of the non-cut plasmids show clear examples of plasmids folding, yield-
ing a drop in the histogram at around half the true size of the DNA molecules. As
mentioned, this is likely due to intact plasmids breaking during deposition. The de-
position speed might affect this folding, and lower speeds might increase the number
of folded molecules. As a plasmid breaks, a low speed might allow time for both
ends to fuse simultaneously to the ZEONEX® surface, while a high speed might
stretch the molecule before both ends have attached. However, lower speeds might
reduce the breakage of intact plasmids all together.

It should be noted that no folded plasmids could be found in the sample cut
with S1 nuclease. Despite this, there is still a peak at 41 µm which is around half
the true size of the molecule. To solely assign the reason for the existence this peak
to folded plasmids is thus not accurate. S1 nuclease might nick some supercoiled
plasmids at two sites, leaving both sites open for further cleavage. However, there
is no apparent reason to why the enzyme would cleave at exactly half the size of
the molecule. It could be that the sites sensitive for S1 nicking are the two ends
of supercoiled plasmids (Figure 2.5), but such hypotheses are premature. Further,
deposition speeds lower than 2 mm/min might decrease the prominence of the 41
µm peak.

5.3.3 Cas9
The Cas9 results left little satisfaction. No clear peak appears at around 86 µm in
the histogram, and the one at 40 µm is weak. Comparing the images of plasmids
cut with S1 nuclease or Cas9 might shed some light on the issue, however. Figure
5.7 shows two images of the different samples. A common occurrence with the
Cas9 cut plasmids is that one of the ends of the DNA molecules is slightly bundled
up. This can be seen as fluorescent dots that emit more light than the rest of the
molecule. If this occurrence is due to the Cas9 protocol is unknown, and further
experiments could confirm or reject this hypothesis. It should be noted that the Cas9
experimental data were gathered about a week earlier than the remaining results,
and the experiments were thus performed with hands less skilled with the method.
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(a) Cas9 (b) S1 nuclease

Figure 5.7: Difference between stretched DA25168 cut with Cas9 or S1 nuclease. Dots
appear at the ends of some of the plasmids cut with Cas9. This is likely bundled up DNA
which could be due to Cas9 interaction.
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6
Conclusions

The genetic evolution of bacteria is highly dependent on various types of plasmids.
Plasmids have been found to allow spreading of antibiotic resistance between dif-
ferent types of bacteria. To have simple and equipment-light methods for analysis
of plasmids is thus important in the fight against antibiotic resistance. This mas-
ter thesis aimed to optimize and evaluate the usage of a novel molecular combing
technique for length estimation of plasmids.

The optimization for the parameters pH, deposition speed, and DNA concen-
tration resulted in pH 5.7, 2 mm/min, and 0.1 µM respectively. Further experiments
with lower speed should be performed to assess the effect of deposition speed on DNA
breakage.

Length of plasmid DA25168 was accurately estimated to 150 kbp by comparing
peaks in the histogram of S1-cut plasmid mixed with λ-DNA. The results were
comparable with samples only containing λ-DNA or non-cut plasmid. Histograms
from these samples did not have peaks however, but had instead distinct drops. The
S1 solutions contained a clear noise, that seemed to be inversely proportional to the
length.

DNA breakage was common, and might be reduced by lowering deposition
speed and smoothening the steps of stepper motor. Reducing impact of external
vibrations could also be done by fastening the setup to an anti-vibration table. It
should be noted that experiments carried out by Deen et al. using λ-DNA did not
contain large amounts of broken DNA, and potential deviations should be analysed.

Cas9 experiments did not yield any significant results, due to poor image
quality and ends of plasmids bundling up. New experiments should be performed
to truly assess the usage of this enzyme for this purpose.

There might be a possibility to estimate the length from non-cut plasmids as
the results yielded a distinct drop at roughly half the size of the plasmid. Some
correction factor would probably be needed, and more experiments with various
plasmids could assess this. Removing the need of enzymes would simplify experi-
ments in laboratories with limited storage facilities.

To conclude, the method shows promise, but optimization is still required to
fully utilize the method for further experimental studies.
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A
Protocols

A.1 Cas9 Cleavage
This section describes the protocol for cleavage of plasmids using Cas9.

1. The following reaction mixture was prepared in a tube.
Substance Volume Stock Concentration
crRNA 5 µl 100 µM
tracrRNA 5 µl 100 µM
NEB Buffer 3 1.5 µl 10X
BSA 0.75 µl 20X
Tris-EDTA Buffer 3 2.75 µl 10 mM

Incubation at 4° C for 30 min.
2. The following reaction mixture was prepared in a new tube.

Substance Volume Stock Concentration
Solution from 1 1.5 µl
Cas9 0.6 µl 1000 ng/µl
NEB Buffer 3 0.35 µl 10X
BSA 0.18 µl 20X
Tris-EDTA Buffer 3 2.37 µl 10 mM

Incubation at 37° C for 15 min.
3. The following substances were added to a the tube from 2.

Substance Volume Stock Concentration
Plasmid DNA 1.15 µl (60 ng) 52.2 ng/µl
NEB Buffer 3 1 µl 10X
BSA 0.5µl 20X
Tris-EDTA Buffer 3 to a final volume of 15 µl 10 mM

Incubation at 37° C for 60 min. Final DNA concentration: 6.5 µM
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A. Protocols

A.2 S1 nuclease Cleavage
This section describes the protocol for cleavage of plasmids using S1 nuclease.

1. The following reaction mixture was prepared in a tube.

Substance Volume Stock Concentration
Plasmid DNA 1.92 µl (60 ng) 52.2 ng/µl
Reaction buffer for S1 nuclease 3 µl 5X
S1 nuclease 0.1 µl 10 U/µl
MQ water to a final volume of 30 µl

Incubation at RT for 30 min.

2. Stop the reaction by adding 2 µl of 0.5 M EDTA and heating at 70° C for 10
min.

NOTE: The S1 nuclease was provided as a 100 U/µl stock but was diluted with
1X reaction buffer immediately prior to use.
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B
High Resolution Histograms

B.1 Figure 5.3

Figure B.1: High resolution histogram for the length of λ-DNA deposited on ZEONEX®-
coated cover slip.
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B. High Resolution Histograms

Figure B.2: High resolution histogram for the length of non-cut DA25168 deposited on
ZEONEX®-coated cover slip. A notable drop at 39 µm has been marked. This is likely
about half the length of the plasmid.
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B. High Resolution Histograms

B.2 Figure 5.4

Figure B.3: Histogram for the length of DA25168 cut with S1 nuclease and deposited
on ZEONEX®-coated cover slip. Notable peaks have been marked with the corresponding
lengths.
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B. High Resolution Histograms

Figure B.4: Histogram for the length of λ-DNA mixed with S1-cut DA25168 deposited
on ZEONEX®-coated cover slip. Notable peaks have been marked with the corresponding
lengths.
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B. High Resolution Histograms

B.3 Figure 5.6

Figure B.5: Histogram for the length of DA25168 cut with Cas9 and deposited on
ZEONEX®-coated cover slip. Notable peaks have been marked with the corresponding
lengths.
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