ABSTRACT

A common biomarker of damaged DNA, particularly mitochondrial DNA, 8-oxoguanine
(8-0x0G) has been identified as a possible contributor to neurodegenerative disorders,
such as Alzheimer’s disease, Parkinson’s disease, preeclampsia, as well as type 1 and
type 2 diabetes. Numerous methods have been developed to detect oxidative damage
within the genome, including but not limited to immunological techniques, quantitative-
polymerase chain reaction (qQPCR), and in situ imaging. This study explores nanopore
sequencing using the MinION Nanopore (Oxford Nanopore Technologies, Oxford, UK)
as a more sensitive method of 8-oxoguanine detection, providing proof-of-concept for

model training as well as preliminary model development.
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CHAPTER1

INTRODUCTION AND BACKGROUND

Understanding and detecting oxidative DNA damage within the genome:

Reactive oxygen species (ROS) occur naturally in the human body, contributing to normal cell
signaling pathways. However, in times of environmental stress induced by heat or radiation
exposure, for example, these free radicals may increase to a harmful level, capable of causing
oxidative damage to DNA molecules, proteins, and lipids [1]. Potentially harmful reactive
oxygen species include hydrogen peroxide, peroxide, hydroxyl radical, hydroxyl ions, singlet
oxygen, and superoxide anions. These reactive oxygen species have been linked to the initiation

and development of cancer and neurodegenerative diseases, such as Alzheimer’s [2].

Even intracellularly-originating oxygen species may cause basal levels of damage to normally-
functioning cellular components. In the event of an increase in ROS due to a traumatic
environmental stressor, the functional ratio of oxidants to antioxidants will be altered and
damage to cellular contents will be more extensive. Although damaged lipids and proteins may

be digested and exported from the cell and replaced, DNA requires immediate repair.[3]

All four nucleotide bases may be affected by ROS, however, guanine (G), is the most susceptible

to oxidative stress due to its low ionization potential.[4, 5] When guanine undergoes oxidative



damage, it will commonly form 8-oxoguanine (8-0x0G), an oxidized and highly mutagenic form
of the original nucleotide base (Figure 1A). The lesion base remains very similar to the parent;
the biochemical alterations include changes at the C8 hydrogen, which is replaced by a keto

group, and the protonation of the N7 lone pair [6].
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Figure 1: Guanine and 8-oxoguanine: structural differences and base pairing

(A) Oxidative damage is able to cause minute changes to the chemical structure of guanine,
resulting in a lesion that can interfere with normal DNA replication [7]

(B) Structure of the A-O8G (8-oxoguanine) base pair, and comparison with the Watson-Crick A-
T base pair [8]




Despite overall chemical similarity, 8-oxoguanine differs enough from the undamaged guanine
to be recognized by DNA repair systems. The majority of 8-oxoguanine lesions are typically
removed via the base excision repair (BER) pathway[9], however, it has been shown that the
nucleotide excision repair pathway (NER) is also a suitable repair mechanism[10]. During the
repair process, the mutagenic base is excised from its position in the nucleotide chain and
removed from the nucleotide pool by 8-oxoguanine-DNA glycosylase, an enzyme responsible
for the detection and elimination of damaged bases from the double helix [11]. If glycosylases
fail to remove 8-0x0G from the DNA strand prior to replication, the oxidized bases are
susceptible to transversion mutations [12]. In this case, DNA polymerases will couple the
oxidized bases with adenines (Figure 1B), resulting in a nearly irreversible transversion from
guanine to thymine in those positions. If the mutation occurs in exonic regions of a gene, the

transversion will typically cause a non-synonymous amino acid substitution.

Several studies[13, 14] have documented increased levels of 8-oxoguanine in mitochondrial
DNA when compared to nuclear DNA; this suggests that mtDNA could be especially susceptible
to oxidative damage. As mitochondria produce a substantial amount of ROS during the
oxidative phosphorylation process, their proximity to these oxidizing agents is consistent with
the increased accumulation of 8-oxoguanine. Additionally, mtDNA is more susceptible to
oxidative damage because it lacks the robust DNA-repair mechanisms that are present within the

nucleus.[15]



Limitations in current methods of detecting oxidative DNA damage:

There are several methods that have been established for the detection and quantification of
oxidative damage to the genome. These include high-performance liquid chromatography
(HPLC), liquid chromatography-tandem mass spectroscopy (LC-MS/MS), gas chromatography-
mass spectroscopy (GC-MS), a modified comet assay, immunoassays, quantitative PCR (qPCR),
and imaging techniques. However, comparisons of these approaches have demonstrated an
overall lack of reproducibility among assays [16]. In addition, each approach has individual
drawbacks, ranging from artificial generation of oxidative damage, to misrepresentation of the
extent of oxidative damage within a sample [17, 18]. Nanopore sequencing technology may

provide a much-needed alternative to these often unreliable and inaccurate methods.

Oxford Nanopore technology: an improved method for detecting oxidative DNA damage?
Recently hailed as the “Future of DNA Sequencing,” [19] nanopore technology has a number of
advantages over currently employed Sanger and next-generation sequencing methods. Over a
decade ago, Drs. Daniel Branton and David Deamer proposed that individual molecules could be
detected and characterized by analyzing current shift when passing through an ion channel [20].
The application of this concept to DNA sequencing requires the use of naturally-occurring, pore-
forming proteins which create a minute hole in an electrically resistant polymer membrane, less
than 3 nm in diameter. The size of the pore is so restrictive that it is able to uncoil double-
stranded nucleotide chains so that the individual nucleotides are passed through the pore
sequentially and classified in real-time [21]. This a significant improvement on technologies
such as [llumina™ and lon Torrent™, which require amplification of DNA prior to sequencing.

PCR-amplified sequencing libraries have been shown to decrease coverage of -GC and -AT -rich



areas of DNA. Factors such as thermocycler and temperature ramp rate have been found to play
a role in this amplification bias. A solution to significantly and consistently improve these
obstacles has not been identified; it is, therefore, important to avoid amplification of DNA
samples intended for sequencing if possible. As each individual nucleotide passes through the
nanopore, it creates a unique and identifying disruption in the electrical current [Figure 2], so

that each of the four nucleotide bases can be distinguished from one another.
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Figure 2: Example loci with good and poor signal correspondence

Raw signal generated by MinlON Nanopore can be visualized using software such as nanoraw
or Tombo. Figure 2 shows the difference between good and poor signal consistency, which is
crucial for accurate basecalling.[22]

Labeled “fourth-generation DNA sequencing technology,”’[23] nanopore devices have the
potential to be an accurate and affordable option for genome sequencing. One of the greatest
advantages of nanopore sequencing, however, is that amplification is not necessary. There are

several benefits to PCR-free sequencing including the removal of amplification bias, the




elimination of potential amplification-related errors and sample contamination, the removal of a
time-consuming step in the overall sequencing workflow, and especially, the preservation of

DNA modifications that would otherwise be lost in the amplification process [24] .

Oxford Technologies MinION is the first commercially available nanopore sequencer and offers
several improvements on competing sequencing methods [25]. The MinION is portable,
weighing less than 100 grams, generates analyzable data in real time, and has low start-up costs.
However, this new technology is not without its challenges. In order to truly replace next-
generation sequencing as the standard analysis method of the scientific community, additional
studies must be completed in order to identify limitations of nanopore sequencing; some known
limitations include a high error rate for individual reads compared to other sequencing
technologies, and a relatively large amount of DNA required (only a limitation in certain
applications). The long reads produced by the MinION enabled and enhanced sequencing of
highly repetitive DNA regions as well as de novo genomic assembly in a wide variety of
applications, ranging from immunogenetics [26] to Single Nucleotide Polymorphism (SNP)

identification for forensic analysis [27].
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Figure 3: Raw Signal from Methylated Nucleotide Base[28]

Detection of shifting raw current signal due to passage of a modified base (shown as red/blue
tag). Oxidized nucleotides, specifically 8-oxogunanine, are expected to generate a similar
deviation in signal that is detectibly different from both unmodified bases as well as other
modified bases such as 5-methylcytosine.

In previous studies, it has been shown that modified nucleotide bases have an electrical current
disruption pattern that is distinct from the four canonical nucleotide bases [Figure 3]. This
distinction can be detected using the raw sequencing data generated by the MinlON Nanopore
instrument. [22, 28, 29] Therefore, we hypothesize that the slight structural differences between
guanine and 8-oxoguanine will result in a detectible alteration in current disruption within the
nanopore. Building upon the method previously established by Simpson et al[29], we have
developed a test sample set for classifying a fifth nucleotide, 8-oxoguanine, in the basecalling
scheme. This will be accomplished via application of a suite tools, Tombo, which is dedicated to

modified base detection in nanopore sequencing.




CHAPTER II

EXPERIMENTAL DESIGN AND METHODOLOGY

Modified and Unmodified Oligonucleotide Synthesis:

Due to the selective nature of 7aq polymerase, standard amplification methods are unable to
incorporate the 8-oxoguanine into the nucleotide chain at the same rate as dGTP [30, 31],
therefore, a test set was created using four synthetic oligonucleotides [Figure 4] whose sequence
was taken from the control region of the human mitochondrial genome: (1) a 74 base-pair
mtDNA fragment containing a set percentage and known locations of 8-oxoguanine, (2) the
complementary strand, also with known 8-oxoguanine modifications, (3) the equivalent
unmodified 74 base-pair mtDNA sequence with no modifications, and (4) the unmodified
complementary strand. Five guanine positions in the forward strand and four positons in the
reverse strand were chosen to be substituted for 8-oxoguanine in the modified oligonucleotide.
The length of the synthetic oligonucleotides and the number of modified bases included were
limited due to the difficult nature of oligonucleotide synthesis when incorporating 8-
oxoguanine.[32] All oligonucleotides for the test set were synthesized by Sigma-Aldrich

(Sigma-Aldrich, Saint Louis, MO)[33].



5’ -TAAACACATCTCTGCCAAACCCCAAAAACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGG-3"

3’ -TTGTGTAGAGACGGTTTGGGGTTTTTGTTTCTTGGGATTGTGGTCGGATTGGTCTAAAGTTTAAAATAGAAAACCGC-5"
Figure 4: Oligonucleotide mtDNA Sequence

The modified oligonucleotide fragment and its complement synthesized by Sigma-Aldrich are
shown above. The guanine bases indicated in red have been replaced with 8-oxoguanine at each
location. The unmodified oligonucleotide is the same as the modified oligonucleotide, but
without 8-oxoguanine at the indicated positions.

Oligonucleotide Resuspension and Annealing:

Once received, the complementary oligonucleotides were resuspended in Nuclease-Free Duplex
Buffer (Integrated DNA Technologies, Coralville, IA)[34] to reach 100uM final stock
concentration. The resuspended oligonucleotides were subjected to a standard annealing
protocol[35], which involved mixing the oligonucleotides in equimolar concentrations,
subsequently heating them at 94 °C for 2 minutes, and then immediately cooling to room
temperature. Aliquots of the annealed oligonucleotides were stored as recommended at -20 °C.
The annealed oligonucleotides were quantified using Qubit Fluorometer, dsDNA Broad-Range
(BR) Assay kit (Thermo Fisher Scientific, Waltham, MA)[36]. Fluorometric quantitation
readings reported >1000ng for both annealed oligonucleotides, indicating the success of the

annealing process.

Sticky-End Ligation of Synthetic Oligonucleotides:

As MinlON nanopore sequencing requires at least 200 base-pairs in length for read initiation and
accuracy, it was necessary to ligate the oligonucleotides in tandem to produce fragments of
suitable length for sequencing. The synthetic oligonucleotides were designed with compatible

ends, allowing for a sticky-end ligation to create alternating, repetitive nucleotide chains capable




of detection and sequencing [Figure 5]. Approximately 100ng of DNA was mixed with SuL of
Instant Sticky-End Ligase Master Mix (New England BioLabs, Ipswitch, MA)[37] to facilitate
the ligation reaction. These test samples will hereafter be referred to as poly-syntheticunmod and

poly-syntheticmod.

Figure 5: Ligated Product

Figure 5 shows the double-stranded DNA fragment produced from the sticky-end ligation
reaction. Fragment length distribution for ligated samples was verified using Agilent 4200
TapeStation.

Post-Ligation Cleanup:

Typically, ligated products are cleaned using standard PCR cleanup methods to remove enzymes
and other components from the ligation reaction that may interfere with downstream reactions.
The DNA Clean & Concentrator™-25 Kit[38] by Zymo Research (Irvine, CA) was initially
selected for a post-ligation cleanup. This kit is designed for the rapid purification and recovery
of up to 25ug of DNA using the Zymo-Spin™ column. The columns themselves contain a
silica-based matrix that is able to maximize product recovery while ensuring complete elution
with no buffer retention. Recovered DNA fragments range from 50 base-pairs to 23 kilobases;

for fragments within this recommended range, users may expect 70-90% sample recovery.

A second cleanup protocol was tested to see if a different method of cleanup would affect
fragment length distribution. The Agencourt AMPure XP PCR Purification protocol[39]
(Beckman Coulter Inc, Brea, CA) was chosen. The AMPure process utilizes magnetic separation

to purify DNA samples [see Figure 6], rather than a series of centrifugation steps. DNA
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fragments bind to the AMPure XP paramagnetic particles and are separated from impurities in
solution. While placed on a magnetic stand, the particles are subjected to two of ethanol wash
steps to remove contaminants. After the purified product is eluted from the beads, it is ready for
analysis and sequencing. The AMPure XP kit is designed for the purification of fragments 100

base-pairs or longer.
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Figure 6: Agencourt AMPure XP Process Overview

The six step process for XP bead cleanup is shown here: 1. PCR amplified product (or DNA) 2.
Binding of PCR amplicons to magnetic beads 3. Separation of PCR amplicons bound to
magnetic beads from contaminants 4. Washing of PCR amplicons with Ethanol 5. Elution of
PCR amplicons from the magnetic particles 6. Transfer away from the beads into a new
plate.[39]

Fragment Length Assessment:

In order to assess the ligation efficiency and recovery after clean-up, fragment length distribution
for both poly-syntheticunmod and poly-syntheticmod Were assessed and quantified using the Agilent
4200 TapeStation Instrument[40] (Agilent Technologies, Santa Clara, CA), according to the
manufacturer’s protocol. The Agilent 4200 Tapestation offers rapid processing for quality
control of samples; DNA samples are automatically loaded, separated via electrophoresis,
imaged, and analyzed. This entire process takes roughly 2 minutes per sample. Post-ligation

poly-syntheticunmod and poly-syntheticmoa Samples were analyzed using the Agilent Genomic
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DNA ScreenTape Assay[41], which was designed for sizing and quantification of genomic DNA

with a size range of 200 to 60,000 base-pairs.

Training Set Development:

In order to build a new canonical base model, a human plasma sample was extracted using the
Mag-Bind® Blood & Tissue DNA HDQ 96 Kit (Omega Bio-tek Inc., Norcross, GA)[42]. The
collection and analysis of human plasma samples is approved under IRB protocol 2015-169.

The extracted sample was quantified using Qubit Fluorometer, dsSDNA Broad-Range (BR) Assay

kit (Thermo Fisher Scientific, Waltham, MA)[36].

Training Set Amplification:

As previously mentioned, 8-oxoguanine is a difficult base to amplify; some percentage of
guanine must be included in order to ensure amplification success. To determine the optimal
ratio of unmodified dNTPs to 8-oxoguanine, we performed a series of amplification reactions

using different concentrations of guanine and 80xoG (Table 1).

[GUANINE] > [8-OXOGUANINE] 10mM: dATP, dCTP, dTTP, dGTP 160ng/uL
5mM: 8-0x0G

[GUANINE] = [8-OXOGUANINE] 10mM: dATP, dCTP, dTTP, dGTP, 8-oxoG 136ng/uL

[GUANINE] < [8-OXOGUANINE] 10mM: dATP, dCTP, dTTP, 8-0x0G 179 ng/uL
S5mM: dGTP
10mM: dATP, dCTP, dTTP, 8-0x0G 112 ng/uL
2.5mM: dGTP
10mM: dATP, dCTP, dTTP, dGTP, 8-0xoG 54.7 ng/uL
1.25mM: dGTP

10mM: dATP, dCTP, dTTP, 8-0xoG
0.625mM: dGTP 43.2 ng/uL

Table 1: [dNTP] Optimization Test Results. We determined that amplification was possible
with less dGTP than 8-oxoguanine, and then systematically lowered the dGTP concentration to
determine the lowest amount of input dGTP possible to maintain reaction efficacy. The optimal
dGTP concentration was determined to be 2.5mM, while maintaining all other dNTPs (including
8-oxoguanine) at the recommended 10mM.
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After determining amplification success using less dGTP than 8-oxoguanine, we prepared
another series of amplification reactions with increasingly less input dGTP to determine whether
it was possible to decrease dGTP concentration and maintain amplification efficiency. The
optimal dGTP concentration was determined to be 2.5mM, or one quarter of the recommended

individual dNTP concentration.

The sample was then amplified in a single-plex reaction using Takara LA PCR Kit v. 2.1 (Takara
Bio USA, Inc., Mountain View, CA)[43] and an amplicon derived from Ramos, et al (Figure
7)[44]. The sample was amplified twice: (1) using equal concentrations of canonical ANTPs and
(2) using equal concentrations (10mM) of dATP, dTTP, dCTP, and 8-oxoguanine. A lower
concentration (2.5mM) of dGTP was added to this reaction mix as well to increase reaction
efficiency. These amplified training samples will hereafter be referred to as mito Ampunmod and

mMitoAmMpPmod.
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Fragment Fragment length Name Sequence (5'-3) Primers pair length (bp) Ta Tm

1 1822 14898for tagccatgcactactcaccaga 22 60 60.3
151rev ggatgaggcaggaatcaaagac

2 1758 16488for?) ctgtatccgacatctggttcct 22 60 60.3
1677rev® gtttagctcagagcggtcaagt

3 2543 1404for® acttaagggtcgaaggtggatt 22 57 58.4
3947rev tcgatgttgaagcctgagacta

4 3005 3734for aagtcaccctagccatcattcta 23 61 58.9
6739rev gatatcatagctcagaccatacc

5 2709 6511for ctgctggcatcactatactacta 23 58 58.9
9220rev gattggtgggtcattatgtgttg

6 1738 8910for® cttaccacaaggcacacctaca 22 61 60.3
10648rev ggcacaatattggctaagaggg

7 1866 10360for gtctggcctatgagtgactaca 22 61 60.3
12226rev cagttcttgtgagctttctcgg

8 1853 11977for ctccctctacatatttaccacaac 24 63 59.3
13830rev aagtcctaggaaagtgacagcga 23 60.6

9 1872 13477for? gcaggaatacctttcctcacag 22 63 60.3
15349rev® gtgcaagaataggaggtggagt

a) Oligonucleotides are from Torroni et al., [34].

Figure 7: Table adapted from Ramos, et al.[44] Validated primers to amplify the complete
mtDNA in nine overlapping fragments. Melting temperatures and annealing temperatures for
each pair of primers are also presented. Amplicon 7 was chosen for our training set.

MinlION Nanopore Library Preparation and Sequencing:

Rapid Sequencing Protocol (SOK-RAD003)

The poly-syntheticunmoa Sample was prepared for sequencing following the Oxford Nanopore
Technologies Rapid Sequencing Protocol (SQK-RADO003). This sequencing method requires
approximately 400ng of high-molecular weight gDNA with a length greater than 30,000 base-
pairs. This protocol is an expedited, two-step approach that generates sequencing libraries using
a transposase which randomly fragments the original DNA strands and attaches tags and
sequencing adaptors to the cleaved ends[45]. The Rapid Sequencing Protocol was initially
chosen for this project after noting the successful sequencing of bacterial genomes using this
method.[46] Results of the Rapid Sequencing protocol were analyzed to determine if sequencing

of the modified oligonucleotide should proceed.
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Figure 8: Rapid Sequencing Kit Workflow

The Rapid Sequencing Kit generates sequencing libraries from extracted gDNA in 10 minutes
using a simple 2-step protocol. At the heart of the kit is a transposase which simultaneously
cleaves template molecules and attaches tags to the cleaved ends. Rapid Sequencing Adapters are
then added to the tagged ends. [45]

1D’ Sequencing Protocol (SOK-LSK308)

The test sample set and training sample set were prepared for sequencing via the ID?
protocol[47]. The 1D? Sequencing Kit provides the highest raw read accuracy of Oxford
Technologies Nanopore Sequencing kits. 1D? sequencing is designed to promote the

consecutive sequencing of the template followed by the complement strand and the DNA
fragmentation step is optional. This method (Figure 9) requires approximately eighty minutes of

library preparation time with an optimal input of 1000ng of dsDNA.
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Figure 9: 1D? Sequencing Kit Workflow

If necessary, the genomic DNA is fragmented in a Covaris g-TUBE. However, if your
experiment requires long reads, fragmentation is not advised. The DNA ends are then end-
repaired and dA-tailed using the NEBNext End Repair/dA tailing module. Adapters supplied in
the Ligation Sequencing Kit are then ligated onto the DNA. Adapters introduce the components
needed for the DNA to enter the pore, and the 1D? Adapter allows the pore to capture the
complement strand immediately after the template. One strand of the duplex is sequenced at a
time, producing 1D? reads.[48]

Immediately before the sequencing run is initiated, MinKNOW, software responsible for data
acquisition and real-time analysis, activates a quality control procedure to evaluate the number of
active pores. It is crucial to have at a high percentage of active pores available (near 1000)
within the flow cell. After sequencing is initiated, MinKNOW will report the number of events,
or data points in which the contents of the pore are consistent. The events are then grouped into

reads using the signal change resulting from shifting pore contents. The main screen of the
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MinKNOW Graphical User Interface (GUI) displays the activity of the flow cell’s pores, color
coding according to sequencing status.[49] The status will either indicate one of three
possibilities: (1) the channel is actively sequencing, or is ready for sequencing, (2) data is not
currently being collected. This can be due to overlapping signals from multiple active pores, or
the channel is blocked by strand of DNA, (3) no significant data is being produced. This could
be due to misloading of the flow cell, i.e., too much or too little DNA has been added to the

sequencing library.
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Figure 10: MinKNOW Sequencing Checks and Monitoring

A good library will be indicated by a high proportion of light and dark green channels. The
combination of light and dark green indicate the number of active pores at any point in time and
the dark green indicate the proportion of pores in strand (or sequencing) at a particular time
point. A low proportion of dark green channels will reduce the throughput of the sequencing[49].
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Loading the MinlON SpotON Flow Cell and Data Collection:

Both Rapid Sequencing and 1D? Sequencing methods were used during the course of this
project. After the priming of the SpotON Flow Cells and the preparation and loading of the
respective DNA libraries, the sequencing protocol was initiated and left to run for at least 24-30
hours. The poly-syntheticunmod Sample was sequenced on a single flow cell until sufficient
coverage was obtained. After adequate reads were acquired for the poly-syntheticunmod Sample,
the poly-syntheticmod Sample was sequenced on a different flow cell. Both samples were
sequenced without pooling or barcoding. For both runs, new SpotON flow cells were assessed

for QC protocol performance and utilized upon passing.

The acquired data were sorted into /pass and /fail directories based on preliminary quality
analysis by MinKNOW. The data produced are stored in FASTS5 (.fast5) file format, with one
FASTS file created per read. The raw FASTS files are archived in directories in batches of
4,000 FASTS files (reads). The raw FASTS files were “unpacked” into a single directory, and

were utilized by the base-calling and alignment software.

Basecalling:

Albacore software (v.2.0.2) was utilized for the basecalling of acquired reads. Oxford Nanopore
Technologies provides a data processing pipeline called Albacore for basecalling which is
utilized both by MinKNOW and external applications for processing DNA libraries generated by
all available sequencing kits. Prior to initiating Albacore, a directory was created for the storage
of base-caller output. Albacore generates called/processed FASTS files (one per read) and a

FASTAQ file (one per raw FASTS5 directory). FASTQ files contain information from each read
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within the directory along with a corresponding quality score. The quality of each base in a
single read is represented by a series of characters with ASCII codes that correspond to the
quality score. The FASTQ files from each raw-read directory were unpacked and merged prior

to alignment.

BWA-MEM sequence alignment and visualization:

After the FASTQ files were merged, the sequences were aligned to a reference, in this case, the
known mtDNA sequence of the unmodified oligonucleotide. There are many alignment tools
available, each with its advantages based on characteristics of the sequencing data (such as read
length, error rate) and characteristics of the reference genome (such as size, complexity,
structure). BWA-MEM (Burrows-Wheeler Aligner)[50], a software package for the rapid and
accurate alignment of nanopore sequencing data, was chosen for the alignment process. Using
SAMtools, the reference sequence was indexed prior to initiating the alignment; the FASTA file
(typically .fasta or .fa) is a text file which contains the actual reference sequence. BWA-MEM
alignment was generated from the merged FASTQ file, generating the .bam file (see Appendix A
for detailed command). Subsequent processing using SAMtools included (1) -samtools sort
sorting the alignment according to the uploaded reference sequence, and (2) samtools index-
generating the index file for the alignment (.bai), and (3) samtools stats-, generating
summary information and statistics describing the alignment run. Integrated Genomics Viewer
(ITG)[51], an imaging tool for sequencing data, was then used to visualize the aligned reads and
assesses consensus basecalling differences between the poly-syntheticunmod and the poly-

synthetiCmod.
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Detection/characterization of 8-0xo0G:

To train an algorithm/model for the recognition of the modified base 8-0xo0G, the raw current
data must be accessed and analyzed. This was accomplished using a relatively new python-
based software suite called Tombo (v.1.2.1), a software package created by Dr. Marcus Stoiber
and designed specifically for the detection and visualization of modified nucleotides. Tombo is
the next-generation of Nanoraw, the original software suite designed for the visualization of raw
nanopore sequencing data (Nanoraw being phased out currently). After configuring
environmental requirements for Tombo, it was installed on a local server (running Python 2.7),
using pip install ont-tombolfull]. Tombo generates internally-required index files by
“resquiggling” the Albacore base-called FASTS reads. The following command structure was

executed to resquiggle both poly-syntheticunmod and the poly-syntheticmod: tombo resquiggle

<mod/unmod_FAST5_pass_directory> <SyntheticDNA_refe rence.fa> --minimap2-index

<indexfile> --processes 4

Tombo has a built-in aligner, minimap2, which (1) indexes the reference, and (2) performs an
alignment. Minimap?2 is the newest aligner that handles noisy, long-reads with highest
efficiency, replacing BWA-MEM in many cases as the ideal aligner for nanopore reads. Per

correspondence with Dr. Stoiber (https://github.com/nanoporetech/tombo/issues/38) minimap?2

was used to generate an alignment index with better-optimized word size (kmer -k) and window
(-w): minimap2 -k 3 -w 3 -d SyntheticDNA_reference_minima p2.idx. The
alignment/mapping parameters are not accessible to the user; however, the user can generate an
index for the alignment outside of Tombo, and feed the index files (.idx) to Tombo for its
alignment. This is helpful for mapping to shorter references since the built-in indexing

parameters for Tombo are optimized for genomic scale alignment. Tombo resquiggle —

minimap2-index SyntheticDNA_reference_minimap2.idx
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mod/unmod_olgio/FAST5/pass/ SyntheticDNA_reference. fa —processes 4. The

resquiggled data was then tested for regions of significant deviation: tombo

test_significance --fast5-basedirs mod_oligo/FASTS/ pass/--control-fast5

-basedirs unmod_olig/FAST5/pass/ --statistics-file- basename

mod_unmod_compare. Squiggle plots were then generated for the most-significant regions of

signal difference throughout the reference sequence: tombo plot_most_significant --

tombo_model_filename/path/mod_unmod_compare.

Algorithm Training:

Oxford Nanopore Technologies provides the expected values for each change in nucleotide
bases; the alterations in electrical current are continuously collected as each base passes through
the pore. This shift in current is expressed as a squiggle plot. The inclusion of a damaged base
within the nucleotide chain is expected to generate a unique change in the electrical current. As
8-oxoguanine enters and exits the pore, the resulting current should be fundamentally different
when compared to all possible combinations of unmodified nucleotides when occupying the

pore.

The raw sequencing data produced by the MinlION Nanopore is visualized in squiggle plots, or
line graphs depicting electrical current fluctuations vs. time. Tombo uses the reference sequence
as a standard base model; the software identifies the localized clusters of bases that exhibit
significant deviation from the canonical-base sequence reads, thereby identifying modified
nucleotide positions. It is also able to retain this information to detect modified nucleotides from
future sequencing run data sets. Tombo does not require the event calls (i.e., signal shifts that

result as each base exits the pore) generated by MinKNOW, but discovers events directly from
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the raw signal for more efficient basecalling. The events are determined by detecting large
alterations in current level and defining the distance between neighboring signal shifts. The
largest shifts in current are chosen as the dividing points between events, and the raw signal is
normalized. The algorithm is able to take the given reference sequence and the defined signal

segments and assign the most likely pairing between the two.

The estimate_reference command was used to establish a model for canonical bases, called
unmod_estimate reference. This was accomplished using the data from the poly-syntheticunmod
samples and amplicons generated without 8-0xoG. The alternate reference, according to Tombo,
must contain the four canonical bases along with a single, known, alternative base incorporated
randomly instead of one canonical base into a sample with a known genome.[52] The poly-
syntheticmod sample fulfills these criteria, and has the added benefit of analyzing signal deviations
at known modified positions. Additionally, amplification of DNA in the presence of 8-
oxoguanine will result in randomly modified product; these samples can also be used for
algorithm training. The estimate_alt_reference was used to model the alternative sample by
taking a number of reads from both modified samples grouped by -kmer at the location assigned
by the re-squiggle algorithm. Once all reads have been processed, a kernel density estimate is
calculated for each -kmer for both reference and alternative samples. The alternative distribution
was then isolated. This is accomplished using an algorithm that assumes a portion of the
alternative density represents the canonical base density. The density attributed to canonical
bases was removed and the remainder is determined to be the alternative base distribution. The
alternate base model was stored as an HDFS5 file (called 8oxoG _model file) and was called for

subsequent plotting and re-squiggling commands.
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Preliminary 8-0xoG model testing was conducted after model development by creating an in
silico mixture of the poly-syntheticmod:polysyntheticumod reads of 50:50. Reads were re-
squiggled using our newly developed model for canonical base calling, unmod_estimate_reference.
The re-squiggled and aligned data were then tested for detection of 8-0x0G using the
test_significant command and the --alternative-model filename option. Individual
reads were assessed for likelihood of canonical guanine versus 8-oxoguanine. Plots of these

individual reads with statistics were generated using plot-per-read
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CHAPTER III

RESULTS AND DISCUSSION

Phase 1: Proof of Concept

Ligation Success and Fragment Length Verification

The sticky-end ligation for both the poly-syntheticunmod sample and poly-syntheticmod sample
produced DNA fragments >100 to <48500 base-pairs, thereby surpassing the minimum length

requirement for MinION Nanopore sequencing. (Figure 11).
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Figure 11: Agilent 4200 TapeStation electropherogram for poly-syntheticunmoa ligated
sample

Fragment length distribution displays a high degree of variability, indicating the success of the
ligation reaction. Fragments range from <100 to >50,000 bases, with peaks called at 1,918 and
24,068 base-pairs.
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Immediately after confirming fragment length, the ligation product was subjected to a cleanup to
remove potential contaminants using the Zymo DNA Clean & Concentrator™-25 kit. Fragment
length was assessed for the post-cleanup samples. Fragment length distribution results from the
Agilent indicated that the majority of DNA fragments present after the cleanup were roughly

100bp in length, with very low amounts of longer fragments (Figure 12).
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Figure 12: Agilent 4200 TapeStation electropherogram for poly-syntheticunmoa ligated
sample with Zymo Clean & Concentrator™ -25 Cleanup

Genomic DNA kit contains a lower marker with a defined concentration for accurate
quantification calculation. The cleaning process appears to have removed the majority of DNA
fragments >1,000 bases in length and most of the remaining fragments appear to be close to the
lower marker. One peak is called at >60,000 base-pairs, but the sample intensity is >10 FU,
indicating the low concentration of sample at this length.

After unsuccessfully attempting to fine-tune the Zymo DNA Clean & Concentrator™-25 kit

protocol to retain the larger DNA fragments, the Agencourt AMPure XP PCR Purification
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protocol was chosen to see if different cleanup techniques could improve longer fragment

recovery.
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Figure 13: Agilent 4200 TapeStation electropherogram for poly-syntheticunmoa ligated
sample
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Fragment length distribution displays a high degree of variability, indicating the success of the
ligation reaction. Fragments range from >60,000 to <100 bases, with peaks called at 10,214 and
60,000 base-pairs.
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Figure 14: Agilent 4200 TapeStation electropherogram for poly-syntheticunmoa ligated
sample with Agencourt AMPure XP Cleanup
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The cleaning process appears to have removed the majority of DNA fragments >1,000 bases in
length and most of the remaining fragments appear to be close to the lower marker. Small peaks
were detected at 1,964 base-pairs and 16,292 base-pairs, but the intensity is > 10 FU, indicating
very low sample concentration at these lengths.

The fragments imaged following the AMPure XP cleanup yielded similar results to the Zymo
DNA Clean & Concentrator™-25 cleanup (Figures 13 & 14). It was decided to forego the
cleanup step and proceed directly to the sequencing process with the ligation reaction. We are
unsure as to the reason for the severe product loss in the cleanup attempts. Although we took
precautions, loss of long fragments can occur due to overdrying the sample prior to elution, or

difficulty in eluting the long fragments from the beads or filter.

Nanopore Sequencing — Rapid Protocol vs. 1D2 Protocol
The first attempts at sequencing the poly-syntheticunmod Sample was accomplished using the
Rapid Sequencing Kit (SAQ-RADO003). Acquired reads numbered around 500 total for these

initial sequencing attempts. At least half of the acquired reads were labeled “failed reads” by the
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MinKNOW software and were unable to be utilized in basecalling attempts. It became apparent
that the random fragmentation was too harsh_for the samples, perhaps due to the repetitive nature
of the synthetic oligonucleotide fragments. After two unsuccessful sequencing attempts using
the Rapid Sequencing Protocol, we elected to use the 1D”2 kit, designed for maximum read
accuracy and, most importantly, lacks the mandatory fragmentation. The 1D”2 Protocol contains
a series of purification steps using the Agencourt AMPure XP particles. As demonstrated by the
unsuccessful cleanup attempts, the sample concentration was (roughly) halved after each
AMPure XP bead purification. 1D? Sequencing Runs yielded approximately 150,000 reads for
the poly-syntheticunmod test sample and 54,000 reads for the poly-syntheticmod test sample. Of
these total reads, the reads that passed were sufficient to successfully basecall, align, and

visualize the data in Integrated Genomics Viewer[53].

Examining the Test Set Alignment using Integrated Genomics Viewer:

The resulting base-called sequencing reads for both the poly-syntheticunmoda sample and the poly-
syntheticmod sample were aligned against the reference sequence using IGV. The reads for the
poly-syntheticunmod Sample were mostly concordant, with the typical inaccuracies that accompany
nanopore sequencing. Interestingly, the greatest area of dissimilarity between the poly-

syntheticunmod Sample and the reference was at the point of fragment ligation.
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Figure 15: Image generated using IGV showing the alignment of MinION reads for poly-
syntheticunmod test sample to synthetic oligonucleotide reference sequence

The mapped reads for poly-syntheticunmod display very little deviation from the reference
sequence. With the exception of the point of ligation (shown boxed in red), the majority of reads
are concordant, with <10% alternate basecalls for each base.

The bars shown at the top of the graph are the read coverage track, and represent coverage of all

usable reads.

IGV uses colors and other visual markers to highlight variation in reads against the

reference sequence. Read bases that match the reference are shown in gray; those that do not

match are color coded. The color blue designates cytosine, gold is guanine, green is adenine, and

red is thymine. Insertions are marked by purple “I”” and deletions are marked with black dashes

“-.” The accompanying digit indicates the number of bases inserted or deleted at that position.

Additionally, mismatched bases are also assigned a transparency value proportional to the read

quality known as a phred score. The bolder the color, the greater the degree of mismatch.[54]

The comparison of the poly-syntheticmod sample and the reference (Figure 16) revealed many

more points of low confidence for base-calling, corresponding to variations caused at the 8-0xoG

locations.
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Figure 16: Image generated using IGV showing the alignment of MinION reads for poly-
syntheticmoa test sample to synthetic oligonucleotide reference sequence

The mapped reads show many points of low-confidence for basecalling, particularly around 8-
oxoguanine locations. While areas shown in gray indicate high-consensus basecalling for the
majority of aligned reads, areas shown in color indicate a relatively high percentage of alternate
basecalls (= 10%).

As DNA strands translocate through the pore, a kmer of approximately 5 nucleotides occupies
the pore at any point in time during the sequencing process. Therefore, it was expected to see a
significant number of alternate basecalls caused by the oxidized base since the presence of 8-
oxoguanine affects the reads for all bases simultaneously sharing the pore space. The results
shown here provide strong evidence that 8-0xoG disrupts the current flow through the nanopore
significantly, and that further characterization of the signal disruption may allow for calling of 8-

0x0G in unknown samples.
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Figure 17: IGV Comparison of poly-syntheticunmod and poly-syntheticmod reads

The coverage of poly-syntheticunmod reads (top) and poly-syntheticmod reads (middle) is shown
compared to the reference sequence (bottom). The expanded portion indicates an area of low
consensus for the poly-syntheticmod sample attributed to the presence of 8-oxoguanine. Out of
485 total reads at the C location, only 33% of these reads called this base a cytosine; 33% called
an guanine, while 26% and 8% called adenine and thymine, respectively.

Tombo Raw Data Analysis:

Minimap2, as built into Tombo, is not optimized for our reference size or read structure. The
built-in settings for alignment resulted in poor read mapping efficiency in our data. For example,
the Tombo default mapping parameters of the poly-syntheticmoq dataset yielded a single
successfully aligned read out of the thousands of useable reads we were able to align in BWA-
MEM. Minimap2 was designed for the alignment of large reads to sizeable sections of the
genome, and specifically, to reduce the error rate associated with the alignment of long
sequencing reads. The relatively short read lengths generated for our test set combined with the

small and repetitive reference sequence were likely the causes of the alignment issues.
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Given the successful alignment using BWA-MEM, we attempted to alter the index for
minimap2. Minimap?2 utilizes indexing and alignment options to refine the alignment process,
but these parameters are not accessible to the user in Tombo. We were able to manipulate two
parameters: -k and -w. Reducing -k allows the user to decrease the length of the k-mer to be
aligned. -w decreases the window size used to index the reference sequence. By altering the
kmer size and window size (reduced to kmer of 3 and window of 3), mapping was drastically

improved, although still far reduced compared to BWA-MEM (Table 1).

MiniMap2 MiniMap2
BWA-MEM Tombo default Index alt. k=3, w=3
Poly-mtDNA,. .4 152,072 47,230 597 13,024
Poly-mtDNA.__, 30,830 1,024 13 82

Table 2: Number of test set reads mapped using BWA-MEM vs minimap2

Out of 152,072 passed reads for poly-syntheticunmod and 30,830 reads for poly-syntheticmod,
47,230 (unmod) and 1,024 (mod) were able to be aligned against the reference using BWA-
MEM. Initial alignment attempts in Tombo resulted in 597 and 13 mapped reads for poly-
syntheticunmod and poly-syntheticmod samples respectively. After manipulating the -k and -w
parameters of minimap2, we were able to align 13,024 reads both samples.

After modifying the minimap?2 settings, 82 reads were able to be aligned against the reference for
the modified sequence (Table 2), which was sufficient for the purpose of viewing the raw data in
Tombo. The reason for the poor alignment efficiency in BWA-MEM is unclear; many of the
nanopore reads, specifically the longer reads, contained repeated elements (e.g.,
ATTATTATTATTATT...) of unknown origin. Some reads may not have been well-aligned
because of the nature of the reference sequence. Further analysis of the unmapped reads is

underway.
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Figure 18: Squiggle plot of region with no modified guanine.

The canonical base model, poly-syntheticunmod is shown in black and the poly-syntheticmod
mapped reads are shown in red. Little variation in signal is observed between the two.

The basecalled and aligned data shown in Figure 18 displays the canonical base model mapped
against the unmodified oligonucleotide sequencing reads. The current distribution qualitatively
appears to be similar for both poly-syntheticmod and the reference, poly-syntheticunmod. This

contrasts with the current distribution seen in bases with close proximity to 8-oxoguanine (Figure

19 and 20).

Increased variation is seen in the alternative model when compared to the canonical base model
(Figure 19). Significant current shifts, as identified by Tombo, are clear in the raw data for both
the modified base itself as well as the three bases preceding and following 8-oxoguanine. The
variation for significant current changes indicative of 8-oxoguanine are shown in the box plots
below. The regions with most-significant deviation from poly-syntheticunmod are centered around

the modified 8-0x0G bases (for boxplots, see Appendix A).
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Figure 19: Squiggle plot of significantly modified region around 8-oxoguanine

The squiggle plot (top) showing an excerpt of the raw data aligned by minimap2. The black
“squiggles” indicate the change in electrical signal from canonical bases, and serves as a
reference. The red “squiggles” indicate the change in electrical signal from the poly-syntheticmod
sample. The bar graphs (bottom) show the variation in signal between the reference (black), and
the modified (red) sample. The modified guanine within the sequence is shown in red.
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Figure 20: Expanded view of variation between modified and unmodified oligonucleotide

Reference reads are shown in black; poly-synthetic reads are shown in red. The arrows
displayed above point directly to 8-oxoguanine locations within the sequence. Resulting signal
shifts are attributed to the influence of the modified base.

The expanded view of the squiggle plots for unmodified and modified reads (Figure 20) points to
four locations of 8-oxoguanine with corresponding signal changes. Over the 60 base-pair

stretch, each of the four modified bases shown are accompanied by numerous significant shifts in
current signal. Using these reads, the Tombo algorithm is able to differentiate the canonical base

signal from the modified base signal to identify the distinctive signal indicative of 8-oxoguanine.

Phase 2: 8-oxoguanine Alternative Model Development

The Necessity of the Training Set

The test set of synthetic oligonucleotides, while instrumental in confirming the feasibility of the
project, was not enough to generate an alternative model for 8-oxoguanine. In order to build an
alternative model, Tombo must assess the modified base in every possible context. The modified
sequence must be very diverse, and display all k-mer combinations with the modified base over
some designated length. Cost limitations prevented us from obtaining a synthetic test set that

fulfills these requirements. Therefore, we developed a training set, using mtDNA amplified with
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8-oxoguanine to obtain sequencing data capable of generating a canonical and alternative model

in Tombo.

Canonical and Alternative Model Training

Both mito Ampunmod and mito Ampmod Were successfully sequenced using the 1D? kit.

mito AmMpPunmod and mitoAmpmod training samples produced 3644 total reads and 1819 reads,
respectively. Of these, 3357 mitoAmpunmod reads and 1582 mitoAmpmod reads mapped using
BWA-MEM, respectively. Visualization of mapped reads in IGV (Figure 21) illustrate

alignment through the correct genomic region of the rCRS reference sequence..
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Figure 21: Visualization of mitoAmpunmoed and mitoAmpmed reads in IGV.

Of the total reads, 3357 mitoAmpunmod and 1582 mitoAmpmod reads were able to be mapped using
BWA-MEM and visualized in Integrated Genomics Viewer. The entire mitochondrial genome is
shown above the IGV window, with dotted lines indicated the selected amplicon used for
training set generation.

The Albacore-called FASTS files were resquiggled using a built-in Tombo canonical model and

aligned using minimap2. This alignment resulted in 3209 mito Ampunmod and 1505 mito Ampmod
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mapped reads. Using the aligned mitoAmpunmod data, we were able to build a new canonical base
model to use as the reference. The Albacore-called FASTS files for mitoAmpunmod and
mitoAmpmod Were then resquiggled using the newly-built canonical base model and aligned. The
alternative model for 8-oxoguanine was generated from these reads and saved. As with the
synthetic oligonuclelotide sequences, we were able to identify regions of the amplicon with
significant deviation from the canonical model (Figure 22). Upon completion of model training,
the estimated rate of 8-0xoG incorporation was 7.67%, concordant with estimates of the
mutagenesis rate of 8-oxoG when amplifiying DNA with 7ag polymerase [reference] (Figure

23).
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Figure 22: Squiggle plot of mtDNA amplicon 7 modified (red) and unmodified (black).

Clear deviations in signal for the mitoAmpmod (red) sequence are observed in this squiggle plot of
a region of the aligned reads with significant deviation from the canonical model (black). Since
8-0x0G incorporation is random here, we are not sure of the exact location of the oxidized
base(s). Red arrows indicate signal variation that differs from the canonical model and may be
attributed to the presence of 8-oxoguanine.
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Figure 23.

Overview of pipeline used for generation of alternate basecalling model using Tombo. The estimated 8-0xoG incorporation rate for
the mitoAmpmod sample is 7.67%.
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Phase 3: Alternative Model Testing

Preliminary testing of the 8-0x0G model indicates successful detection of modified bases. The in

silico test of 50:50 poly-syntheticmod and poly-syntheticunmod per read plot (Figure 24) depicts the

reads aligned through the synthetic oligonucleotide reference sequence, bases 1 through 76. Red

circles indicate 8-0xoG calls at the respective positions, with the shade of red indicating the

likelihood ratio for the assessment, in log likelihood ratio. Black circles indicate canonical,

unmodified guanine calls at the position, with the shade of black also indicating likelihood of the

call. While not quantitative, there appears to be approximately 50% of calls red (or 8-0x0G),

and 50% black (or unmodified guanine), which is concordant with the in silico mixture. Further

tests with additional ratios as well as quantification tests are currently ongoing.
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Figure 24. Plots per read for 50:50 in silico mixture of poly-synthetic modified and

unmodified test samples.

Individual base calls for the mixed reads are indicated at the modified base positions. Alternative
base calls (8-0x0G) as ascertained using the trained model for 8-0xoG detection are indicated in
red, with the shade indicating the likelihood or confidence in the call. Black circles indicate

canonical or unmodified base calls.
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CHAPTER 1V

CONCLUDING REMARKS AND FUTURE DIRECTIONS

The sensitive and accurate quantification of oxidized DNA has extremely broad applications, and
many fields of study will benefit from improved methodology. Oxidized DNA has been
acknowledged as a contributor to diseases characterized by inflammation, including
preeclampsia, diabetes, and neurodegenerative disorders [1-4]. Cell-free mtDNA has been
implicated as a particular stimulant to the body’s immune response[55]. Nanopore sequencing of
clinically relevant samples may provide an innovative and more sensitive method for detecting
oxidative damage within the genome. In addition, it has been proven that several common DNA
extraction protocols may induce oxidative damage, typically as a result of harsh lysis steps[56,
57]. This novel sequencing approach may permit quantification of the degree of damage
produced by each protocol, as well as identify preferential extraction procedures to be used when

experimentally-induced oxidative damage must be minimized.

The preliminary data from this study indicates that 8-oxoguanine can be successfully
distinguished from canonical bases using MinION Nanopore sequencing technology. The
basecalled reads were able to aligned to the reference sequence using both BWA-MEM and
minimap2. The alignments for both poly-syntheticunmod and poly-syntheticmod were examined
using Integrated Genomics Viewer; this analysis indicated areas of low consensus for the bases

surrounding the 8-oxoguanine substitutions. These low-confidence areas demonstrated a high
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degree of variability for basecalls, demonstrating the effects of the unique electrical signal
disruption caused by 8-0x0G. Raw signal analysis was accomplished in Tombo, which
generated squiggle plots based on minimap2 alignments. The squiggle plots and their
corresponding bar charts indicate increased local variation in electrical signal between the
canonical reference base and the modified base, and regions of statistically significant variation
between poly-syntheticunmod and poly-syntheticmod Were centered around the 8-oxoG modified
bases. Further, a model for 8-0xoG detection was trained using a random base incorporation
strategy. Initial tests of the 8-0xoG model indicate that the model can detect modified bases at
known positions. Further tests and model optimization is warranted to validate the accuracy and
sensitivity of this approach for detecting and quantifying oxidative damage to this particular

base.

While this study was, overall, successful, several limitations and difficulties exist which are
worth mentioning. Firstly, the software tools used to analyze nanopore data, Tombo in
particular, are still in development and are constantly changed updated. The creator of Tombo,
Dr. Marcus Stoiber, updated the software numerous times over the course of our data analysis,
which complicated our alignment attempts and squiggle plot generation. Secondly, 8-oxoguanine
is very difficult to work with, and traditional PCR incorporation attempts have proven
unsuccessful. In order to better train the established model, higher rates of 8-0xoG incorporation

may be required.

Once validated, this method will be applied to clinically relevant samples for assessment of

oxidative damage; these sample types include plasma from pregnant women with preeclampsia

41



as well as plasma and buffy coat DNA from individuals who suffer from diabetes and/or
cognitive impairment. Further characterization of oxidative DNA damage in cell-free mtDNA as

well as in organellar mtDNA may be indicative of disease risk, state, or progression.
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APPENDIX A

PLOT MOST-SIGNIFICANT RESULTS
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Appendix A: Plot most-significant results

Boxplots indicate variation between reference signal (black) and significant regions of poly-
syntheticmoa signal (red). Significance is determined using a hypothesis test against a normal
distribution estimated from the signal level observed from the control sample reads at each
position. A Fisher’s method is then used to combine test values over a moving window extending
several positions in either direction. This is helpful in locating the exact location of the §-

oxoguanine locations since the signal variations can be observed in any bases within close
proximity to the modified base.[58]
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APPENDIX B

PIPELINE FOR ALBACORE BASECALLING AND ALIGNMENT
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Appendix B: Pipeline for Albacore Basecalling and Alignment:

Step 1: raw data--> unpack all fast5
Command: find . -type f -print0 | xargs -0 -1 file mv --backup=numbered file .

Step 2: Creating a directory for basecaller output
Command: mkdir Olig_modified fastSbasecaller

Step 3: Execute Basecaller (Albacore):

Command Example: cd Oligo_modified fast5basecaller

read_fast5 basecaller.py --flowcell FLO-MIN107 --kit SOK-LSK308 --output format fast3,fastq
--input /var/lib/MinKNOW/data/reads/20180227 2243 AMB022718qc/fast5 unpacked/ --
save_path ~/Phillips NanoData/Olig_modified fastSbasecaller/ --worker threads 4

Step 4: Merge Fastq Files:
Command Example: cat *.fastq > ModOligo 02272018 pass_merged.fastq

Step 5: Create the reference .fasta File

Command Example: >Synthetic Oligo
TAAACACATCTCTGCCAAACCCCAAAAACAAAGAACCCTAACACCAGCCTAACCAGATTTC
AAATTTTATCTTTTGGCGC
CAAAAGATAAAATTTGAAATCTGGTTAGGCTGGTGTTAGGGTTCTTTGTTTTTGGGGTTTGG
CAGAGATGTGIT

Step 6: Index the Reference
Command Example.: bwa index /home/lab-
nanopore/Phillips NanoData/SyntheticDNA_reference.fa

Step 7: Align using BWA-MEM

Command Example:

bwa mem -x ont2d -t 8 /home/lab-nanopore/Phillips NanoData/SyntheticDNA_reference.fa
/home/lab-

nanopore/Phillips NanoData/Olig_modified fast5basecaller/workspace/pass/ModOligo 02272
018 pass_merged.fastq |samtools sort -o ModOlig BWAalignment.sorted.bam -T

ModOligo BWAalignment.tmp -

Step 8: Index .bam Alignment File
Command Example: samtools index UnmodOlig BWAalignment.sorted.bam

Step 9: Generate Alignment Statistics
Command Example: samtools stats UnmodOlig BWAalignment.sorted.bam >

UnmodOligo BWAalignment.stats.txt

Step 10: Import to Integrated Genomics Viewer to look at Alignments and Basecalls
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