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Abstract

Sclerotinia sclerotiorum is a notorious phytopathogenic fungus and is the causal agent of the
disease Sclerotinia stem rot (SSR) of rapeseed (Brassica napus). SSR is one of the main diseases
affecting the yield and oil quality of rapeseed crops worldwide. This disease is very hard to predict
and control due to all the different factors that are involved in the development of the disease.
Successful disease management depends on accurate identification and early detection of plant
pathogens. qPCR is a fast, specific, reproducible, and reliable technique for plant pathogen
diagnostics. However, one limitation of qPCR is that it is unsuitable to identify and study unknown
species, other than those intended, making the detection of unknown pathogens very difficult. An
alternative solution is to apply single molecule sequencing, which can provide information at
species and strain level. In this study, a total sample of 15 rapeseed leaves coming from three
different fields in Sweden with known incidence of SSR disease were analyzed using qPCR and
other 15 leaves, coming from the same fields, were analyzed using Oxford Nanopore sequencing
to attempt to identify pathogens, S. sclerotiorum being the main target. S. sclerotiorum was not
identified with none of the previous mentioned techniques in any of the samples. Perhaps, S.
sclerotiorum was not present on the samples at the time of the collection, due to the unfavorable
weather conditions for the release of the spores. However, some issues were present during the
development of the qPCR assays that also could have affected the results. Regarding Oxford
Nanopore sequencing, other fungal species were identified instead.



Popular scientific summary

Sclerotinia stem rot, caused by the fungi Sclerotinia sclerotiorum, is one of the most relevant
diseases affecting rapeseed crops due to the serious economic losses that causes every year. This
disease is very hard to predict and control due to all the different factors that are involved in the
development of the disease. Moreover, the use of fungicides need to be in optimal time to help
preventing the disease, since once the disease is manifested, the fungicides do not have any
curative effect, negatively affecting the environment and the local fauna. Early and precise
detection of plant pathogens are essential for effective disease management. Many pathogens are
difficult to identify based on morphological characteristics and it is also time consuming.
Quantitative polymerase chain reaction (qQPCR) assays is an effective tool for the fast diagnosis of
plant diseases and many samples can be analyzed at the same time, identifying the pathogen at
the same time as quantifying it. This study aimed to use this technique to evaluate if there is a
difference between processing samples individually, combined, or pooled. In the present study,
individual samples were considered DNA extracted from individual leaves separately. Composite
samples were considered DNA extracted from one cut made to five individual leaves, making five
cuts. The pooled samples were made combining five DNA samples from the individual samples.
Another method used to identify pathogens in this study was Oxford Nanopore Sequencing, this
is a more recent technology, addressing one of the qPCR limitations which is the inability to
identify and study unknown species, other than the targets. Oxford Nanopore Sequencing can
detect multiple pathogens simultaneously in the same sample. In this study, rapeseed leave
samples coming from three different fields in Sweden, with known disease prevalence, were
analyzed. The pathogen S. sclerotiorum was not identified by qPCR neither by Oxford Nanopore
Sequencing in any of the samples. The way this pathogen spreads between the fields is through
the release of spores (microscopic biological particles) and they need favorable conditions to be
released. One of the reasons could have been that the release of the spores did not occur, due to
the unfavorable weather conditions, such as the low precipitation and the cold temperatures prior
to the collection. However, some issues were present during the development of this study that
could also explain why the pathogen was not identified. One of the issues that took place during
the gPCR assays were the presence of inhibitors. Inhibitors are any factor that prevents the
amplification of nucleic acids through the polymerase chain reaction, and inhibitors are a quite
common cause of amplification failure. Another problem was the possible contamination of the
lab equipment or the reagents used during the assays. Lastly, Oxford Nanopore Sequencing
identified multiple fungal species, but the results were not consistent when using two different
reference databases. One of the explanations could be that the reference database used for
analysis will affect the sensitivity and specificity of the analysis, which in turn can impact the
accuracy and reliability of the results.
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Cq
CTAB
DNA
DSI

Fg
GOI
ITS

kb

ng
NCBI
NTC
nrDNA
nrRNA
ONT
PCR
qPCR
R2
RNA
SSR
6-FAM

Base pairs

Quantitation cycle

Cetyl Trimethylammonium Bromide
Deoxyribonucleic acid

Disease severity index
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National Centre for Biotechnology Information
Non Template Control
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Introduction

Plant diseases caused by pathogenic microorganisms such as bacteria, fungi, viruses and
phytoplasmas are among the main factors limiting crop production and cause substantial
economic losses (Chalupowicz et al., 2018). They destroy up to 30% of crop products through
disease and spoilage processes. Control of these fungi is essential for improving food security
(Avery et al., 2019; Fones et al., 2020).

Among these fungi, Sclerotinia sclerotiorum (S. slerotiorum) stands out for being a notorious
phytopathogenic Ascomycota fungus with a remarkably broad host range of, encompassing over
600 plant species worldwide. It is the causal agent of the fungal disease Sclerotinia stem rot (SSR)
of rapeseed (Brassica napus) and it is one of the principal diseases affecting the yield and oil
quality of rapeseed crops (Ding et al., 2021; Mbengue et al,, 2016).

S. sclerotiorum produce dense dark resting structures called sclerotia and these structures help
fungi to survive during unfavorable conditions such as freezing, desiccation, microbial attack, or
the absence of a host (Smith et al., 2015). Sclerotia germinate to produce apothecia (cup-shaped,
spore-bearing structures) during favorable conditions and release ascospores that can
disseminate over several kilometers infecting the petals, which then settle into the crop canopy,
primarily on leaves and branches or leaf axils, and subsequently start leaf and stem infection,
under the right circumstances. SSR symptoms typically emerge on leaves, stems, and branches,
but they can also appear on pods and roots. SSR symptoms on leaves include round, greyish,
water-soaked lesions that are frequently surrounded by a yellow halo, whereas lesions on stems,
branches, roots, and pods cause lodging, premature shattering, and yield loss in plants that are
highly infected. Sclerotia eventually develop inside of the affected stems and roots, and
occasionally even on the outside (Kamal et al., 2015; Khangura & van Burgel, 2021).

Different factors have effect on SSR infection, like number of years since last oilseed rape crop was
grown, disease incidence in last Sclerotinia host crop, crop density and rain in the last two weeks
before flowering (Twengstrom et al.,, 1998). One key factor to consider, for risk assessment, is the
disease incidence and can easily be estimated at late reproductive stages by scouting fields and
taking counts of diseased plants in several, 4 at least, representative parts of the field. By dividing
the number of diseased plants by the total number of plants an estimate of disease incidence for
the field can be determined and it is represented in percentage. Tracking disease incidence across
years also will help determine the potential load that may be present in a particular field (Peltier
etal, 2012).

Currently, the SSR is managed mainly through the use of fungicides and crop rotations
because there are no commercially available resistant cultivars (del Rio etal,, 2007; Derbyshire
& Denton-Giles, 2016). However, the effectiveness of crop rotations is limited due to the
pathogen's ability to spread airborne inoculum and the capacity of the sclerotia produced by
pathogen to remain viable in soil for several years (Kamal et al., 2015; Kutcher & Wolf, 2006).

Chemical control alone has been found to be comparatively less effective because of the mismatch
in spray timing and ascospore releases, and many fungicides are gradually losing their efficacy
due to the increasing development of resistant strains (Kamal et al., 2015). Timing of fungicide
spray is critical for the successful management of SSR. Fungicides need to be applied before the
appearance of any symptoms, as all fungicides recommended for SSR management have no
curative activity (Khangura & van Burgel, 2021).

Areliable and fast method is required to accurately detect early disease stages, in order to reduce
the application of chemicals and its negative impact on the environment, and the fields where
fungicide application would be beneficial (Wang et al., 2015; Yin et al., 2009). Successful disease
management depends on accurate identification and early detection of plant pathogens and PCR-
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based assays have developed into effective tools for the rapid diagnosis of plant diseases (Ma &
Michailides, 2007). qPCR is a fast, specific, reproducible, and reliable technique for plant pathogen
diagnostics and provides a rapid and accurate assessment of the target pathogen (Almquist &
Wallenhammar, 2014).

In order to identify S. Sclerotiorum by qPCR the use of specific primers is necessary. According to
Freeman et al. (2002), PCR assays using consensus fungal primers (ITS4/ITS5) and S. Sclerotiorum
specific primers (SSFWD/SSREV) were done using DNA from a range of different fungal species
including pathogens of rapeseed, and other air-dispersed fungi. DNA from all the species tested
was amplified using the consensus fungal primers, but primers SSFWD/SSREV only amplified DNA
from S. slerotiorum. The size of the SSFWD/SSREV PCR products from the S. sclerotiorum isolates
was around 278 base pairs and results demonstrated SSFWD/SSREV amplified S. sclerotiorum
DNA specifically.

Nucleic acids can be amplified, detected, and quantified simultaneously using gPCR.
Quantification can be reached by absolute or relative quantification. The most popular technique
is relative quantification. It is cheap and simple to perform, however it depends on using one or
more reference genes to normalize the quantities of the genes of interest (GOls). Empirical
analysis is used to identify the optimal reference gene selection and number. An appropriate
reference gene must have stable expression across experimental, have similar amplification
efficiency and abundance to the GOIs. In reality, this is uncommon since reference genes
frequently introduce bias into an experiment, causing inaccurate results interpretation (Boulter
etal, 2016).

The absolute quantification method relies on a standard curve constructed from known
concentrations of standards to measure the actual copy numbers of a particular target
(Dhanasekaran et al., 2010). Absolute quantification does not depend on reference genes and, in
terms of copy number or concentration, absolute quantification establishes the precise quantity
of the target DNA, compared to relative quantification, which calculates the ratio between the
amounts of target and reference genes. Therefore, absolute quantification is considered to
indicate a more reliable measurement of the amount of target DNA (Boulter et al., 2016).

One of the parameters used to indicate a reliable standard curve is linear range. A good standard
curve should have a linear range that covers the expected range of the sample concentrations. This
implies that the Cq value(quantitation cycle) should increase linearly as the concentration of the
target DNA increases. Another parameter is the correlation coefficient, R2. An R2 value of 0.98 or
greater is typically regarded as acceptable, indicating a good linear correlation between the Cq
values and the log concentration of the standard samples. How successfully the PCR process
amplifies the target DNA template is known as efficiency and to ensure precise quantification, the
PCR efficiency of the amplification reaction should be close to 100% (between 90 and 110%). A
high PCR efficiency shows that the amplification process is effective and reproducible, and it
suggests that the target DNA quantification in the test samples will probably be accurate and
reliable. The slope of the standard curve produced by a series of known template concentrations
is used to calculate the PCR efficiency. A slope between -3.1 and -3.6 is acceptable, and an
efficiency of 100 percent with a slope of -3.3 is ideal. Also, the standard curve should be produced
using at least five standard points and the accuracy and precision of the quantification can be
increased by using additional standard points (Ramakers et al.,, 2003).

According to Dhanasekaran et al. (2010) PCR product standards have good stability in
concentrated form but may lose integrity when serially diluted and aliquoted for standard
construction. The chance of degradation is likely to be increased by repeated freeze-thaw and
general handling of diluted standards. But plasmid standards appear to survive such handling
better. Dhanasekaran et al. (2010) also determined that serial dilutions of cloned plasmid are the
more robust and suitable standard for long-term study purposes, even if plasmid construction and
cloning requires extensive work and is expensive. Though PCR product standards are easier to



make and less expensive, their data suggest that care should be taken to use only freshly prepared
serial dilutions.

However, one limitation of PCR-based methods is that they are unsuitable to identify and study
unknown species, other than those intended, making the detection of multiple pathogens
simultaneously in plants with unidentified pathogens very difficult (Bollmann-Giolai et al., 2022;
Loit et al,, 2019). An alternative solution is to apply single molecule sequencing technologies
(PacBio/Oxford Nanopore), which can provide information at species and strain level (Bollmann-
Giolai et al., 2022). The development of single-molecule sequencing technologies, often called
third generation sequencing (TGS), has advantages over other sequencing methods, such as,
enabling the sequencing of nucleotide molecules (DNA or RNA) without the need for PCR
amplification of the template (in some cases). They also allow the real-time analysis of the
produced data, TGS technologies directly target single nucleotide molecules, enabling real-time
sequencing, where reads are available for analysis as soon as they have passed through the
sequencing device (Figure 1). Moreover, they require only a small amount of DNA with low cost
for a single run. Furthermore, another advantage is the increase in read length, from dozens of
bases to dozens of thousands of bases per read, TGS platforms of Pacific Biosciences and Oxford
Nanopore Technologies allow average sequence lengths of 20,000 bases (Athanasopoulou et al.,
2021; Chalupowicz et al., 2018; Loit et al,, 2019; Lu et al,, 2016).

The first nanopore-based sequencer was released in 2014 by Oxford Nanopore Technologies
(ONT). Some of the benefits of Oxford nanopore sequencing devices are, firstly, since nucleotide
detection in Oxford nanopore sequencing does not require imaging equipment, the system is
reduced in size to a portable level fitting in the palm of a hand. The cost of the device is also much
lower compared to other sequencers. Oxford nanopore sequencing devices (MinlON) can be
powered through the USB port of laptop computers, so sequencing can be conducted anywhere.
Without an image analysis step, real-time base calling is also possible during sequencing, enabling
quick detection of target DNA for the screening of pathogens from clinical samples, for example
(Athanasopoulou et al., 2021; Kono & Arakawa, 2019).

The first step is library preparation, which is required for many applications that use MinION. In
this stage, double-stranded DNA (dsDNA) should be used so that sequencing of both strands can
be done. Nanopore technology relies on detecting changes in the electric current, caused by the
disorder of nanopore proteins when DNA or RNA strands pass through them. Each nucleotide's
characteristic changes in the ionic current give each base its own individual signature. The process
of converting the electrical signal into a nucleic acid sequence is called basecalling and create
FASTQ files, these files can be used in downstream analyses that require a bioinformatic tools
(Athanasopoulou et al,, 2021; Lu et al., 2016).
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Figurel. Image showing the MinION device. Created with BioRender.com.

Many study fields, including the health sciences and agriculture, depend on the identification of
fungi at the species level to define the most appropriate treatments, understand epidemics, and
understand transmission mechanisms. The strategy based on the sequencing of standardized
genomic fragments (DNA barcoding) is widely used nowadays. DNA barcoding uses sequence
variation within a short and standardized section of the genome, known as a "barcode", to identify
species with accuracy. In order to identify taxonomic connections, this method is based on the
analysis of variability within a standard DNA barcode region (Badotti et al,, 2017; Toju et al,,
2012). In cataloging multiple fungal species and thereby assemble reference databases of fungal
diversity, “DNA barcoding” based on the nucleotide sequence information of a target gene region
can be highly effective. DNA barcoding is a method of identifying unknown samples through
known classifications (Toju et al., 2012).

Molecular identification through DNA barcoding of fungi has become an essential part of fungal
research. Interest in sequenced-based analysis of environmental samples (environmental
barcoding) has escalated in the past years as it allows to study abundance and species richness of
fungi at a high rate and more reliably than conventional biotic surveys, such as fingerprinting
methods based on banding patterns obtained from restriction site polymorphisms or denaturing
gradient gel electrophoresis profiles (Martin & Rygiewicz, 2005; O’Brien et al,, 2005). The internal
transcribed spacer (ITS) of nuclear DNA (nrDNA) is the preferred DNA barcoding marker, for
fungi, both for the identification of single taxa and mixed environmental templates
(environmental DNA barcoding) (Martin & Rygiewicz, 2005).

For a wide number of fungal lineages analyzed, the ITS region of nuclear ribosomal RNA (nrRNA)
showed the highest probability of correct identification and the most clearly defined barcode gap
(Badotti et al,, 2017). Schoch et al. (2012) discovered that, for a very broad group of examined
fungi, the ITS region is among the markers with the highest probability of accurate identifications,
compared to the three markers studied in this experiment, the Small SubUnit-coding sequence,
the Large SubUnit-coding sequence and the largest subunit of RNA polymerase II. Since then, the
ITS region has been accepted as the standard barcode marker for fungi.

The ITS region comprise the ITS1 and ITS2 regions, divided by the 5.8S gene which is considered
part of the ITS region. Traditional Sanger sequencing methods have been frequently used to target
the whole ITS region and typically ranges between 450 and 700 bp (Martin & Rygiewicz, 2005).
Using high-throughput sequencing, thousands of sequences can be analyzed from a single



environmental sample, allowing a thoroughly analysis of the fungal diversity. A variety of primers
can be used for amplifying the entire or specific portions of the ITS region (Bellemain et al.,, 2010).

DNA sequence data, resulting from Oxford Nanopore Sequencing, are usually used to analyze fungi
and fungal communities through barcoding and metabarcoding efforts. Kraken2 is a
bioinformatics tool used for taxonomic classification of DNA sequencing reads. It uses a
precompiled database of reference genomes and their taxonomic classifications to assign
taxonomic labels to input sequences. The Kraken2 database includes sequences from a variety of
sources, like, RefSeq (completely assembled and annotated reference genomes of archaea,
bacteria, and viruses from the NCBI RefSeq database), GenBank (a database of genetic sequences
maintained by NCBI), among others. In addition to these databases, Kraken2 also includes the
ability to add custom databases to the classification process, allowing users to tailor the tool to
their specific needs (Marcelino et al., 2020).

Other important databases are UNITE and the International Nucleotide Sequence Databases
Collaboration (INSDC). The nuclear ribosomal internal transcribed spacer (ITS) region is the
primary genetic marker for fungi, and more than 1 000 000 full-length, Sanger-derived fungal ITS
sequences are available for reference in INSDC. UNITE is a database for the molecular
identification of fungi and it was launched in 2003 as a curated copy of the public fungal ITS
sequences. It also targets the ITS region and offers around 1 000 000 public fungal ITS sequences
for reference (Lu & Salzberg, 2020; Nilsson et al., 2019). It depends on the database and the type
of data being updated how frequently databases are updated (Austin-Tse et al., 2022). It is the
responsibility of the researcher to use the most recent version of a database to guarantee the
precision and reliability of their findings.

Loit et al. (2019) reports the ITS1catta-ITS4ngsUni primer pair amplified mostly fungal DNA
(99.9% of identified reads). The ITSlcatta primer covers nearly all Ascomycota and
Basidiomycota as well as selected groups of zygo-mycetes and early diverging lineages but
discriminates against plants and most other eukaryote groups (including fungal taxa
Mortierellomycota and Tulasnellaceae) (Loit et al., 2019).

Almquist and Wallenhammar (2014) used qPCR for the detection of S. sclerotiorum, using leaves
as samples, but this study did not compare if a difference exits in the results between individual,
composite and pooled samples. Knowing if there is a significant difference in the results between
these samples could save time and resources in the detection of this pathogen.

Aims
e Discover if S. sclerotiorum or other plant pathogens can be detected by Oxford Nanopore

Sequencing using the device MinION from Oxford Nanopore Technologies, using rapeseed
leaves collected from three naturally infected fields with SSR as sample.

e DiscoverifS. sclerotiorum can be detected amplifying the sequence of 278 bp from the 5.8s
ribosomal RNA gene by qPCR, and if it is, then compare composite, pooled and individual
leaf samples.

Objectives

e Extract DNA from rapeseed leaves collected from naturally infected fields with different stem
rot incidence.

e Use PCR to amplify the ITS region of the DNA isolated from the samples, using the primer pair
[TS1catta-ITS4ngsUni.

e Use Oxford Nanopore Sequencing to obtain FASTQ files (reads) from the samples.

e Use the databases Kraken2 and UNITE to identified fungal pathogens.



e Perform an absolute qPCR and discover if S. sclerotiorum can be identified using three
different sets of leaves samples (individual, combined and pooled) and quantify the DNA.

e Use a statistical test to compare and find out if there is a significant difference on DNA
quantities between the individual, combined and pooled samples.

Materials and methods

Samples

A total of 30 rapeseed leaves were collected during May 2022 from three different fields in
Skaraborg Sweden, Dala, Grevback and Hovby (10 leaves from each field). Dala field had a
sclerotinia stem rot incidence of 6%, Grevback 8% and Hovby 25%. The leaves were kept in a
freezer at -20°C since then. Half of the leaves from each field (15 leaves, five from each field) were
used as samples to carry out Oxford Nanopore Sequencing and the other half (15 leaves, five from
each field) to perform qPCR assays.

The DNA samples used to perform Oxford Nanopore Sequencing were extracted from each leave
individually, then the five DNA samples proceeding from the same field were pooled together.

One of the objectives of this study was to find out if there was a significant difference on DNA
quantities between the individual, combined and pooled samples through qPCR. Each field had its
own individual, combined and pooled samples.

Five leaves were used to carry out DNA extractions individually, from round cuts done to each one
of the leaves of around 5 cm in diameter. To create the combined samples, one cut from each one
of the five leaves used for individual extractions, made with the same tool, were combined before
the DNA extraction process. After completing the DNA extraction procedure, purity and
concentration were measured from each elution, and 6 pl from each one of the five individual
samples were put together in the same tube to generate the pooled samples, and once again, purity
and concentration were measured.

DNA extraction from leaves

DNA extraction was performed using a modified version of the E.Z.N.A SP Plant DNA Kit extraction
method (Omega Bio-Tek) as described by Almquist & Wallenhammar (2014). DNA purity was
measured using the spectrophotometer Nanodrop (Thermo Fisher Scientific), by determining the
absorbance at two different wavelengths, the ratio of the absorbance at these two wavelengths is
generally indicated in two ratios 260/280 and 260/230. DNA concentration was measured using
fluorometer Qubit dsDNA HS assay kit (Thermo Fisher Scientific). Samples were kept in a freezer
at -20°C until further use.

PCR and gel electrophoresis

Several PCR reactions were performed using different annealing temperatures to optimize the
annealing temperature. Phusion™ Hot Start Il High-Fidelity DNA polymerase kit (Thermo
Scientific) was used for PCR. Three DNA samples from the three different fields (Dala, Grevback
and Hovby), were used to perform these reactions. Each PCR was run with the settings shown in
Table 1, only the annealing temperatures varied.



Table 1. PCR settings.

Step Temperature Time
Initial denaturation 98 °C 30s
Denaturation (40 cycles) 98 °C 10s
Annealing 55 °C, 55.2 °C, 55.5 °C, 55.7 °C, 30s

55.9 °C, 60 °C, 60.3 °C, 60.5 °C,

60.8 °C, 61 °C, 61.2 °C, 61.5 °C,

61.7 °C, 61.9 °C, 62 °C, 62.2 °C,

62.4°C,62.7 °C, 62.9 °C, 63 °C.
Elongation 72°C 60s
Final extension 72 °C 10 m

The reaction mixture used for PCR optimization was 20ul, following the Phusion™ Hot Start II
High-Fidelity DNA polymerase kit protocol (Thermo Scientific), shown in Table 2. The primer pair
ITS1Catta (5-ACCWGCGGARGGATCATTA-3) and ITS4ngsUni (5-CCTSCSCTTANTDATATGC-3)
(SIGMA) Was used to perform all PCR reactions targeting the ITS region. After an appropriate
annealing temperature was chosen, the three samples were amplified using a reaction mixture of
50 pl, as shown in Table 2. All the reactions were performed with a PTC-200 Peltier thermal cycler
(Bio-Rad).

The resulting amplicons were run on agarose gel, 10 pl of PCR product with 2 pl 6X purple gel
loading dye (New England Biolabs). 100 bp molecular weight DNA ladder (NEB) was loaded in the
first and last well, in 1 % agarose (1X TAE buffer) stained with 1X GelRed® (Biotium). The gel was
run at 90 volts for 90 minutes.

Table 2. PCR reactions components.

Component Concentration Volume (pul)
H20 - 8.4

Phusion HF Buffer 5X 4

dNTPs 10 mM 0.4
Forward primer ITS1Catta 0.5 uM 1

Reverse primer ITS4ngsUni 0.5 uM 1

Phusion Hot start Il polymerase  0.02 U/ul 0.2
Template DNA (3ul) Dala 2.5 ng/ Grevback4.8ng/ 5

Hovby 4.7 ng
PCR Cleaning

The samples were cleaned using QIAquick® PCR purification kit (Qiagen) and following the
protocol provided by the manufacturer, to remove nucleotides, primers and other impurities
originated from the PCR process. Concentration was measured using fluorometer-Qubit dsDNA
HS assay kit (Thermofisher) and spectrophotometer-Nanodrop (Thermofisher) to measure
purity. This kit was used because it was available in the laboratory.

Oxford Nanopore Sequencing

Library preparation

Three samples (one from each field) were used for Oxford Nanopore Sequencing using the MinION
device. The Native barcoding expansion kit 1-12 (EXP-NBD104), ligation sequencing kit (SQK-
LSK109) and protocol from Oxford Nanopore Technologies were used during this procedure. The
first step was the library preparation of each sample where 200 fmol of each sample were used.
All the instructions from the Oxford Nanopore Technologies protocol were followed. This
technique allows for simultaneous target-enrichment and barcode-multiplexing of up to 12
libraries, that can be loaded in the same sequencing run (Karamitros & Magiorkinis, 2018).



Sequencing and basecalling

All the samples were sequenced in the same run with a Spot-ON Flow Cell R9 Version (Oxford
Nanopore Technologies) in the laboratory at room temperature, connecting the MinION device
(Oxford Nanopore Technologies) to a laptop where the MinKNOW software was installed. The
Qscore selected was 10. Guppy command line software was set on high accuracy basecalling and
placed the reads into passed and failed files. Sequencing was stopped after 96 hours (due to the
easter holidays).

Sequence analysis

All the sequences in FASTQ files obtained, were analyzed using Kraken2 taxonomic classification
system, for this, two reference databases were used. The first one was the Kraken2 database
containing all fungal sequences from NCBI’s Refseq (complete fungal genomes), NCBI's Refseq
database is updated daily when new information is received from an external source (Pruitt et al.,
2020). Since kraken 2 allows to add databases to the classification process, allowing users to tailor
the tool, the second database was from UNITE which contains all fungal ITS sequences of the
UNITE and INSDC databases, using the last update October 16th 2022 (Abarenkov et al., 2022) .
After analyzing and comparing all the sequences obtained with the databases, the bioinformatic
tool Pavian was used for further taxonomic analysis and the generation of Sankey diagrams to
visualize the taxonomic classification of each sample.

Plasmid digestion and purification

The other technique used to detect S. sclerotiorum in this study was qPCR and part of the
objectives in this experiment was to quantify the S. sclerotiorum DNA present in the samples from
the fields. In order to quantify DNA in a qPCR assay, the use of a standard curve is necessary. To
create the standard curve used in this study, the following steps were performed.

Due to lack of time, it was necessary to use a previous isolated pCR4 - TOPO® vector, which was
previously sequenced and confirmed to contain the target fragment (the sequence of 278 bp from
the 5.8s ribosomal RNA gene). This sample was digested with endonuclease Notl to linearize the
plasmid, before creating dilution series to generate the standard curve.

First, a restriction digestion reaction was conducted to linearize the plasmid containing the 5.8s
ribosomal RNA gene, following the New England Biolabs protocol. The reaction was composed of
restriction enzyme Notl (10 units), mixed with Buffer 3.1 (1x, NEB), plasmid DNA (2.80 pg) and
nuclease free water to a final reaction volume of 50 pl. The reaction was incubated at 37° C for 60
minutes, followed by inactivation of the enzyme by heating at 65° C for 20 minutes. The product
of the digestion reaction was loaded in 1 % agarose (1X TAE buffer) stained with 1X GelRed®
(Biotium), 1kb bp molecular weight DNA ladder (NEB) was also loaded and undigested sample
was loaded as control to confirm linearization of the product. The gel was run at 90V for 90
minutes. Cleaning of linearized plasmid was done using Qiaquick PCR Purification Kit (Qiagen)
according to the manufacturer’s instructions. Again, this kit was used because it was available in
the laboratory. Concentration and purity were measured, as described previously.

qPCR Assay

The gene to be amplified with qPCR was the 278 bp fragment of ribosomal RNA gene from S.
sclerotiorum. The kit used was TagMan® Universal PCR Master Mix (Life Technologies) and the
primer pair used for amplification was SSFWD (5’- GCTGCTCTTCGGGGCCTTGTATGC-3") and
SSREV (5°- CAGCTTGGTATTGAGTCCATGTCA-3") (Sigma), also shown in Appendix 1. The
amplification was detected using a hydrolysis MGB probe (5’- CGCCAGAGAATATCAA-3") labelled
with 6-carboxy-fluorescein (6-FAM) (Life Technologies). qPCR was performed on an AriaMx Real-
time PCR system (Agilent) on MicroAmp Optical 96-Well Reaction Plates (Life Technologies) and
all samples were run in triplicates, every essay also included triplicates of a no template control
(NTC) and triplicates of the 10-fold dilution series to create the standard curve. The composition
of the reactions mixture was composed of 1X TagMan Universal PCR Mastermix (Applied
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Biosystems), 0.2 uM of each primer, 0.2 uM of the probe, 5 ul of template DNA and nuclease free
water up to a total volume of 25 pl, as described by Almquist & Wallenhammar (2014). The
thermal cycling conditions were an initial denaturation for 10 min at 95°C, followed by a
touchdown PCR consisting of a total of 54 cycles: 14 cycles of 95°C for 15 s followed by annealing
for 60 s with temperature decreasing by 0.5°C every cycle from 72-65°C, 40 cycles of 95°C for 15
s followed by annealing for 60 s at 65°C, same as described by Almquist & Wallenhammar (2014).
The software used to visualize the amplification plots and the Cq values was AriaMx Version 1.8
(Agilent).

Absolute quantification

The amount of DNA was quantified using a standard curve. The standard curve was created using
a 10-fold dilution series and contained known amounts of a linearized plasmid (0.002 fg to 2000
fg), carrying the 278 bp target sequence from S. sclerotiorum. The 10-fold dilution series were
analyzed in triplicates and Cq values were plotted against the log amount of plasmid DNA to create
a standard curve. During each qPCR essay, the 10-fold serial dilutions were included in the same
reaction plate to create its own standard curve and quantify the amount of DNA from the unknown
samples, each standard curve contained seven measuring points. The total number of DNA copies
present in each dilution are reported in Appendix 3, table 9.

Calculation of number of DNA copies
The correlation between the actual number of copies and concentration of plasmid DNA

containing the target gene used for creating the standard curve was calculated with the following
equation (Short & Zehr, 2005):

Number of total DNA copies = [DNA Conc (g/pul) / (660 g/mol x total base pairs) x 6.023 x 1023 | x
Volume of sample.

Where DNA concentration is expressed in grams per pl, 660 g/mol is the average weight of one
mol base pair, total base pairs is the plasmid DNA base pairs plus the insert DNA base pairs, and
the volume of sample is expressed in pl used for each reaction.

Results

DNA extraction from leaves

Results of DNA concentration and purity measurements with Nanodrop Spectrophotometer
(Thermo Fisher Scientific) and Qubit Fluorometer (Thermo Fisher Scientific), after extraction and
cleaning, are shown in Appendix 2.

PCR and electrophoresis

Three DNA samples from the three different fields (Dala, Grevback, Hovby), were used for PCR
and primers were evaluated to find the most optimal annealing temperature. Many different
annealing temperatures, ranging from 55°C to 63°C, were tested and compared using the primer
pair ITS1Catta and ITS4ngsUni. The expected amplicon sizes were 400-900 bp, the decision on the
annealing temperature was based on the visualized bands after gel electrophoresis was run. The
most suitable annealing temperature was chosen at 55.2° C. After deciding on the proper
annealing temperature, a PCR with an annealing temperature of 55.2 °C was performed with
primer pair ITS1Catta and ITS4ngsUni and gel electrophoresis was run (Figure 2). The size of the
product obtained was 700 bp, which was in the range of 400-900 bp and indicated a good
amplification of the ITS region from the DNA isolated from the field samples. Although the gel
showed other bands at lower sizes, due to variability of the ITS region among species, the 700 bp
band was the most prominent band.



Figure 2. Gel image illustrating PCR product run on agarose gel 1%, after amplification of the three DNA
samples obtained from different fields using primer pair ITS1Catta and ITS4ngsUni at the annealing
temperature of 55.2 °C. Well number 4 represent 100 bp DNA ladder (NEB). Well number 1 represents the
sample of Grevack field. Well number 2 represents the sample of Hovby field. Well 3 number represents
sample of Dala field.

PCR cleaning
The samples were cleaned, after, purity and concentration were measured. The results of these
measurements are shown in Table 3 . These samples were used for sequencing.

Table 3. DNA quantification and purity results.

Sample ID DNA concentration  Absorbance Absorbance
ng/ul 260/230 260/280

Dala 46.4 2.44 1.86

Grevick 38.8 2.13 1.84

Hovby 46.0 2.97 1.81

Oxford Nanopore Sequencing

To analyze the sequences obtained from Oxford Nanopore Sequencing, two databases were used.
The first one was the Kraken2 database containing all fungal sequences from NCBI’s Refseq
(complete fungal genomes). The second database was from UNITE containing all fungal ITS
sequences of the UNITE and INSDC databases. Using the KrakenZ database, the percentage of
classified data in the three samples were quite similar, between 61-65% (Table 4). Using the
UNITE database the percentage of classified data was higher for all the samples, between 96-97%
(Table 4). Both databases were known to contain the S. sclerotiorum sequences.
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Table 4. Comparison of classification between the databases.

Sample ID Percentage of reads Kraken2 database UNITE database
(%)
Dala Classified 65.2 97.1
Unclassified 43.8 2.9
Grevbick Classified 66.3 96.6
Unclassified 33.7 3.4
Hovby Classified 61.7 97.8
Unclassified 38.3 2.2

After this step, Pavian tool was used for further taxonomic analysis and classification, and the
generation of Sankey diagrams to visualize the taxonomic classification of each sample resulted
from each database. When using the first reference database (Kraken2), only fungi were classified
(Figure 3) as expected since the database only contained fungal sequences from NCBI's Refseq.
However, when analyzing the sequences using the UNITE database the results were very different,
see Figure 4. The fungi species identified with the two databases were not the same even though
the same sequences were used for both. Not only the fungi species were different, but the UNITE
database classified most of the sequences (around 70%) under the Viridiplantae kingdom, being
Brassica napus (rapeseed plant) the biggest portion. Also, a very small portion (around 6%) of the
sequences was classified under the kingdom Metazoa. These results were not expected at all since
the UNITE database was expected to contain only fungal ITS sequences of the UNITE and INSDC
databases. The sample from the field Dala (Figure 3), the sample from the field Grevback (Figure
5) and the sample from Hovby field (Figure 6) presented very similar patterns when using the
Kraken2 database. The three fields also presented very similar patterns (Figure 4) when using
UNITE database.
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Figure 3. Detailed taxonomic identification of sample Dala using Kraken2 database. Numbers on the top of
the tree and each branch represent the number of reads for each group. Taxonomic groups are represented
by letters D-domain, K-kingdom, P-phylum, F-family, G-genus and S-specie.
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Figure 4. Detailed eukaryotic taxonomic identification of Dala sample using UNITE database. Numbers on
the top of the tree and each branch represent the number of reads for each group. Taxonomic groups are
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Figure 5. Detailed taxonomic identification of sample Grevack using Kraken2 database. Numbers on the top
of the tree and each branch represent the number of reads for each group. Taxonomic groups are
represented by letters D-domain, K-kingdom, P-phylum, F-family, G-genus and S-specie.
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Figure 6. Detailed taxonomic identification of sample Hovby using Kraken2 database. Numbers on the top
of the tree and each branch represent the number of reads for each group. Taxonomic groups are
represented by letters D-domain, K-kingdom, P-phylum, F-family, G-genus and S-specie.

For all the samples the most abundant phyla and species identified, using Kraken2 database, are
shown in Table 5.

Table 5. Taxonomic identification of each sample using Kraken2 database.

Sample No. of No. of most abundant phyla (reads) No. of most abundant
reads genus/species (reads)
obtained
Dala 172,032 Ascomycota (126,113) Saccharomycodes ludwigii (95,324)

Botrytis cinerea (6,852)
Schizosaccharomyces pombe (4,243)
Basidiomycota (18,608) Psilocybe cubensis (7,444)
Cryptococcus neoformans (1,413)
Rhizoctonia solani (1,252)
Greviack 335,101 Ascomycota (228,275) Saccharomycodes ludwigii (137,421)
Botrytis cinerea (40,5143)
Colletotrichum higginsianum (10,134)
Basidiomycota (49,931) Psilocybe cubensis (18,421)
Sporisorium graminicola (7,771)
Puccinia striiformis (1,752)
Hovby 254,701 Ascomycota (193,004) Saccharomycodes ludwigii (166,421)
Botrytis cinerea (8,142)
Colletotrichum higginsianum (3,195)
Basidiomycota (10,812) Psilocybe cubensis (2,708)
Puccinia striiformis (968)
Rhizoctonia solani (922)

For all the samples the most abundant fungi phyla and species identified, using the UNITE
database, are shown in Table 6.
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Table 6. Taxonomic identification of fungi in each sample using UNITE database.

Sample No. of No. of most abundant phyla No. of most abundant genus/species
reads (reads) (reads)
obtained
Dala 241,169  Ascomycota (25,327) Pyrenopeziza brassicae (7,542)
Plenodomus dezfulensis (3,971)
Basidiomycota (24,133) Filobasidium stepposum (6,253)
Grevick 455941  Ascomycota (85,521) Pyrenopeziza brassicae (46,623)
Ophiocordyceps xueferengensis (10,743)
Basidiomycota (37,741) Leucosporidium drummii (5,174)
Hovby 384,015  Ascomycota (32,024) Pyrenopeziza brassicae (11,622)

Ophiocordyceps xueferengensis (11,231)
Basidiomycota (16,220). Only genus  Pyrenopeziza (11,604)
identified in this sample, no species Holtermanniella (5,091)
identified

It was not possible to find S. sclerotiorum in none of the samples when using the Kraken2 and
UNITE databases to analyze the sequences obtained after Nanopore Sequencing. However, many
other different species of fungi where identified.

Plasmid digestion and purification

Electrophoresis of digested plasmid DNA showed a clear band between 4-4.5 kb that
corresponded with the total length of pCR4 - TOPO® vector containing target insert for digested
samples (4234 bp). Undigested samples showed bands of different sizes corresponding to
different forms of undigested plasmid like supercoiled, nicked and linear (data not shown). After
confirming the digestion on the gel, the digested sample was cleaned, then purity and
concentration were measured using Nanodrop 2000 spectrophotometer (Thermo scientific) and
Qubit Fluorometer (Thermo Fisher Scientific), results are shown in Appendix 2, Table 3.

qPCR Assay

Some problems occurred during qPCR assays and affected the reactions performance. There was
no amplification of S. sclerotiorum DNA from any of the field samples (Dala, Grevack and Hovby),
in none of the diverse types of samples (individual, combined and pooled), which goes in
accordance with the sequencing results. However, the plasmid DNA dilutions were amplified as
expected and it was possible to create a standard curve with almost optimal parameters (Figure
7). The R2 value was 0.969, the efficiency was 110.84 and the value of the slope was -3.087. Also,
amplification was detected in the No Template Control (NTC) samples. Contamination was
detected in the NTC’s during all the different qPCR assays and the Cq values among the replicates
showed very little variation (Cq 34-36).
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Figure 7. Quantification curves from 10-fold plasmid DNA serial dilutions, with S. sclerotiorum target,
generated for quantification. Linear regression was generated by plotting threshold cycle values (Cq),
obtained in qPCR assay, and the logarithm of total DNA copies in each plasmid DNA dilution. Correlation
value (R2 ) was 0.969. Results are shown in triplicates.
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After the previous results, it was decided to spike one of the triplicates of each one of the different
types of samples from the different fields with a known number of DNA copies, 1000 copies from
one of the standards. Again, in this qPCR assay there was no amplification detected in any of the
samples, not even the spiked samples, after adjusting the threshold in the amplification plots. This
led to the conclusion that there was presence of inhibitors in the DNA samples from the fields,
since the dilutions from the plasmid DNA were amplified without problems. In the spiked qPCR
essay the standard curve presented also good parameters. The R2 value was 0.976, the efficiency
was 109.82 and the value of the slope was -3.107. Amplification was detected in negative controls
again. Some of the spiked samples showed a Cq value of more than 34 cycles, which didn’t
correspond to any point on the standard curve (Figure 8). Regardless of the lack of proper
amplification, it was decided to quantify and determine the number of copies present in the spiked
samples (Appendix 2, Table 8), the highest number of copies detected was in the spiked individual
sample number 1 from the field Grevack having 1.10 copies.

These results reinforced the theory of inhibitors present in the DNA samples from the fields. Due
to the lack of more volume of DNA samples, it was not possible to continue with the qPCR assays.
More time and resources were needed to do new DNA extractions from new leave samples.
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Figure 8. Quantification curves from 10-fold plasmid DNA serial dilutions, with S. sclerotiorum target,
generated for quantification. This figure shows how the spiked samples had a Cq value of more than 34,
which didn’t correspond to any point on the standard curve. Results are shown in triplicates.
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Discussion

The results from this experiment were not as expected, the pathogen S. sclerotiorum was not
identified in any of the samples collected from fields with known incidence of SSR disease by any
of the methods used, qPCR and Oxford Nanopore Sequencing. According to Ficke et al. (2018), first
the sclerotia needs to germinate in the soil. This requires a high soil moisture content and a certain
temperature range and once the sclerotia have germinated and the ascospores have been
released, they can attach to tissue of its crops. But only under high humidity (minimum 80-86%)
or in the presence of free water, and at least 15 °C, and nutritious tissue, the ascospores will be
able to germinate, penetrate and start the infection. S. sclerotiorum can be identified through qPCR
in this stage (Almquist & Wallenhammar, 2014). From the infected tissue, the pathogen can spread
to the stem causing the characteristic symptoms of SSR in rapeseed crops and the symptoms can
be detected after the flowering period (Ficke et al., 2018).

Rapeseed is most susceptible to SSR during flowering (July-August) and targeting fungicide
application at the right bloom stage is essential for the maximum effectiveness of fungicides.
Fungicide timing treatments that were applied between 10 and 50% bloom were more successful
than those applied sooner or later (Khangura & van Burgel, 2021).

The weeks prior to the collection of the samples from the field were not ideal for the disease to
develop. The humidity level in the south region of Sweden, where the fields are located, was 69%
on average, being May reported as the driest month of the year 2022 and sclerotia needs 80-86%
humidity. With only 0.9 mm of precipitation, the least amount of rain falls was during April 2022
(AccuWeather, 2022), sclerotia needs the presence of free water (rain). Due to these unfavorable
conditions, perhaps the pathogen was not present at the moment of the samples collection and
that was the reason why the pathogen was not identified by any of the techniques used in this
study. However, the symptoms of the disease were present in the fields after flowering during the
same year the samples were collected, which indicates that maybe the spores were released after
the samples collection.

Other issues to address were the problems faced during the performance of qPCR essays. The first
issue was the presence of inhibitors in the DNA samples extracted from the leaves collected from
the fields. In this study, A260/A230 ratios were very low, lower than 1 in all the samples
(Appendix 2), the desired A260/A230 ratios are 2.0-2.2 and are considered pure and free of
different inhibitors (Demeke & Jenkins, 2009). A260/230 ratios below 1.8 could indicate the
presence of different inhibitors such as polysaccharides, humic acid and salts (Olson & Morrow,
2012). These samples were used even though A260/230 ratios were very low, this decision was
made based on the results obtained by Ning et al. (2009), where A260/A230 ratios even below
0.5 did not affect qPCR amplification in the case of DNA extracted from soil samples. Another
factor considered in this decision was that, during purity measurement using Nanodrop, an alert
suggesting that A260/A230 could be inaccurate due to the very low concentration of the samples,
therefore it was difficult to know if the A260/A230 ratios were reliable.

Efficient in vitro DNA polymerization during qPCR, demands high DNA polymerase activity as well
as favorable interactions between nucleic acids (target denaturation and primer annealing),
meaning that both biochemical and biophysical processes are involved. Any compound affecting
any of the critical reagents or the sub reactions in the polymerization process acts as an inhibitor
(Sidstedt et al., 2020). Inhibitory compounds can cause a shift, or increase, in the quantification
cycle (Cq), that is, the number of temperature cycles at which the target nucleic acid has been
amplified enough to reach a defined threshold. Inhibitory substances primarily disrupt the
amplification of target nucleic acids by interfering with the extraction of nucleic acid, through the
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degradation or capture of nucleic acid and by inhibiting qPCR amplification (e.g., interfering with
polymerases) (Gibson et al.,, 2012).

Also, the inhibitory mode of action of some of the compounds may be linked with denaturation of
DNA or the ability of the polymerase enzyme to bind to magnesium ions. Inhibitors may kinetically
modify PCR amplification by chelating Mg?+, a cofactor for all DNA polymerases, or by binding to
target DNA or the DNA polymerase. Inhibitors may originate from either the plant tissue or the
reagents used for DNA isolation (Demeke & Jenkins, 2009). Wang et al. (2017) also reports that
inhibitory components such as humic substances are co-extracted along with nucleic acids during
DNA extractions. Plants carry many substances, such as polysaccharides, polyphenols, pectin and
xylan, which may be co-extracted and thereafter hamper qPCR assays (Ma & Michailides, 2007;
Minas et al,, 2011; Schrader et al., 2012).

To effectively detect pathogens in infected plant tissues, in soil, air, or water samples, suitable
DNA extraction procedures are necessary in order to eliminate PCR inhibitors released from these
samples. DNA must be extracted from infected plant tissue to effectively detect small amount of
fungal DNA in these samples. Commercial DNA extraction kits are able to remove most PCR
inhibitors efficaciously, but not all inhibitors in some cases (Ma & Michailides, 2007). The
consequences of this include decreased detection accuracy (when estimating copy numbers of
target DNA fragments) or increased numbers of false negatives (when estimating
presence/absence). Even a slight inhibition during qPCR has been demonstrated to cause a
substantial shift in quantified gene copy numbers in environmental samples (McKee et al., 2015).

Fluorescence measurement is the main means to detect and quantify nucleic acids in DNA in qPCR
analysis, for these fluorophores attached to primers or nucleotides are essential in and any
substance that disturbs the function of the fluorophore will impair the analysis. Besides the actual
amplicon generation, the detection of amplicons through fluorescence measurements must
function properly. Standard PCR analysis has been proven to be less affected by inhibitors than
gPCR. For qPCR quantification cycle (Cq) values are linked to a standard curve and any inhibition
effect skewing the Cq values will directly affect quantification. Possibly, the partitioning of the
samples into many minutes reactions, during standard PCR, play a role in the elevated resistance
to inhibitors due to less interaction between inhibitor molecules and the molecules involved in
the polymerization process (Sidstedt et al., 2020).

There are multiple mechanisms to eliminate inhibitors and clean DNA. One of the simplest ways
is by dilution, in this case inhibitors are not eliminated but diluting the DNA sample can help to
reduce the concentration of inhibitors, decreasing their effect. However, this may also decrease
the sensitivity of the qPCR reaction (Gibson et al., 2012; Schneider et al, 2009). Moreover,
inhibition levels are very dependent on the concentration of the target gene in the DNA extracts.
Stronger inhibition could happen when quantifying genes with low copy numbers compared to
those with high copy numbers. For genes with low copy numbers, dilution may further lead to
increases in gene susceptibility to inhibitors (Wang et al., 2017). It was not possible to dilute the
samples in this study due to the very low concentrations of the extracted samples (as expected).
Although, there are other methods that could have been perform with more time and resources,
the most common are explained bellow.

A second DNA purification step after DNA isolation is another method to eliminate inhibitors.
Using commercial kits can remove impurities and inhibitors from the sample. These kits use
different methods, such as column-based or bead-based, to purify DNA. The
cetyltrimethylammonium bromide (CTAB) method has been widely used for extraction of DNA
from leaves, seeds/grains and processed food/feed samples and CTAB-extracted DNA needs
further purification to be used for real-time PCR (Demeke & Jenkins, 2009). According to the
experiment done by Demeke et al. (2009), the A260/A 230 ratio of CTAB-extracted DNA extracted
from soybean was low (average of 1.29), indicative of contamination with compounds such as
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polysaccharides which may inhibit qPCR and further purification of the soybean DNA with either
the Zymo kit (Zymo Research) or Qtip 100 (Qiagen) provided clean DNA that was suitable for real-
time PCR. Therefore, the low 260/A 230 obtained in the present experiment could indicate
contamination with polysaccharides. CTAB was used in combination with the E.Z.N.A kit for the
DNA extraction from the leaves, so a second DNA purification kit was necessary, based on the
260/A 230 ratios obtained in this experiment. Demeke et al. (2009) reports that purification of
CTAB-extracted rapeseed DNA with the Zymo kit produced clean DNA that was suitable for qPCR.

Another method is ethanol precipitation, is a simple and cost-effective method to remove
inhibitors from DNA (Gibson et al.,, 2012; Ma & Michailides, 2007). Other method is gel filtration,
itinvolves passing the DNA sample through a column packed with a gel matrix that separates DNA
from contaminants and inhibitors based on size (Gibson et al., 2012). Schrader et al. (2012)
reports other methods to clean DNA, such as column chromatography to remove polysaccharides
from many sample matrices. Cetrimonium bromide effectively eliminates polysaccharides and
denatured proteins from the preparation by forming an insoluble combination with them. A
repeated extraction using silica columns could also remove inhibitors. In addition, Sipahioglu et
al. (2006) reached the removal of phenols from leaves by drying at 65°C for 2 days and conserving
them under hermetic conditions at 4°C. According to Samarakoon et al. (2013) polysaccharides
and phenolic compounds are common inhibitors found in plant tissues and possibly these were
the inhibitors affecting the samples.

The reason why no further DNA cleaning was performed, was that the presence of inhibitors
problem was taking in consideration too late into the experiment and at this point there was no
more DNA left from the original samples to clean and performed another qPCR assay. Another
DNA extraction kit and more time would have been needed to do new DNA extractions from new
leaves coming from the same fields.

Another issue during this study was the problem with DNA contamination. Amplification was
detected in the NTC triplicates in all of the qPCR assays. NTC contamination is a common problem
that can lead to inaccurate and unreliable results (Nishikawa et al., 2015). Cross-contamination
can occur during the preparation of samples or when pipetting the template DNA into the reaction
mix (Nishikawa et al., 2015). Another source of contamination could be aerosols, contamination
can occur when opening tubes, this can release tiny droplets into the air (Corless et al., 2000).
Contaminated reagents, for example in this case, qPCR mastermix, primers or probes
contaminated with DNA can result in NTC contamination. Using sterile reagents and checking
them for contamination can help prevent this (Corless et al., 2000; Nishikawa et al., 2015).
Contaminated lab equipment can also be a source of NTC contamination (Corless et al., 2000;
Nishikawa et al., 2015). Contamination in any of the previous procedures could have taken place
at any moment in the laboratory during preparation of qPCR assays.

First it was suspected that the source of contamination was cross contamination or aerosols. To
try to avoid this problem, it was decided to change labs, pipettes and all the lab equipment involve
in the preparation of the qPCR assay, as well as the use of only filtered pipette tips. It is worth to
mention that another measure that could have taken place was the use of a sterilized laminar
airflow bench during the preparation of the qPCR assay, to further address the potential problem
of contamination by aerosols. However, the NTC contamination remained, which led to suspect
that one or more reagents were contaminated. The Cq values among NTC replicates during the
gPCR assays showed very little variation, this reinforced the theory of the contaminated reagents.
After arriving to this conclusions, and with more time and resources, the following steps would
have been to test the reagents, discard contaminated reagents and use new ones.

The pathogen was not identified by Oxford Nanopore Sequencing either, again, possibly the
pathogen was not present in the samples used for sequencing. The percentage of classified data

was expected to be very similar between the two databases used as reference, since the same
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sequences were used in both. Many fungal species, other than S. sclerotiorum, were identified and
these species showed a big variation between databases. Sequencing was stopped after 96 hours
since, due to the easter holidays, the access to the laboratory was restricted. Besides S.
sclerotiorum, there are other important fungal pathogens species affecting rapeseed crops in
Sweden. Pyrenopeziza brassicae, Alternaria brassicae, Leptosphaeria maculans and Fusarium spp.
are some of the most relevant species. Among the species obtained, when using the reference
database UNITE, the only pathogen identified out of the previous mentioned species was
Pyrenopeziza brassicae, being identified in all the samples. So, it can be concluded that Oxford
Nanopore Sequencing is suitable to identify Pyrenopeziza brassicae, being the causal agent of light
leaf spot disease, which is an economically important fungal pathogen of oilseed rape and other
Brassica species (Karandeni Dewage et al,, 2021).

The species identified when analyzing the sequences with the two different reference databases
were very inconsistent. When using the first reference database (Kraken2), only fungi were
classified as expected since the database only contained fungal sequences from NCBI’'s Refseq
(complete fungal genomes). However, when analyzing the sequences using the UNITE database
the results were very different. The fungi species identified with two databases were not the same
even though the same query sequences were used for both. Not only the fungi species were
different, the UNITE database classified most of the sequences under the Viridiplantae kingdom,
being Brassica napus (rapeseed plant) the biggest portion. Also, a very small portion of the
sequences was classified under the kingdom Metazoa. These results were not expected at all since
the UNITE database only contained fungal ITS sequences of the UNITE and INSDC databases
(Abarenkov et al.,, 2022).

Cheng et al. (2015), reported that even though ITS has the highest discriminatory power of the
candidate barcodes currently in use and being the most widely used in plant molecular
systematics, ITS amplification and sequencing could occasionally be affected from non-specificity
and poor PCR and sequencing success due to issues related with the primers. As fungi in many
cases are symbiotic with plants in the environment, it is easy to obtain nontarget amplicons of ITS
from fungi when amplifying plant ITS fragments (Cheng et al., 2015).

The biggest drawbacks to date, for nanopore sequencing, have been a lower throughput of
sequence data and a higher error rate compared to other sequencing methods, like [lumina. The
results of analyzing nanopore sequences can vary depending on the reference database used for
comparison. This is because the reference database used for analysis will affect the sensitivity and
specificity of the analysis, which in turn can impact the accuracy and reliability of the results
(Petersen et al,, 2019). The first one was the Kraken2 database containing all fungal sequences
from NCBI's Refseq (complete fungal genomes) and the second database was UNITE containing
all fungal ITS sequences of the UNITE and INSDC databases. Also, according to Ciuffreda et al.
(2021) reference databases can vary in terms of the genomes they represent. Some reference
databases may include a more comprehensive set of genomes, while others may only include a
limited number of genomes. This can lead to differences in the coverage and accuracy of the
results obtained. In this study the most updated available versions were used.

The way different bioinformatics pipelines influence data analysis is very complex. However,
some of the other possible reasons why this big variation in the results was present when using
different reference databases are suggested next. Another source of variation could be the
differences in quality, as mentioned by Ciuffreda et al. (2021) reference databases can also vary
in terms of their quality. In this study, even though the two databases used are considered to be
very high quality, they are still different databases which already introduce a source of variation.

The Genetic Variation could be another factor. Different reference databases may also have
differences in genetic variation, such as single nucleotide polymorphism (SNP), which is a genomic
variant at a single base position in the DNA, small InDels and/or more complex structural variants
such as large deletions, duplications, inversions and translocations, all can impact the accuracy of
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the analysis, some reference databases may be more comprehensive in terms of representing
genetic variation, while others may be less so (Magi et al., 2017). Additionally, some genomes may
be better assembled than others, resulting in more accurate results (Phannareth et al., 2021).
Again, this study used two different databases which introduces a variation factor.

Because this approach relies on sequences from previously characterized organisms for
comparison, the quality of the results is only as good as the existing reference data set. As such,
the lack of sequence data from identical or closely related taxa can lower the probability of an
accurate identification (Coissac et al.,, 2016).

Regarding the analysis of metagenomic data, improvements are expected in taxonomic analysis
and sequence comparison software to achieve better resolution of closely related strains and
higher classification accuracy, along with the development of efficient indexing techniques for
metagenomics databases (Ciuffreda et al., 2021).

Conclusion

The choice of reference database can have a significant impact on the results obtained from
nanopore sequencing analysis. It is important to carefully consider the properties of different
reference databases and choose the one that best matches the specific goals of the analysis. Also,
further analysis and validation of the accuracy of nanopore sequencing reads could be achieved
by the inclusion of parallel sequencing methods with higher accuracy rate like [llumina.

As a consequence of the poor results obtained during the qPCR assays, it was not possible to
evaluate if there is a significant difference between individual, combined and pooled samples.
With more time and resources, perhaps, it would have been possible to obtained results leading
to better and more accurate conclusions.

Ethical aspects and impact on the society

There are no ethical aspects to board on this study, Sclerotinia sclerotiorum is a common plant
fungal pathogen with a broad host range and not known conflicts of interest were identified
during this study. All the biological material used in this experiment was collected from different
fields in Sweden with known incidence of the disease. No personal information was attached to
any of the samples in this study. No personal bias was introduced during the performance of this
experiment and all the conclusions were made based on available scientific articles.

However, an aspect worth to mention is that due to the limited preventive and managing
measures of this pathogen, many farmers usually decide to apply fungicides when perhaps it is
not necessary. This use of unnecessary chemicals have a negative impact on the environment and
the local flora and fauna, so it should be avoided when possible. Another concern are the long term
effects these fungicides have over human health. Many articles describe the toxic and the negative
physiological effects as consequence of the ingestion of these products. It is a collective
responsibility to make an effort to move towards more sustainable agriculture practices.
Improving the detection of the pathogen in the crops using different techniques, as well as to make
them more accessible and cheaper, could help to make better and more precise decisions about
the disease management, to avoid economic losses and increase the production of rapeseed oil.
This could also lower the cost of the production of rapeseed oil, since unnecessary use of
fungicides could be avoided, and consequently the price of the oil would also reduce in the market,
which could also reduce the costs of products that include rapeseed oil in their manufacturing and
perhaps make them more accessible to larger portions of the population. Although third
generation sequencing technologies have been available for a few years now and are very
promising with multiple advantages over other techniques, like the reduction in costs, is still not
widely used in many biological fields. As these technologies get used more frequent and become
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more popular among the scientific community, the tools to analyze this kind of data will also
improve and it will become more accurate.

The results from this experiment could give a better perspective on how to handle certain
obstacles arising during the performance of similar studies and how to improve the management
of time and resources.

Future perspectives

To discover if a significant difference exists between individual, combined and pooled samples,
more qPCR assays will have to be performed, handling the inhibitors issue since the beginning of
the experiment, doing a second DNA purification step after DNA isolation. If there is a significant
difference between these kinds of samples, specially between individual and combines samples,
time and resources could be saved and a larger number of samples could be analyzed at the same
time. Furthermore, if Oxford Nanopore Sequencing is proven to be a reliable method to identify S.
sclerotiorum from field samples, it could be a very good diagnostic alternative to qPCR, since this
method needs less equipment and could reduce some costs. Also, the ability to spend minimal time
to prepare a library, load it into the device, and produce large amounts of sequence data, is a great
opportunity for diagnostic screening. In future studies, using Nanopore Sequencing to detect S.
sclerotiorum, the use of a positive control could be very useful in order to discover if this technique
is suitable for the detection of the pathogen. However, the principal concern using this technology
is that the current Oxford Nanopore Sequencing has relatively higher error rates compared to
other sequencing methods, overcoming these challenges will require further breakthroughs in
nanopore technology and bioinformatics software, as well as the use of standardized databases
and validated thresholds for reporting detected pathogens, will be of crucial importance.
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Appendix
Appendix 1. Primers sequences used for qPCR and Oxford Nanopore Sequencing.
Primer Sequence 5’-3’
ITS1CATTA ACCWGCGGARGGATCATTA
[TS4ngsUni CCTSCSCTTANTDATATGC
SSFWD GCTGCTCTTCGGGGCCTTGTATGC
SSREV CAGCTTGGTATTGAGTCCATGTCA

Appendix 2. Results of DNA concentration and purity measurements with Nanodrop
Spectrophotometer (Thermo Fisher Scientific) and Qubit Fluorometer (Thermo Fisher Scientific)
from samples used for qPCR and Nanopore Sequencing.

Table 1. DNA quantification and purity results of Grevback field samples for qPCR.

Sample DNA concentration ng/ul Absorbance 260/230 Absorbance 260/280
G1 0.436 0.68 2.35
G2 0.132 0.42 1.87
G3 0.300 0.57 2.19
G4 0.114 0.38 2.17
G5 0.304 0.36 2.03
GCombined 0.344 0.49 1.81
GPooled 0.322 0.44 1.89

Table 2. DNA quantification and purity results of Hovby field samples for qPCR.
Sample DNA concentration ng/ul Absorbance 260/230 Absorbance 260/280

G1 0.680 0.54 2.33
G2 1.16 0.46 1.99
G3 0.850 1.12 2.04
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G4 0.466 0.57 1.87

G5 0.688 0.59 1.77
Combined 0.912 0.48 1.92
Pooled 0.880 0.70 1.96

Table 3. Concentration and Purity results of isolated digested plasmid after cleaning.

Sample DNA concentration ng/ul  Absorbance 260/230  Absorbance 260/280
Digested plasmid  2.44 0.05 2.01

Table 4. DNA quantification and purity results of Dala field for Sequencing.

Sample DNA concentration ng/ul Absorbance 260/230 Absorbance 260/280
D1 0.264 0.55 2.60
D2 2.44 1.26 2.01
D3 0.232 0.84 1.96
D4 0.770 0.62 1.87
D5 0.556 0.50 1.82
DPooled 0.828 0.70 1.92

Table 5. DNA quantification and purity results of Grevback field for Sequencing.

Sample DNA concentration ng/ul Absorbance 260/230 Absorbance 260/280
G1 1.26 0.76 2.44

G2 0.818 0.52 2.0

G3 2.86 0.68 2.18

G4 1.37 0.63 1.87

G5 1.07 0.52 1.90

GPooled 1.62 0.65 1.99

Table 6. DNA quantification and purity results of Hovby field for Sequencing.

Sample DNA concentration ng/ul  Absorbance 260/230 Absorbance 260/280
H1 0.306 0.62 2.26
H2 1.83 0.50 2.04
H3 1.21 0.54 1.84
H4 1.41 0.68 1.90
H5 1.15 0.61 1.99
HPooled 1.56 0.63 2.03

Table 7. DNA quantification and purity results of PCR product after cleaning, for Nanopore
Sequencing.

Sample DNA concentration ng/ul  Absorbance 260/230 Absorbance 260/280
Dala 46.4 2.44 1.86
Grevick 46.0 2.37 1.81
Hovby 38.8 2.13 1.84

Appendix 3. Results of qPCR assay of spiked unknown samples and standard curve.
Table 8. Spiked unknown samples.

Sample Number of DNA copies Mean Cq values
Dala individual 1 0.287 35.93
Dala individual 3 0.023 39.51
Dala individual 4 0.014 39.99
Dala individual 5 0.163 36.79
Dala Combined 0.055 38.24
Dala Pooled 0.024 39.38
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Grevbick individual 1 1.104 34.27

Grevbick individual 3 0.043 38.79
Grevbick individual 4 0.128 37.93
Grevbick individual 5 0.127 37.17
Grevbidck Combined 0.064 38.36
Hovby individual 1 0.154 37.41
Hovby individual 2 0.302 38.68
Hovby individual 3 0.031 39.20
Hovby individual 4 0.128 36.92
Hovby individual 5 0.045 38.54
Hovby Combined 0.025 39.35
Hovby Pooled 0.103 37.37

Table 9. Standard curve used to quantify the spiked unknown samples.

Sample Number of DNA copies Mean Cq values
in5 ul
Dilution 1 2154993.48 20.18
Dilution 2 215499. 34 23.08
Dilution 3 21549.93 27.76
Dilution 4 2154.99 30.24
Dilution 5 215.49 33.65
Dilution 6 21.54 36.62

Dilution 7 2.15 38.19




