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Abstract

As antibiotic resistance increases, there is a growing interest in developing new
strategies and targets for antibiotics to combat this issue. However, the mechanisms
of action for antibiotics, particularly their e [edt on bacterial DNA, are often not fully
understood. This lack of knowledge can hinder the application of DNA damaging
agents as antibiotics. In this project, a fluorescence microscopy-based method was
developed to analyze bacterial DNA damage caused by stressors such as chemicals
and antibiotics. The method relied on enzymes that are part of the base excision
repair system for single-strand DNA damage. These enzymes were responsible for
removing di[lerent types of damage. To visualize the DNA damage, fluorescently
labeled nucleotides were incorporated and observed using fluorescence microscopy.
This method had not been previously employed to analyze DNA damage in bacte-
ria. During the optimization process, several factors were identified as crucial for
ensuring DNA quality and detecting DNA damage. The purity of chemicals used
and the quantity of DNA were observed to be important. Additionally, it was dis-
covered that the act of repeated temperature shock of B. subtilis potentially caused
DNA damage. Although progress has been made, further studies are required to
develop a more reproducible and robust method for detecting DNA damage caused
by di [erknt antibiotics.

Keywords: antibiotics, DNA damage, single molecule imaging, bacillus subtilis, flu-
orescence microscopy, base excision repair.
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1

Introduction

The discovery of antibiotics has made treatment of previously deadly bacterial infec-
tion diseases become possible. Antibiotics also have important applications in surg-
eries, organ transplantations and have been exploited for use as chemotherapeutic
agents [3]. However, the recent decline in newly discovered antibiotics parallel to an
increase of resistance against the existing ones, has led to less e cient and success-
ful treatments for patients [3, 4]. Antibiotic resistance is, according to the World
Health Organization, one of humanity's biggest global health problems [4]. Some of
the main causes of antibiotic resistance include overuse and misuse in human health
and animal industry, poor sanitation and sewage system and wildlife spread [4, 5].

As antibiotic resistance is a global problem, it is important to develop new strategies
or new targets for antibiotics. There are di erent ways antibiotics target bacteria;
cell wall synthesis, cell membrane, protein synthesis, nucleic acid synthesis, and
bacterial metabolic pathways [6]. Despite of already known targets, many of their
exact mechanisms of action (MOA) and how they a ect and act against bacteria
are not completely understood, especially for the e ect on bacterial DNA. Thus, it
hinders the application of DNA damaging agents as antibiotics.

DNA damage can occur through various mechanisms, including oxidative damage,
alkylation of bases, base loss, formation of bulky adducts, DNA crosslinking and

DNA strand breaks [7]. Single-strand DNA (ssDNA) damage is a frequent occur-

rence and can be induced by external stressors like UV or certain drug molecules.
Bacteria possess repair pathways that are activated in response to DNA damage,
and the primary pathway involved in repairing ssDNA damage is the base excision

repair (BER) pathway.

DNA damaging e ects caused by antibiotics have for example been evaluated using
the comet assay, to investigate single-stand breaks (SSB) and double-strand breaks
(DSB)[8]. Other methods include measuring the SOS response, that activate DNA
repair pathways [9] and the utilization of biomarkers to recognize speci c types of
DNA damage [10]. Common for many methods is that they either address one
speci ¢ damage type, alternatively only provide a qualitative assessment whether
DNA damage is present or not, lacking speci city.

Zirkin et al. developed a single molecule imaging (SMI) approach to detect mul-
tiple types of ssDNA damage simultaneously. The method utilizes enzymes that
are part of the BER system that can identify di erent types of damages and re-
move those bases [1], see Figure 1.1. This leaves a gap where uorescently labelled
nucleotides can be incorporated with DNA polymerase. The DNA backbone is in
addition stained with YOYO-1 and visualized with a uorescence microscope. The

1



1. Introduction

DNA damage is quanti ed by measuring the length and the number of damaged
sites on the DNA. Using hydrogen peroxide as ROS inducer, they showed that hy-
drogen peroxide concentration is directly proportional with the DNA damage level,
indicating that the method is able to distinguish and compare damage with high
sensitivity. Until now, this been used in various applications, such as to quantify
DNA damage induced by bleomycin, a chemotherapy drug or by topoisomerase Il
poison etoposide [11, 12]. However, it has not yet been used to analyze the DNA
damage in bacteria caused by antibiotics.

Figure 1.1: Single molecule imaging approach to detect DNA damage. DNA is
exposed to DNA damaging agents. Bacterial repair enzymes recognize and remove
single-stranded DNA damage, leaving gaps where uorescently labeled nucleotides
are incorporated. The DNA is then stretched and imaged with uorescence mi-
croscopy. Reprinted with permission from [1]. Copyright 2023 American Chemical
Society.
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1.1 Aim

The aim of project is to develop a uorescence microscopy-based method to analyze
bacterial DNA damage caused by various stressors, such as chemicals or di erent
antibiotics.

1.2 Limitations

In this study, Gram-positive bacteria Bacillus subtilis was used as the model or-
ganism. Due to time limitation, there were no experiments conducted using any
Gram-negative bacteria such akscherichia colior other model organisms. Besides,
this work was more focused on the optimization and proof of concept of the method.
Some initial experiments using antibiotics had been conducted in this work. How-
ever, further experiments using additional antibiotics will be needed in the future.
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Theory

The theory is divided into part that describes the model organism, DNA damage
and repair, and some of the methods utilized in the study.

2.1 Bacillus subtilis

B. subtilis is a rod-shaped Gram-positive bacterium that has a generation time of
approximately 20 minutes in the optimal temperature span of 30-3413]. It is
widely used as a model organism and characterized as a Generally Considered As
Safe (GRAS) organism. It can form endospores due to nutritional starvation and
other stress in the environment. As other bacteria, it has circular chromosomal DNA
that resides in a super-coiled formation in the nucleoid, making it easy to extract
and study the DNA [14].

2.2 DNA damage

DNA is found in every known organism and encodes for essential information respon-
sible for the overall function of the organism [15]. DNA is a double-helical structure
composed of two strands. These strands are made up of a sugar-phosphate backbone
connected to multiple nitrogenous bases through glycosidic bonds. A nitrogenous
base is either a pyrimidine; thymine (T) or cytosine (C), or a purine; adenine (A)

or guanine (G). In the double helix, A binds to T and C binds to G through hy-
drogen bonds. During transcription, the DNA strands are used as a template and
the corresponding bases are added, except for T that is substituted by uracil (U),

to create RNA.

DNA can be damaged in di erent ways, including base damage sites in which the
damage is small or bulky, apurinic/apyrimidinic (AP) sites, single or double stranded
breaks, cross-links, ribonucleotide misincorporation and base-pair mismatch [7] .
DNA damage is either of endogenous or exogenous source. Endogenous source is
the reactive byproducts formed during normal cellular metabolism [16]. A common
source of endogenous damage are reactive oxygen and nitrogen species [7]. Exoge-
nous source are environmental, physical, and chemical agents and factors. Common
sources are UV or chemicals such as antibiotics and may a ect the DNA directly

or indirectly. Damaging DNA can a ect the tness and viability of the bacterium,

thus making it a good target for antibiotics.
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2.3 DNA repair

There are di erent pathways for DNA repair that are activated when the DNA is
damaged inB. subtilis [16]. Some examples of that are the SOS response (Figure
2.1) that activates repair pathways, the nucleotide excision repair (NER) (Figure
2.2) and the base excision repair (BER) (Figure 2.3). Which one of the pathways
that is activated depends mostly on the type of DNA damage.

2.3.1 SOS response

The SOS response system (Figure 2.1) is activated in response to DNA damage
caused by endo- and exogenous sources [17]. It is very well known and characterized
for E. coli and has been shown to work similarly ifB. subtilis [16]. It is a response in
which DNA repair and mutagenesis are activated while the cell cycle is stopped [18].
LexA acts as a transcriptional repressor, while RecA activates the response. When
the DNA is damaged and goes through replication, ssDNA is formed, to which the
RecA can bind. When bound it turns into its active form and activates LexA that
self-cleaves and derepresses over 50 genes under its control.

Figure 2.1: Schematic of the SOS response. When the replication is stalled at the
damaged site ssDNA is formed and RecA can bind to it and turn its active form.
LexA self-cleaves and that causes derepression of genes and the DNA damage can
be addressed. Reused with permission from [2].

2.3.2 Nucleotide excision repair (NER)

The NER pathway (Figure 2.2) repairs di erent types of lesions, often bulky lesions
such as damage induced by UV or drugs [16]. The repair pathway is controlled by the
Uvr system, which includes UvrA, UvrB and UvrC. The SOS response regulates the
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2. Theory

uvrBA genes, while theuvrC gene is located on another position. Damaged bases
are identi ed by a complex of UvrA and UvrB. When the damage is recognized,
UvrA dissociates from the complex and UvrC is recruited to the site by UvrB. They
then remove 10-15 nucleotides around the non-coding base, which is then removed
by DNA helicase Il (UvrD). The resulting gap is lled with DNA polymerase | and
nally sealed by DNA ligase.

A subpathway that exists within NER is called transcription-coupled repair (TCR),

in which the mutation frequency decline (Mfd) protein is involved [16]. When RNA
polymerase is stalled at a damaged site, the Mfd protein dislodges it and initiates
repair on the transcribed strand.

Figure 2.2: Simpli ed schematic of the Nucleotide Excision Repair (NER) path-
ways. A bulky lesion is recognized and the DNA is opened up. The damaged part
and nucleotides around are excised, and new nucleotides are incorporated. Created
in Biorender.com.

2.3.3 Base excision repair (BER)

In contrast to NER, the BER pathway (Figure 2.3) repairs non-bulky DNA dam-
age caused by, for example, alkylation, oxidation, depurination/depyrimidination,

7



2. Theory

deamination, and dUTP incorporation [16]. BER is the DNA repair pathway that

Is the most frequently used. Damaged nitrogenous bases are recognized by glycosy-
lases, a family of enzymes. Monofunctional glycosylases remove the damaged base
by hydrolyzing the N-glycosidic bond and thus creating a Apurinic/apyrimidinic
(AP) site, in which the sugar-phosphate backbone is still intact [7]. The AP site is
then recognized by enzymes that nick the 3' and 5' end of the site, allowing for DNA
polymerase | to incorporate nucleotides. Bifunctional glycosylases remove the dam-
aged base and cleave the phosphodiester backbone througklimination, making

it possible to incorporate new nucleotides.

Figure 2.3: Simpli ed schematic of the Base Excision Repair (BER). Glycosylase
recognizes and removes a damage base, creating an AP-site. An AP endonuclease
nicks the backbone and creates a gap where nucleotides are incorporated. Created
in Biorender.com.

There is a system that speci cally repairs oxidized guanines, such as 8-oxoguanine.
That kind of damage is removed by the glycosylase Fpg [7, 16]. It is the most com-
monly occurring type of oxidative damage and if not removed it is very mutagenic.
Another type of damage is when uracil is incorporated in double-stranded DNA
(dsDNA). This is possible when dUMP is incorporated instead of dTMP or as a
result of deamination of dACMP to dUMP. It can occur either spontaneously or as a
result of exposure to DNA damaging agents. To remove the damage, BER and the
speci c glycosylase UDG is activated. AP sites can occur both during BER as well
as spontaneously and are recognized and repaired by AP endonucleases.

8



2. Theory

The mixture of BER enzymes that are used in the project were chosen based on
previous papers [1, 11, 12], and are summarized with a short description of functions
in Table 2.1. The enzymes repair various types of damage in the DNA, mostly
di erent types of oxidative damage.

Table 2.1: Enzymes that are used in the project and their functions.

| Enzyme | Function |

APE1l Repairs apurinic/apyrimidinic (AP)-sites [19]. Recognizes and
removes uracil, alkylated and oxidized bases and AP-sites [20].

FPG Recognizes and removes various types of oxidized purines, ffor
example 8-oxoguanine[1].

Endo IlI Can remove oxidized pyrimidines [21].

Endo IV Apurinic/apyrimidinic (AP) endonuclease, repairs oxidative
DNA damage [1].

Endo VIII Repairs various types of damaged pyrimidines, including oxidized
pyrimidines [1].

UDG Catalyzes the removal of uracil from DNA, such as those caused
by deamination of cytosine to uracil [1].

2.4 Antibiotics

The antibiotics that were chosen in the project were picked mostly based on previous
ndings in the Wenzel research group (Chalmers University of Technology) that
suggested impact on DNA. The antibiotics as well as the corresponding targets and
the previously known MOA:s can be seen in Table 2.2. Most of the antibiotics have
MOA:s that are not fully understood or may have multiple targets in bacteria.
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Table 2.2: The antibiotics used in the project and their targets and known mech-
anisms of action.

| Antibiotic | Targets | Mechanism of action |
Nitrofurantoin | Cellular macro- | It forms an unknown reactive species
molecules likely containing nitrogen, leading to

damage to DNA, proteins and lipids
[22, 23].

Cipro oxacin

DNA gyrase, topoiso-
merase IV

Binds to DNA gyrase and topoiso-
merase |V, inhibiting DNA synthesis
and introducing DNA double stranded
break (DSBs) DNA [24].

Tetracycline

Protein synthesis

Prevents aminoacyl-tRNA from attach-
ing to the ribosomal acceptor site and
thus inhibits protein synthesis [25].

Trimethoprim

Folic acid pathway

Inhibits the enzyme dihydrofolate re-

ductase which blocks the reduction of

dihydrofolate to tetrahydrofolate. The
inhibition of the tetrahydrofolate pro-
duction a ects the DNA replication and
protein synthesis [26].

Mitomycin C

DNA synthesis

It inhibits DNA synthesis by crosslink-
ing complementary strands of the DNA
[27].

Zeocin

DNA

Induces double-stranded-breaks in the
DNA by intercalating into the DNA
[28].

Echinomycin

DNA

Binds to double-helical DNA by inter-
calating [29, 30]. As a result of that,
the thermal stability of the double-
stranded DNA increases with no single
or double-stranded breaks [30].

2.5 Bacterial Cytological Pro ling (BCP)

D

Bacterial Cytological Pro ling (BCP) is a uorescence light microscopy-based method,
rst described in 2013, that can be used to visualize di erent cellular components
[31, 32]. It is used with di erent kind of dyes that visualized di erent parts of the

bacterium. The dye 4,6-diamidino-2-phenylindole (DAPI) is used to stain DNA,

while the dye Nile red is commonly used to stain the cell membrane, in addition
a uorescent fusion protein of interest can be used. BCP is a quick and simple
method and can to investigate the cellular pathways that are targeted by a specic
compound of interest.

10



2. Theory

2.6 Single Molecule Imaging (SMI)

SMI, in comparison to BCP, is a method in which single molecules are visualized
and analyzed and the heterogeneity of a sample is taken into consideration [33].
In this project SMI refers to the method of visualizing single DNA molecules with
uorescence microscopy and then analyzing the damage on the individual DNA
molecules. To be able to analyze the damage and the length, the DNA molecules
need to be stretched out, as they normally exist in a coiled state in bacteria. This
can be achieved in di erent ways and one example is to use glass slides and glass
coverslips that have been functionalized, for example by using a mixture of Al-
lyltrimethoxysaline (ATMS) and (3-Aminopropyl) trimethoxysilane mixed with ace-
tone [34]. ATMS with its hydrophobic groups and APTES with its hydrophilic
and positively charged groups makes it possible for the negatively charged DNA
molecules to bind to the surface. By adding DNA sample at the edge of the cover-
slip on the glass slide, capillary force pulls the DNA between the glasses and stretches
the DNA, see Figure 2.4. To be able to visualize the DNA it is often stained with

a DNA binding dye, such as the green uorescent dye YOYO-1. The SMI method
that is used in the project uses, as mentioned, a mixture of naturally occurring BER
enzymes to identify damaged parts on the DNA strands and remove them, leaving
gaps in the DNA [1]. The gaps are then lled with uorescently labeled nucleotides,
the DNA stained with YOYO-1 and visualized with uorescence microscopy. In the
following thesis, the described method is referred to as the SMI method.
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2. Theory

Figure 2.4: Schematic of the stretching of DNA using APTES and ATMS. The
coverslip is immersed into a solution of acetone, APTES and ATMS that makes it
possible for DNA to bind. When the DNA solution is put at the interface of a glass
slide and a coverslip, capillary force pulls the DNA between the glasses and stretches
the DNA. Created in Biorender.com.
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Material and Methods

The method is divided into three main parts: Initial, optimizing and antibiotic
experiments.

3.1 Chemicals

Table 3.1: Some of the chemicals used in the project and the manufacturer.

| Chemical | Manufacturer | Remark
Cipro oxacin Fisher Scienti c Antibiotic
Echinomycin Fisher Scienti c Antibiotic
Mitomycin C Fisher Scienti c Antibiotic
Nitrofurantoin Fisher Scienti ¢, Acros Organic Antibiotic
Trimethoprim Fisher Scienti c Antibiotic
Tetracycline Fisher Scienti c Antibiotic
Zeocin Fisher Scienti c Antibiotic
DAPI Fisher Scienti c DNA stain, BCP
Nile red Fisher Scienti c Lipophilic stain, BCP
APE1l New England Biolabs (NEB) Enzyme
Endonuclease Il New England Biolabs (NEB) Enzyme
Endonuclease IV New England Biolabs (NEB) Enzyme
Endonuclease VI New England Biolabs (NEB) Enzyme
FPG New England Biolabs (NEB) Enzyme
uUDG New England Biolabs (NEB) Enzyme
YOYO-1 Invitrogen DNA dye, SMI method
dATP New England Biolabs (NEB) Nucleotide
dCTP New England Biolabs (NEB) Nucleotide
dGTP New England Biolabs (NEB) Nucleotide
dTTP New England Biolabs (NEB) Nucleotide
Aminoallyl-dUTP-ATTO-647 N Jena Bioscience Fluorescent nucleotide
APTES Sigma-Aldrich SMI method
ATMS Sigma-Aldrich SMI method
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3. Material and Methods

3.2 Initial experiments

Initial experiments comprise experiments done to establish the methodology, before
optimization experiments.

3.2.1 Culture preparation and treatment

List of the bacterial strains used in this work can be seen in Table 3.2. Bacterial
cells were grown in 2 mL LB and incubated overnight at 3% while shaking. For
strain UG10, cells were grown at 36 instead of 3%o.. On the next day, cells were
diluted 1:100 in 20 mL LB and grown to an Oy, of 0.3-0.35. After that, cells were
treated with 0.3% v/v H,0O, for 30 minutes

Table 3.2: The strains used in the project.

| Strain | Genotypé® | Origin | Application |
168CA trpC2 DSMZP [35] SMI method
UG10 trpC2 amyE:Pxyl_recA- | [36] BCP
mgfp spc

BKE16940 trpC2 recA:ery BGSC® [37] SMI method (Ap-
pendix C.1)

2682 trpC2 recA::tet [38] SMI method Ap-
pendix C.1)

a"spc" stands for resistance against spectinomycin, "tet" stands for resistance against tetracycline,
"ery" stands for resistance against erythromycin, and mgfp is a Green Fluorescent Protein
bThe Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH

¢Bacillus Genetic Stock Center (BGSC)

3.2.2 DNA Isolation

DNA isolation method is based on the standard phenol-chloroform isolation with
some modi cations [39]. The complete protocol can be seen in Appendix A.2. In
short, samples were centrifuged, the pellet washed in TES bu er and then once
again centrifuged. The pellet was resuspended in TES and incubated %8y with
Lysozyme and RNase for 30 minutes and then with Pronase and Sarkosyl for 60
minutes. In accordance with the standard protocol an equal amount of phenol and
chloroform was added, and the samples were mixed and centrifuged. The upper
aqueous phase containing the DNA was transferred to a new tube, chloroform was
added, the samples were mixed and nally centrifuged. The upper layer was once
again transferred to a new tube and isopropanol was added and the samples were
mixed and centrifuged. The DNA pellet was washed twice in ethanol 70%, dried,
and nally solubilized in milli-Q water.

The concentration of the DNA was, during the initial experiments, measured with
two di erent methods, NanoDrop™ (ND-1000 UV-Vis Spectrophotometer, Thermo
Fisher) and Qubit 4 Fluorometer (Invitrogen, Thermo Fisher, USA) with dsDNA
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3. Material and Methods

Broad Range Assay kit. The measurements were carried out according to the re-
spective manufacturer protocols.

DNA was stored in -206 or -80%0 (longer storage). At all times when DNA in
solution was handled, either a cut pipette tip or a wide bore pipette tip was used to
minimize breakage of DNA.

3.2.3 SMI Method

The SMI method is based on the one previously described [1]. Briey, an enzyme
master mix (Table 3.3) was prepared in 1X CutSmart Buer, 100 ng DNA and
milli-Q water to a total volume of 50 uL per sample. Alternatively, single enzymes
were added to 100 ng DNA, 1X CutSmart Bu er, and milli-Q water. The mixture
was incubated (3%o) for 1 hour. A nucleotide master mix (Table 3.4) was prepared
in 1.25 U DNA polymerase 1, 1X NEBu er 2 and milli-Q water to a total volume
100 pL per sample. It was incubated (2%o) for 1 hour before the addition of 0.25
M Ethylenediaminetetraacetic acid (EDTA) to stop the ongoing reaction. During
and after addition of the uorescently labeled nucleotides, the experiments were
performed in minimum light exposure. The samples were stored in 20wrapped
in aluminium foil.

Table 3.3: The enzymes used for DNA damage labeling and the corresponding
concentration.

| Enzyme | Concentration (U) |

APE1 25
Fpg 2.5
Endo IlI 2.5
Endo IV 2.5
Endo VIII 25
uDG 25

Table 3.4: The nucleotides used for DNA damage labeling and the corresponding
concentration.

| Nucleotide | Concentration ( M) |
dATP 1
dGTP 1
dCTP 1
dTTP 0.25
Aminoallyl-dUTP-ATTO-647 N 0.25

For staining and imaging, typically 7 uL of uorescently labeled DNA was diluted

in 0.5X Tris-borate EDTA (TBE) and stained with 320 nM YOYO-1. In addition,

1 uL -mercaptoethanol was added just before the image acquisition to reduce
photobleaching. From the nal volume of 50uL, 3.2 uL was placed at the interface
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of a functionalized coverslip and a microscope glass slide. A drop of immersion oll
was put on the coverslip and the imaging was performed with a 100X objective on a
Zeiss Observer Z1 uorescence microscope with a Photometrics Prime 95B sCMOS
22mm camera. Two channels were used for imaging, YOYO-1 (emission wavelength
508 nm) and ATTO-647 (emission wavelength 679 nm). The light source intensity
was set to 20% and the exposure times were set to 370 ms and 1500 ms for YOYO-1
and ATTO-647, respectively.

Before imaging, the coverslips had to be functionalized to allow stretching of the
DNA. Coverslips (22x22 mm) were arranged in a rack and immersed in a mix-
ture of 1% v/v of 3-Aminopropyltriethoxysilane (APTES) and Allyltrimethoxysi-
lane (ATMS) in acetone for at least 2 hours. Prior to use, they were rinsed in a
solution containing acetone and milli-Q water (2:1) and dried with nitrogen gas.

3.3 Optimization Experiments

For the optimization experiments, the only di erence compared to the initial experi-
ments was the cell preparation and treatment. For DNA isolation and SMI method,
see Section 3.2.2 and 3.2.3.

3.3.1 Cell Preparation and Treatment

To prepare the cell culture, a method utilizing single-use bacterial aliquots (Ap-
pendix A.1) was employed. Instead of overnight cultures, one tube of a single-use
aliquot was thawed and added to 20 mL LB on the day of the DNA isolation. The
cells were incubated (3%o) until an OD gy, of 0.3-0.35 was reached. For proof-of-
concept HO, with di erent conditions was added, see Table 3.5.

Table 3.5: Concentrations and duration times for HO, during optimization ex-
periments.

| Treatment | Stock Concentration (v/v) | Final Concentration (v/v) | Time
H,O, 30% 0.15% 10/30 minutes
H,O, 30% 0.3% 10/30 minutes

3.4 Antibiotic experiments

Some experiments with antibiotics were performed during initial and optimization

experiments before the nal optimization. The conditions and experiments described
in Appendix C.1, in which concentrations used were based on Minimum Inhibitory
Concentration (MIC) experiments and Growth Curves (GC), an example shown in
Appendix D.1 and D.2.
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3.4.1 Bacterial Cytological Pro ling

Cells were grown overnight in 2 mL LB supplemented with 0.1% (w/v) xylose at
30 %o while shaking. The overnight cells were then diluted 1:100 and grown to an
ODgoo of 0.3-0.35. 10QuL of the culture was moved to pre-warmed tubes (3)
and treated with a compound of interest, according to Table 3.6. Approximately 5
minutes before the incubation was complete, the membrane dye Nile red (Pg/mL)

and the DNA dye DAPI (1 pg/mL) were added to the cells. On an agarose-coated
slide (1.2%), 0.5uL of the sample was added and covered with a dopamine coated
glass coverslip. The imaging was performed for no longer than 10 minutes to prevent
oxygen depletion under the slide, on a uorescence microscope (Nikon Eclipse Ti2).
The images were captured in four channels: DAPI, GFP, mcCherry, and Phase.
The microscope was equipped with an Okolab incubator with dark panels. The
camera used was the Photometrics PRIME BSI, the objective was the CFI Plan
Apochromat DM Lambda (100X Oil, N.A 1.45, W.D. 0.13 mm, Ph3) and the light
source employed was the Lumencor Sola SE Il FISH 365. The imaging software
utilized for the microscope was Nis ELEMENTS AR 5.21.03, Nikon.

Table 3.6: The used antibiotics and their corresponding concentrations and dura-
tion times.

| Antibiotic | Stock Concentration| Final Concentration | Time |
Cipro oxacin 10 mg/mL 1 pg/mL 10/30 minutes
Mitomycin C 0.5 mg/mL 0.1 pg/mL 10/30 minutes
Nitrofurantoin 10 mg/mL 25 mM 10/30 minutes
Tetracycline 10 mg/mL 2.5 pg/mL 10/30 minutes
Trimethoprim 10 mg/mL 8 png/mL 10/30 minutes

To prepare the dopamine coated coverslips, 400 mL of a 2 mg/mL poly-L-dopamine
solution was prepared by mixing 0.8 g Dopamine, 0.5 mL 0.8 M Tris-HCI (pH 8)
and milli-Q water. A box of coverslips was added to the beaker and incubated for
30 minutes at room temperature. The coverslips were washed in milli-Q water and
left to dry in 37 %o.

3.5 Data analysis

To analyze the microscopy images acquired from the SIM method a custom-made
MATLAB script was used, developed in Tobias Ambjérnsson's research group at
Lund University, the settings can be seen in Appendix B.1. It worked by both
recognizing DNA strands and possible Aminoallyl-dUTP-ATTO-647 N labeled dots
along the strand. It calculated the total length of all recognized DNA strands and
the total amount of dots and the output was presented as dotgim. The output
also contained the length of all recognized DNA molecules. The data was plot-
ted in GraphPad 5.0.3 (for Windows, GraphPad Software, San Diego California
USA, www.graphpad.com) or OriginPro, (Version 2023, OriginLab Corporation,
Northampton, MA, USA).
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To quantify the results from BCP, all bacteria that showed foci of RecA-GFP were
counted and then divided by the total amount of bacteria in each image. The images
were processed with ji [40].

3.6 Statistics

The experiments were conducted, unless otherwise stated, in three biological repli-
cates for each treatment condition and three technical replicates for the SMI method.

Multiple images were captured for each sample to ensure statistically robust results.
Statistical analysis was carried out using using GraphPad Prism 5.0.3 (for Windows,

GraphPad Software, San Diego California USA, www.graphpad.com). An unpaired

t-test was employed to determine if there were signi cant di erences between the

sample means. Di erences were considered signi cant at p<0.05.
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Results and Discussion

The results and discussion is divided into three parts: initial, optimization and
antibiotic experiments. The data can be accessed in Appendix F.

4.1 Initial Experiments

Initial experiments were performed as a way to see whether the established SMI
method used in the Westerlund group is compatible with the cell preparation method
designed in the Wenzel group. This was done since the SMI method had not been
applied to bacteria yet.

4.1.1 Concentration

It is important to measure the DNA concentration accurately, as the SMI method
speci cally requires 100 ng of DNA. If the DNA concentration is overestimated,
it can be challenging to obtain images containing enough DNA strands to achieve
statistically signi cant ndings. To optimize the accuracy of DNA concentration
measurement, two instruments were used: NanoDrop and the Qubit uorometer.
The DNA concentration was assessed using both NanoDrop and the Qubit uorom-
eter for two biological replicates, and the corresponding values are documented in
Table 4.1.

Table 4.1: The measured concentration with NanoDrop and the Qubit uorometer
for DNA samples for two biological replicates.

| Biological replicate| Sample| NanoDrop (ng/ L) | Qubit uorometer (ng/ L) |

1 755 20.6
1 2 996.2 22.8
3 697.3 21.2
1 565.4 28
5 2 446 64.4
3 601.7 30.6
4 386.3 37.6

The measured concentration using NanoDrop was at all times higher than the mea-
sured concentration using the Qubit uorometer. Although no control sample was
used to con rm which instrument showed the correct measurements, it was decided
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4. Results and Discussion

that the Qubit uorometer would be used for the rest of the project. It has pre-
viously been shown that NanoDrop overestimates the DNA concentration and a
possible explanation is that while the Qubit uorometer speci cally measures ds-
DNA using dyes that only uoresce when bound to dsDNA, the NanoDrop measures
all DNA (ssDNA, dsDNA, nucleotides, etc) and is more a ected by impurities [41].
Therefore the Qubit uorometer is likely more accurate for measurement of DNA
concentration and more suited for this project.

4.1.2 Purity of DNA isolation Chemicals

In addition to DNA concentration, the purity of the chemicals utilized in DNA isola-
tion are also considered crucial. For example ethanol 70%, used in the nal washing
step. Ethanol serves to remove salts, decrease DNA solubility, and promote DNA
aggregation, if there is any contamination in the reagent, it can also contaminate
the isolated DNA. Initially, a common stock of 70% ethanol was used, meaning a
stock that is shared among all members in the lab. When using the common stock
of ethanol several issues were observed. Firstly, the obtained microscopy images
contained contaminants, a ecting the recognition of DNA molecules and damaged
sites in the data analysis. Secondly, the observed DNA strand did not stretch on
the glass slides as expected. Lastly, it was observed that the DNA pellet became
smaller and detached from the tube during ethanol washing. Upon switching to a
new batch of ethanol, the mentioned issues were no longer observed (Figure E.1).
New batches of isopropanol and chloroform were also prepared, to ensure that the
same issues would not arise with those chemicals.

4.1.3 H,0, Experiments

As a proof-of-concept, HO, was used, which can be seen in Figure 4.1. The reason
H,O, was chosen as the proof-of-concept is because it is a known ROS, and has
previously been shown to work with the SMI method [1]. In this workB. subtilis
cells were treated with 0.3% KO, for of 30 minutes before isolating the DNA.

Figure 4.1: DNA damage as dotsum for untreated (white bars) samples and for
samples treated (red bars) with 0.3% kD, for of 30 minutes. Both samples are
labeled with the enzyme mix (see Table 3.3). The asterisk above the treated bar
denotes that the di erence between the untreated and treated samples is signi cant
(p<0.05). The error bars represent the standard deviation.
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There was a signi cant di erence between the means of the untreated the treated
samples. This is expected since many of the enzymes recognize and remove oxidative
damage. However, upon closer examination of the individual biological replicates,
some variations became evident, Figure 4.2.

Figure 4.2: DNA damage as dotsfim for untreated (white bars) samples and
for samples treated (red bars) with 0.3% kD, for 30 minutes. All samples and
biological replicates were labeled with a mixture of enzymes.

A notable dierence existed between the untreated sample mean and the,®,
treated sample across all biological replicates. However, the signi cance of the dif-
ference was less pronounced in the third replicate compared to the rst and second
replicates, indicating of sample instability. Similar indication was visualized more
clearly when the single enzyme experiment was performed, Figure 4.3. Single en-
zymes were used to identify the primary repair enzyme(s) involved, thereby enabling
the assessment of the speci c damage caused by the added compound.

Figure 4.3: Three biological replicates visualizing DNA damage as dogsm for
untreated (white bars) and samples treated (red bars) with 0.3% 4@, for 30 min-
utes. The DNA was labeled with a single enzyme added to each sample.

Replicate 1 and 2 generally exhibited a higher level of damage in the treated samples
compared to the untreated ones, although a few exceptions were observed. However,
in replicate 3, all untreated samples showed greater damage than the treated sam-
ples. The third biological DNA sample had been stored in -20 for approximately 2
weeks before the single enzyme experiment, possible a ecting the DNA. Due to the
con icting outcomes, it was necessary to perform optimization, explained in detail

in the following section.
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4.2 Optimization Experiments

Optimization experiments were performed to investigate what was causing the previ-
ously mentioned issue and to provide a nal optimized method that can be applied
for detecting DNA damage induced by antibiotics inB. subtilis. The hypotheses
explored were: DNA degradation during freezing and thawing, presence of contam-
inants, and nally bacterial stress caused by temperature shock.

The rst hypothesis to explain the contradicting trend was that the DNA may
have undergone degradation while stored in the freezer after DNA isolation, and
then thawed for DNA damage labeling. To investigate whether this hypothesis was
responsible for the damage, both DNA isolation and DNA damage labeling were
performed on the same day. Both samples were treated with 0.3%®} for 30
minutes. Based on Figure 4.4, the untreated samples displayed signi cant greater
damage, indicating that the hypothesis linking it to the process of freezing the
isolated DNA followed by thawing for SMI experiments could be ruled out.

(a) Samples labeled with a mixture (b) Samples labeled with single en-
of enzymes. zymes.

Figure 4.4: DNA damage as dotsfim for untreated (white bars) and samples
treated (red bars) with 0.3% HO, for 30 minutes. The asterisk above the bars
denotes that the di erence between the untreated and treated samples is signi cant
(p<0.05).

An alternative hypothesis suggested that residual contaminants present in the glass
Erlenmeyer asks used during the DNA isolation procedure may have a ected cel-
lular function and induced stress, resulting in increased DNA damage. To explore
this possibility, a comparison was made between: ask with normal wash (washed
1X), ask with special wash (washed 2X) and disposable plastic ask. Nevertheless,
the issue remained (Figure E.2), suggesting that other factors contributed to the
observed damage.

The nal hypothesis was that the B. subtilis 168CA glycerol stock was already
stressed. This hypothesis could potentially explain the increasing damage observed
in the untreated samples over time (Figure 4.2 and 4.4a). A small part of the stock
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may have underwent repetitive cycles of temperature shock every time it was taken
out for DNA isolation and then returned to -8®%o.. To investigate this, a fresh stock
of the strain 168CA was prepared, and the results of this investigation are presented
in Figure 4.5.

Figure 4.5: One biological replicate visualizing DNA damage as dotgm for un-
treated (white bars) and samples treated (red bars) with 0.3% 40, for 30 minutes.
A newly prepared stock of theB. subtilis strain 168CA was used. The DNA was
labeled using a mixture of enzymes.

The damage of the untreated sample was much lower than previously observed and
there was a signi cant di erence between the untreated and the treated samples.
This result supports the hypothesis that the damage of the untreated samples was
due to stressed cells in the original stock. The reason why the untreated samples
seemed more a ected than the treated samples has not been established. Experi-
ments utilizing overnight cultures were once again tried with the new stock. How-
ever, the problem with damaged untreated samples remained (Figure E.3). To pre-
vent this from occurring again, single-use aliquots of bacteria were prepared. They
were stored in -8%. and only thawed on the day they were needed.

The nal experiments were performed with the optimized method, in which single-
use aliquots were used to prepare the cell cultures. The nal optimization performed
was regarding the treatment conditions. The bacteria seemed to be considerably
more sensitive towards HO, than previously observed, the DNA molecules were
very fragmented to the extent that they could not be recognized in the software.
This could be since the bacteria were more healthy from the beginning and growing
faster, meaning that they go through replication more and thereby are more sensitive
to damage caused by kD,. For that reason, a shorter treatment time, 10 minutes,
and concentrations 0.15 and 0.3% were chosen, see Figure 4.6.
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Figure 4.6. DNA damage as dotsum for untreated (white bars) samples and for
samples treated (red bars) with 0.15% and 0.3%,8, for a duration of 10 minutes.
All samples are labeled with the enzyme mix.

There was a signi cant di erence between the untreated and treated samples. Ad-
ditionally, it was seen that the samples prepared utilizing the optimized method
were more sensitive than before. Which could be observed when comparing the
values of dotsjum going from below 0.2 for treated samples (Figure 4.5) to over
0.3 (Figure 4.6). There was still some variations in the biological replicates such
as the untreated samples varying in damage level, that will need to be addressed
in further studies. As previously mentioned, Zirkin et al. were able to show that
the method was sensitive, as they observed more DNA damage when increasing the
concentration of HO, [1]. This could, in this project, only be observed for one bio-
logical replicate (Figure 4.7), suggesting that more optimization may be needed for
a sensitive method with reproducible results. However, this could not be explored
further, due to time limitation and will be addressed in future work.

Figure 4.7: DNA damage as dotsum for untreated (white bars) samples and for
samples treated (red bars) with 0.15% and 0.3%,8, for a duration of 10 minutes.
All samples were labeled with the enzyme mix.

As it was observed in the microscopy images that the treated samples were much
shorter than the untreated, it was also of interest to investigate the length of the
DNA molecules, Figure 4.8. If there was an impact on the length, it could be
attributed to direct DNA damage resulting in double-strand breaks (DSBs), which
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is not detectable using the enzyme mix speci c for ssDNA damage. Alternatively,
it is possible that if BER repair is initiated simultaneously on two damaged sites in
close proximity on opposite strands, the intermediate in which the damaged base is
removed could result in a DSBs [42].

Figure 4.8: Dierence in length for untreated, samples treated with 0.15% }O,,
and samples treated with 0.3% bk,. visualized with a scatter plot.

The untreated samples generally contained longer DNA strands, while the ones
treated with H,O, were more fragmented. There was also a di erence between the
treated samples, in regard to the concentration added. It seemed that with an
increasing concentration, the DNA became more fragmented. Because this was ob-
served for all replicates, it is not likely that the damage was due to the DNA breaking
during pipetting, or similarly. The length di erences were in addition visualized in
the images obtained from the uorescence microscopy, Figure 4.9. This discovery
suggested that length comparison could be used as a complementuta/dots, to
investigate if DSB are formed. To investigate if the fragmentation was due to dam-
age in which DSB are formed directly or due to multiple ssDNA damage sites close
to each other, more experiments with decreasing concentration o®, could be
employed.
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(a) Untreated. (b) Treated 0.15% HO,, 10(c) Treated 0.3% HO,, 10
minutes. minutes.

Figure 4.9: Images portraying the di erences in length between untreated sample
(4.9a), sample treated with 0.15% kO, (4.9b), and sample treated with 0.3% kO,
(4.9¢c). The images are shown in the YOYO-1 channel.

4.3 Antibiotic Experiments

Since the proof-of-concept works, meaning that the SMI method works, it was of
interest to conduct experiments using antibiotics as the bacterial stressors.

Some experiments using the SMI method were performed with antibiotics before the
nal optimization, the conditions and experiments are described in Appendix C.1.
The concentrations used were based on Minimum Inhibitory Concentration (MIC)
experiments and Growth Curves (GC), data obtained from colleagues work in the
Wenzel group, an example shown in Appendix D.1 and D.2. However, since they
were performed in the initial stages, the results can not be taken into consideration.

BCP is another uorescence microscopy method and can be used as a rst step to
give an indication if there is any e ect on the bacterial DNA exposed to a specic
compound, before moving on to the SMI method. BCP is faster and has higher
throughput compared to the SMI method, meaning that it can be used to check
whether the concentrations and treatment times give su cient e ect before moving
on to the more laborious and time-consuming SMI method. Alternatively, it can be
used as a complement to the SMI method. The SOS response is known to activate
genes that are part of the NER pathway to repair damage, while the SMI method
utilizes enzymes part of the BER pathway. Meaning that even though there is a
strong reaction seen in BCP, it may not correspond to the same in the SMI method
and vice versa.

BCP enables the visualization of di erent components of bacteria using speci c dyes.
In this study, we utilized DAPI to visualize DNA and Nile red to visualize the cell
membrane. Additionally, aB. subtilis strain, called UG10, expressing a RecA-GFP
fusion protein was employed to observe the localization of RecA-GFP upon antibiotic
stress conditions. When there is DNA damage, ssDNA is formed to which RecA
can bind turn into its active form [16]. It causes LexA to self-cleave and derepress
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genes that can address the damage. RecA-GFP will make a foci, in a location which
Is assumed to be the spot of the DNA damage, meaning that in a normal cell the
protein is cytosolic and in a stressed cell it is in a specic foci. To quantify the
results, the percentage of cells containing RecA-GFP foci was measured, Table 4.2.

Table 4.2: Summary of the percentage of cells with RecA-GFP foci for all treat-
ments at 10 and 30 minutes.

| Time | Treatment | Percent (%) a ected |
Untreated 17
H,0, 70
Mitomycin C 94
10 min | Cipro oxacin 97
Nitrofurantoin 94
Tetracycline 14
Trimethoprim 86
Untreated 15
H,0, 77
Mitomycin C 99
30 min | Cipro oxacin 98
Nitrofurantoin 94
Tetracycline 33
Trimethoprim 91

For all treatments, cells were incubated for both 10 and 30 minutes. In general, all
except tetracycline showed RecA-GFP foci. The results are discussed in more detail
in the following sections.

43.1 H0,;

H,O, was used at the concentration of 0.3%, Figure 4.10. The compound is a ROS,
meaning that it causes oxidative stress and thereby damage the DNA.
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