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Summary

V.  Summary

The topic of product authentication is of importance as food fraud could, up to now, often not be
detected due to the imperfection of currently used methods.

The question of DNA methylation-based product authentication in organic and conventional grown
potatoes (Solanum tuberosum, var. Desirée) using a Post-Bisulfite-Adapter-Tagging Whole-genome
Bisulfit-Sequencing (PBAT-WGBS) protocol is addressed in this dissertation. This new approach
uses the environment-dependent addition of methyl-groups to cytosines within the DNA to search
for differences between samples grown under varying agricultural managing systems. The samples
were grown in the DOK-field trial (Agroscope and Research Institute of Organic Agriculture, Frick,
Switzerland). They were raised under field conditions, in three field replicated plots and two years
using the same variety and the same seed tuber batches for conventional and bio-organic plots. The
bio-organic samples underwent copper-applications for fungi pest control and organic fertilization,
while the conventional samples have been treated with synthetic fungicides and fertilized with
mineral and organic fertilizers.

The thesis is divided into three parts, wherein the first and the second part were published in peer-
reviewed, international scientific journals already. For the third part, the publication is planned.

In a peer-reviewed methodological review article, steps and data analysis currently applied in the
field of DNA methylation analysis were described. For our experiment, PBAT-WGBS was chosen
due to its reliability, single-base resolution and capability to use low amounts of DNA as input.

To analyse the respective datasets from PBAT-WGBS, a reliable pipeline was needed to
bioinformatically evaluate the methylation patterns. This has been implemented in the large-scale
pipeline analysis tool snakemake. After an intensive quality benchmark of mapping tools, the
alignment was performed with Bismarkbwt2. The results of this benchmark study with 8 sequencing
read mapping tools and various parameter set combinations were published in a peer-reviewed
article, too.

Finally, differently methylated cytosines (DMC) and differentially methylated regions (DMR) in
both years examined were found to be related to metabolic, transport and hormone-related genomic
pathways. One DMR in one single year was associated with ATOX1. This indicates a detoxification
of copper in organic potatoes but has to be addressed in future studies.

The method was exemplary applied in potatoes grown under organic and conventional farming
systems. Besides this application, it offers the potential to analytically monitor storage, transport,
cultivation and processing conditions of multiple kinds of products and therefore might be of
importance in future product authentication.

In summary, the reliability of the method applied was demonstrated.
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Zusammenfassung

VI. Zusammenfassung

Analytische Produktauthentifizierung ist von Bedeutung, da Lebensmittelbetrug aufgrund der
Unvollkommenheit der derzeit verwendeten Methoden bisher oft nicht erkannt werden kann.

Die DNA-Methylierungs-basierte Produktauthentifizierung von biologisch und konventionell
angebauten Kartoffeln (Solanum tuberosum, var. Desirée) unter Verwendung eines Post-Bisulfit-
Adapter-Tagging Whole-Genome Bisulfit-Sequencing (PBAT-WGBS) Protokolls wurde im Rahmen
dieser Dissertation untersucht. Dieser neue Ansatz nutzt die umweltabhdngige Anlagerung von
Methylgruppen an Cytosine innerhalb der DNA, um nach Unterschieden zwischen Proben zu
suchen, die unter verschiedenen Anbausystemen gewachsen sind. Diese Methode wurde an Proben
aus dem DOK-Feldversuch (Agroscope und Forschungsanstalt fiir biologischen Landbau, Frick,
Schweiz) getestet. Die Proben wurden unter Feldbedingungen in drei Feldwiederholungen und in
zwei Jahren mit der selben Sorte und den selben Saatknollenchargen fiir die konventionellen und
bio-organischen Parzellen angebaut. Dabei wurden die bio-organischen Parzellen
Kupferapplikationen zur Pilzbekampfung und organischer Diingung unterzogen, wahrend die
konventionellen Parzellen mit synthetischen Fungiziden behandelt und mit mineralischen sowie
organischen Diingemitteln gediingt wurden.

Die vorliegende Arbeit ist in drei Teile unterteilt, wobei der erste und zweite Teil bereits in
internationalen, peer-reviewed Journalen publiziert sind. Fiir den dritten Teil ist eine Publikation
der Ergebnisse geplant.

Im Rahmen eines peer-reviewed publizierten Review-Artikels wurden die derzeit im Bereich der
DNA-Methylierungsanalyse angewandten Schritte, Methoden und Datenanalysen beschrieben. Fiir
unseren Versuch wurde PBAT-WGBS aufgrund der Zuverldssigkeit, der Auflosung bis auf
Einzelbasenebene und der Fahigkeit, geringe Mengen an DNA als Input zu verwenden, ausgewahlt.

Um die entsprechenden Datensdtze der PBAT-WGBS-Analysen auszuwerten, wurde eine
zuverlassige Pipeline zur bioinformatischen Auswertung der Methylierungsmuster benétigt. Diese
wurde in snakemake, einem Pipeline-Analyse-Tool, implementiert. Das Alignment wurde, nach
einem intensiven Qualitdtsbenchmarking von Mapping-Tools, mit Bismarkbwt2 durchgefiihrt. Das
Ergebnis dieser Benchmark-Studie mit 8 Sequencing-Read-Mapping-Tools und verschiedenen
Parametersatz-Kombinationen wurde ebenfalls in einem peer-reviewed Artikel veroffentlicht.

Schliefslich wurden differentiell methylierte Cytosine (DMC) und differentiell methylierte Regionen
(DMR) in beiden untersuchten Jahren gefunden, die mit Stoffwechselwegen,
Transportmechanismen und dem Pflanzenhormonsystem in Verbindung stehen. Eine DMR in
einem einzelnen Jahr war mit ATOX1 assoziiert. Dies deutet auf eine Entgiftung von Kupfer in Bio-
Kartoffeln hin, muss aber in weiteren Studien bestatigt werden.

Die Methode wurde exemplarisch in Kartoffeln aus Bioanbau sowie aus konventionellem Anbau
angewandt. Neben dieser Anwendung bietet sie die Moglichkeit Lagerungs-, Transport-,
Verarbeitungs- sowie weitere Anbaubedingungen in einer Vielzahl an Produkten zu analysieren.
Daher wird sie in der zukiinftigen Produktauthentifizierung eventuell von Bedeutung sein.

Zusammenfassend konnte die Zuverladssigkeit der angewandten Methode nachgewiesen werden.
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Introduction

1. Introduction

Distinguishing analytically between organic and traditionally/conventionally grown plants is of
high importance to assure consumers’ confidence in agricultural production systems as well as
labelling of food and other plant-based products. Furthermore, there is need for such a method for
peer-to-peer trading within the value chain for verification of the product quality and for food fraud
detection in case of concerns.

The term “organic agriculture” describes highly different agricultural land use practices. We will
focus on the EU standard. This includes mainly the absence of synthetic plant protection and
fertilization and a more diverse crop rotation.

In the following, I briefly summarize the methods that have been tried to distinguish between
organic and conventional food samples and their respective results. Further, a new single-technique-
approach will be proposed, which has the potential to enrich the scientific discussion about this
topic.

Coffee (De Nadai Fernandes, Elisabete A. et al. 2002), peas, onions (Gundersen et al. 2000), winter
wheat, barley, faba beans and potatoes (Laursen et al. 2011) have been tried to discriminate using
element analysis with mostly good success, whereas the involvement of non-essential elements
seems to enhance the right classification. Because of the absence of synthetic fungicides and the use
of organic matter instead of mineral fertilizers, the arbuscular mycorrhizal fungi (AMF) spore
abundance is significantly higher in organic fields compared to conventionally managed ones (Oehl
et al. 2004). This enables organically grown plants to obtain via symbiosis slightly more calcium,
copper, zinc and rubidium (Kelly and Bateman 2010) and leads, combined with a lower growth rate
and dry matter content (Alaru et al. 2014) to higher concentrations of these elements than in
conventional soils (Gosling et al. 2006). Also decreasing of trace elements such as manganese has
been reported for example in tomatoes (Kelly and Bateman 2010) and maize (Kothari et al. 1991).

The bottleneck of this method is that the variability of concentration of major and trace elements
depends mainly on the variety of species and, therefore, could not be generally used as a reliable
marker for organic food (Ordofiez-Santos et al. 2011). Also the growing site with different weather
conditions and soil types, the crop cycle and the physiological age of the harvested product as well
as the highly varying nutrient availability in “organic” soils influences the chemical composition of
elements in plant products. The trade market for most trading goods does not differ between species
and the mentioned growing conditions. The number of possible markers is restricted because of the
number of elements, which seems to be too low to see clearly separable patterns if different species
and years are included in experiment design. The farming practice is just one trait that could change
the amount of major trace elements and could be overlaid by other traits (Magkos et al. 2003; Rosen
and Allan 2007).

Stable isotope analysis is another promising analytical method to distinguish conventional from
organic food products. The & ®N value of atmospheric nitrogen is defined as zero (**N/"“N ratio =
0.00368). Also the value of mineral nitrogen fertilizers, which is used in conventional agriculture,
derived by Haber-Bosch process is at about this ratio. A combination out of preferential
volatilisation of N through bacteria activity and higher N content of manure (Bateman and Kelly
2007), both because of enzymatic discrimination of the heavier N, leads to higher ®’N/*N ratio in
organically fertilized soils. The ratio within the soil is known to represent the range of the *N/“N
ratio into the grown plants (Choi et al. 2003). Therefore, it has been concluded that the >N/*N ratio
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in conventionally fertilized plants should be lower than in plants grown with compost and manure.
Many studies have explored the differences of stable isotope ratio, especially of nitrogen with whole
tissue mass spectrometry, in products obtained from organic or conventional agricultural systems.
This has been done for various crops and vegetables like grain crops (Kohl et al. 1973), endive, rocket,
leek, potato, chicory, sweet pepper, garlic, onion (Sturm and Lojen 2011), carrot, tomato (Bateman et
al. 2005), lettuce, cabbage, Chinese cabbage (Schmidt et al. 2005) and citrus fruits (Rapisarda et al.
2005).

In conclusion, type of fertilization could be monitored in case that exclusively organic fertilization
has been chosen. Because of many limitations, a combination out of several other methods has been
proposed after detailed literature review (Laursen et al. 2014). Using different fertilization is not the
only feature defining organic agriculture. Differences in plant protection cannot be inspected.
Further it is also permitted to use manure and compost in conventional systems, which complicates
the identification process. Even if the authentication process is improved via using multi-isotope
analysis (Laursen et al. 2013) or compound-specific analysis instead of whole tissue analysis of stable
isotope ratios, as it has been done for amino acids in wheat and durum (Paolini et al. 2015), some
challenges remain. Also within the Authenticfood project, a part of Core Organic 2 — a large EU-
funded project on food safety, the authors finally recommended to focus on compound-specific
stable isotope analysis (Husted 2015).

Legumes and slower growing plants such as potatoes could not be addressed by this method (Rogers
2008). Other authors concluded a threshold value of 4.3%o 6 °N for potatoes using a controlled field
trial, whereupon still 15% of conventional samples have been misclassified (Camin et al. 2007). The
failure of this method could be explained since the timing of fertilization as well as the age and the
type of the collected plant organ also varies the "N/"“N ratio (del Amor et al. 2008). Another point
that causes trouble is the biologically fixed atmospheric nitrogen by legumes and other cover crops
in organic agriculture, which is lowering the o ®N value of the soil similar to mineral fertilizers do
and, therefore, leads to confusing results (Laursen et al. 2013).

X-ray spectroscopy and infrared spectra analysis have been tried to answer different questions of
food quality observation (Putzig et al. 1994). The publications on this topic showed correct
classification rates between 74% and 93% for infrared spectra analysis combined with multivariate
statistics of organic red and white wines (Cozzolino et al. 2009), rates up to 91% for asparagus
(Sanchez et al. 2013) and a shift for potassium peak in the x-ray spectra of tomato and coffee samples
(Bortoleto et al. 2008). This stands in contrast to the observed results of element analysis where no
significant differences in potassium content could be spotted. At this moment, the results are not
accurate enough to clearly identify organic products while the basis of literature on spectroscopy-
based methods as well is too low.

The basis of published literature on copper chloride crystallization application in terms of analytical
identification of organic products is also not well established at this moment. For a long period of
time, copper chloride crystallization with plant extract solution on glass dishes was not accepted
due to difficult validation and reproducibility of the obtained crystallization pictures because the
analysis of pattern had to run visually. Busscher et al. (2010) described a self-learning, computerized
analysis tool to detect pattern in the scanned crystallization images that encode for organic
agriculture. Szulc et al. (2010) applied this tool to winter wheat samples and got classification rates
ranging from 69 to 96% for single years. But if two different years where combined for training of
the tool, the model was not suitable because of too high variability between the years. The
classification rates fluctuated between 56 and 59%. A study with visual and computerized picture
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analysis as well got highly varying results and only for 2003, a rate of 100% correct classification for
the organic samples could be achieved (Kahl et al. 2008).

An alternative approach to differ between organically and conventionally produced plants could be
the different application of pesticides. A meta-analysis about pesticide residues in food samples
showed a significant increase of some agents in conventional vegetables and potatoes (Hoefkens et
al. 2009). But for successful separation of harvested products, this method is not suitable because it
relies on just one agronomical variation - the prohibition of chemical pesticides. Via persistent soil
contamination, spray drift by wind and cross-contamination during storage, processing and
packaging, pesticide residues could also be found in organic products (Guignard et al. 2015).
Furthermore, it does not guarantee the compliance of other ecological farming practices if there
could not be found any pesticide residues.

Other approaches looked at ingredients such as phenolic or volatile organic compounds, proteins
and metabolites as possible fingerprints with different success. Compared to conventionally
managed vegetables, for organically produced tomatoes, a higher amount of flavonoids has been
reported (Chassy et al. 2006; Mitchell et al. 2007) as well as for ging-gen-cai (chinese cabbage),
spinach, welsh onion and green bell pepper (Ren et al. 2001). There is also a shift in the content of
anthocyanin in organic blueberries (Wang et al. 2008). Divergences in total phenolic concentration
have been published for organic eggplants (Raigon et al. 2010), beets (Rossetto et al. 2009), peaches,
pears (Carbonaro et al. 2002) and marionberries (Asami et al. 2003). Processed food, such as organic
ketchup (Vallverdu-Queralt et al. 2011) and wines (Vrcek et al. 2011), seems to show higher phenolic
content if it is derived from organic agriculture.

Studies which report no significant differences in concentrations of phenolic compounds between
organically and non-organically produced foods are also available for example for strawberries
(Hakkinen and Torronen 2000), eggplants (Luthria et al. 2010), beetroots (Kazimierczak et al. 2014),
grapes and wines (Mulero et al. 2009, 2010). Because of these reports, it is questionable to use the
analysis of phenolic compounds for practical application. The variation of phenolic compounds with
maturity stage and pathogen attack makes it further challenging because organic crops generally
have a longer growing period than conventional crops and, therefore, they have a longer period to
build up their phenolic pool (Jeffery et al. 2003). Also the chemical composition of vegetables and
fruits is mainly influenced by choice of cultivar (Chassy et al. 2006).

One study examined the variability of volatile organic compounds (VOC) in combination with
sensory testing for organic and conventional tomatoes (Muilwijk et al. 2015). In this case, the VOC
fingerprint was mainly affected by location and only in a second step by agricultural system whereas
the cultivar had a minor effect.

As expounded above, several methods have been tried and non could sufficiently identify organic
plant products. Therefore, there is still need for a reliable approach that can enrich the scientific
discussion about this topic and approach the given aim.

Epigenetics analyses and especially DNA methylation analyses is capable to fulfill this task as,
driven by environmental conditions, patterns on top and beside the DNA are adapted to react on
different environments.

To minimize redundancy, for more information about epigenetics and DNA methylation please find
detailed information in chapter 3.2, 4.2 and 5.2.
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2. Research Question

The following work addresses the the question of analytical identification of organically grown plant
samples. The overall aim has been to test whether it is possible to differentiate between conventional
and organic plant samples based on DNA methylation analysis. Thereby, using Bisulfite-
Sequencing, unmethylated Cytosines are converted by Bisulfite to Uracil and subsequently to
Thymines and can be identified after mapping to a reference genome. Methylated Cytosines are
“protected” from conversion by Bisulfite and remain as Cytosines.

For the purpose of differentiation, patterns as “epigenetic fingerprint” were used, which might be
taken as reliable markers to unambiguously identify organic food.

The following hypotheses (H) were tested in detail:

H1 The agricultural practice under which a plant has been grown could be monitored using
analysis of DNA methylation status in harvested products like potato tubers.

H2 Based on transcriptome and metabolome studies, methylation differences were
expected due to plant defence, hormone and metabolic pathway related genome regions as
well as in transposal regions.

H3 The epigenetic variation of some DNA methylation islands between the years is lower
than between the agricultural systems. Therefore, DN A methylation fingerprinting could
be used as biomarker to confirm the food production system.

It is necessary to show every difference in terms of methylation status during the first run, even in
untranslated regions, because these parts of the genome could affect transcriptional gene activity
due to methylation-derived differences in chromosome structure, too. However, using the technique
of Whole-genome Bisulfite Sequencing (WGBS), it could be benefited from the large amount of
bases. Therefore, a much wider pool of potential biomarkers is available than for example in
transcriptome or metabolic studies because every Cytosine could be differently methylated. The
following down-scaling process will decrease the number of differently methylated sites every time
the next factor of variation is included. The variability between different years will be used as a
major variability factor to look for reliable DNA methylation differences attributed to organic
agriculture.

The topic will be addressed in three independent chapters including the planning process of Whole-
genome-bisulfite-sequencing experiments (chapter 3, Grehl et al. 2018), the benchmarking of WGBS
alignment software (chapter 4, Grehl et al. 2020) and the exemplary analysis of DNA methylation
patterns in organic and conventionally grown potato samples (chapter 5, submitted for publication).
Parts of this dissertation are already published (Grehl et al. 2018; Grehl et al. 2020). For the third
part, the submission as manuscript for publication is planned.
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3.1. Abstract

Aside from post-translational histone modifications and small RNA populations, the epigenome of
an organism is defined by the level and spectrum of DNA methylation. Methyl groups can be
covalently bound to the carbon-5 of cytosines or the carbon-6 of adenine bases. DNA methylation
can be found in both prokaryotes and eukaryotes. In the latter, dynamic variation is shown across
species, along development, and by cell type. DNA methylation usually leads to a lower binding
affinity of DNA-interacting proteins and often results in a lower expression rate of the subsequent
genome region, a process also referred to as transcriptional gene silencing. We give an overview of
the current state of research facilitating the planning and implementation of whole-genome bisulfite-
sequencing (WGBS) experiments. We refrain from discussing alternative methods for DNA
methylation analysis, such as reduced representation bisulfite sequencing (rrBS) and methylated
DNA immunoprecipitation sequencing (MeDIPSeq), which have value in specific experimental
contexts but are generally disadvantageous compared to WGBS.

Keywords: WGBS; coverage; library; DNA methylation; 5mC; epigenome; epigenetics




How to Design a Whole-Genome Bisulfite Sequencing Experiment (Review)

3.2. Introduction

Aside from post-translational histone modifications and small RNA populations, the epigenome of
an organism is defined by the level and spectrum of DNA methylation (Law and Jacobsen 2010).
Cytosine methylation can occur as 5-methylcytosine (5mC) or 5-hydroxymethylcytosine (5hmC)
(Wyatt and Cohen 1953). Its key roles are in embryonic development regulation, genome imprinting,
silencing of transposons, cell differentiation, X-chromosome inactivation, and general
transcriptional gene regulation (Hackett and Surani 2013; Zhang et al. 2018). The addition of methyl
groups onto DNA bases generally represses gene expression and therefore acts as one of several
transcription control mechanisms.

Whole genome bisulfite-sequencing has become the gold standard to detect DNA methylation
patterns because of its single-base resolution and the possibility to cover entire genomes. Other
approaches use either pre-selection and single-base resolution (Sun et al. 2018) or region-based
approaches in whole genomes (Bock et al. 2010; Aberg et al. 2017) and, therefore, do not deliver the
full spectrum and detail of DNA methylation patterns.

Since the development of bisulfite-treated DNA sequencing in 1992 by Frommer et al, the
application of high-throughput sequencing has been especially useful in facilitating the reliable
detection and analysis of methylation patterns in several organisms, tissues, and cell types. Huge
steps in the field of DNA methylation analysis were the first WGBS of Arabidopsis thaliana (Cokus et
al. 2008; Lister et al. 2008), and the first human methylome sequencing in 2009 by Lister et al.. During
the bisulfite reaction of DNA, unmethylated cytosine is converted to uracil (Figure 1). This occurs
via cytosinsulphonate, a further hydrolytic deamination step to uracilsulphonate, and, finally, a
desulphonation step to uracil (Figure 1). However, 5mC and 5hmC are inert to this chemical
conversion.

NH; NH; 0 0
N / H\N'/ |-I\N / Hw /
HSOs H,0 OH
— ——
J\ . l\ NH4+ HSO3-
o) 0 - 0 so; O
y v y y
H H H H

Cytosine Cytosinesulfonate Uracilsulfonate Uracil

Figure 1: Principle of the bisulfite-mediated conversion of cytosine to uracil.

The subsequent polymerase chain reaction (PCR) translates uracil into thymine. During sequencing,
this base pair shift causes cytosine/thymine-polymorphism, which can be quantified and interpreted
as proportion of the original methylation at a specific site through the comparison of reads with the
original strand or a reference genome (Figure 2).
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Figure 2: Exemplary DNA double strand with methylated (red) and unmethylated (blue) CpG-site (cytosine-phosphate-
guanine-dinucleotide) before and after bisulfite application and polymerase chain reaction (PCR). Methylated cytosine is
not affected by bisulfite, whereas unmethylated cytosine is converted to uracil and further on to thymine during PCR in
the original top strand, and to adenine in the complementary top strand.

A disadvantage of WGBS is that bisulfite sequencing cannot distinguish between 5hmC and 5mC.
The 5hmC is described as the dynamic DNA modification associated with the DNA demethylation
process (Shi et al. 2017) in animals. This has to be taken into account for organisms/cell types with
substantial amounts of 5hmC, such as the cerebellum cells of Parkinson disease patients (Stoger et
al. 2017). In plants, 5hmC is of minor relevance (Erdmann et al. 2014), as it occurs only in very low
amounts and may merely serve as an intermediate product during demethylation (Wang et al. 2015).

A second disadvantage arises from the C-T base switch, particularly when analyzing non-reference
strains or mutagenesis populations, as it can become impossible to distinguish between bisulfite-
induced deamination of unmethylated cytosine on the one hand and true C-to-T single nucleotide
polymorphism (SNP) on the other.

In plants and some animals, large parts of the genome are methylated depending on the genome
size, genome duplications, and the control of most of these duplicated parts. In most animals,
cytosine carries methylation predominantly in the CG context accumulated in CpG islands for gene
regulation, often near transcription starting sites (Deaton and Bird 2011). In contrast to that, plant
genomes have additional CHG and CHH methylation (H = adenine, thymine or cytosine). These last
two correlate with the suppression of transposon activity (Zakrzewski et al. 2017), mobile genetic
elements that can change their position within the genome. While CG and CHG methylation are
symmetric, i.e., the palindromic cytosine on the complementary strand is usually also methylated,
CHH methylation is asymmetrical (Selker and Stevens 1985). The proportion and context of cytosine
methylation ranges from <1 % total cytosine methylation during the early development of Drosophila
melanogaster (Lyko et al. 2000) to 74.7 % CG, 69.1 % CHG, and 1.5 % CHH methylation in Picea abies
(Ausin et al. 2016).

DNA methylation patterns are often tissue-specific (Zhou et al. 2017), environment-altered (Flores
et al. 2013; Kumar et al. 2017), and can be stably inherited to subsequent generations (Finnegan et al.
1996; Niederhuth and Schmitz 2014).

Because of the importance of DNA methylation as transcriptional regulator, its analysis plays an
increasing role in integrative -omics studies, ecological examinations, and medical research. The aim
of this publication is to facilitate the launch of WGBS experiments. Therefore, we will give a brief
overview of WGBS experiment planning by discussing different types of WGBS library preparation
protocols, options for sequencing technology, and bioinformatics data analysis.
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3.3. Whole Genome Bisulfite-Sequencing Preparation

The steps, prior to sequencing, needed for WGBS library preparation are: DNA extraction, DNA
fragmentation, DNA repair, adapter ligation, bisulfite treatment, PCR amplification (Figure 3)
including size selection, and quality control at different points in time. These can be arranged in two
general ways. The pathway shown on the left side of Figure 3 is a pre-bisulfite protocol. Because the
bisulfite treatment takes place after the adapter ligation, these protocols require methylated adapters
that will be inert to the treatment. In post-bisulfite protocols, like a post-bisulfite adapter tagging
protocol, DNA fragmentation is facilitated through the bisulfite treatment itself and is followed by
DNA end repair and adapter ligation or random priming including streptavidin-coated magnetic
beads (Miura et al. 2012). The advantage of the latter is that less DNA is needed as less adapter-
ligated DNA fragments are destroyed by the harsh conditions of bisulfite treatment (Peat and
Smallwood 2018). A disadvantage of this kind of library preparation is the slightly higher
computational power needed to bioinformatically process these non-directional reads. Usually, over
90 % of the adapter-ligated, intact fragments are destroyed in pre-bisulfite protocols, even under
ideal conditions (Kint et al. 2018). In the end, the bisulfite conversion step leads to the conversion of
cytosine to uracil, which is much more susceptible to degradation (Tanaka and Okamoto 2007). The
decline in the amount of DN A could be compensated by PCR amplification, but should be done with
as few cycles as possible to yield the lowest possible PCR bias. Minimum two PCR cycles are needed
because the former unmethylated cytosines have to be rewritten from uracil to thymine. The used
polymerase must have the ability to read uracil. Therefore, most polymerases with proofreading and
repair functions, except of Pfu Turbo Cx, cannot be used. Another common polymerase for this
purpose is KAPA HiFi Uracil+. Furthermore, highly PCR-amplified bisulfite-converted libraries may
be unbalanced, as highly methylated, and fragments with high C content post-conversion are easier
to amplify and, therefore, will be overrepresented in the final library (Ji et al. 2014).

The fragment length depends on the sequencing technology. The desired read length could be
adjusted after DNA shearing by gel selection, bead selection, or BluePippin (Sage Science), an
automated DNA and RNA size selection system. Depending on the final sequencing platform,
fragments should have a length of 200400 base pairs (without adapters; see Sequencing
technology). Classic gel selection has to be made, for example, with SYBR Gold stain instead of
ethidium bromide to avoid DNA degradation and contamination. The desired fragment length
could be easily cut out of a1 % agarose gel after DNA fragmentation if a DNA standard has also
been run on the same gel. This process was automated in BluePippin by the application of a gel
cassette. However, most library preparation kits today use magnetic beads for size selection.

To calculate the bisulfite conversion rate, unmethylated reference DNA has to be added to the library
prior to the bisulfite treatment, at a ratio of 0.1-0.5 % (w/w) of the total DNA. Lambda phage DNA
is most commonly used for this purpose. It is completely unmethylated and is, therefore, expected
to be converted at every cytosine position. In plants with assembled chloroplast genomes, the
unmethylated chloroplast DNA, which is contained to some degree in all genomic DNA extracts,
can be used instead of or on top of lambda. In non-plant species it is also possible to use a non-CG
methylation context to control the conversion efficiency (Warnecke et al. 2002).
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Figure 3: Flowchart of the core steps in WGBS experiments; blue = library preparation split into an exemplary pre-bisulfite-
protocol and a post-bisulfite-protocol, orange = sequencing, green = bioinformatic analysis.

Several protocols for WGBS library preparation have been proposed using kits from different
companies. The decision depends heavily on the experience of the individual laboratory and,
therefore, is highly subjective. In general, a fast and routine working process is of importance to
avoid batch effects and the introduction of a bias due to amplification. This should be avoided by
working with amplification-free libraries (McInroy et al. 2016; Olova et al. 2018).

General examples for library preparation kits are EpiTect Plus (Qiagen, Venlo, Netherlands), EZ
DNA Methylation-Gold Kit (Zymo Research, Irvine, United States of America), or Imprint® DNA
Modification Kit from Sigma-Aldrich/Merck (St. Louis, United States of America,) for bisulfite
conversion and Accel-NGS® Methyl-Seq DNA Library Kit (Swift Bioscience, Ann Arbor, United
States of America), TrueSeq Nano (Illumina, San Diego, United States of America), or SureSelectXT
Methyl-Seq Target Enrichment System (Agilent, Santa Clara, United States of America) for adapter
ligation.

The cost of a WGBS library is currently in the range of 50-240 €/sample (2018), depending on the
library preparation method, supplier, and conversion kits.
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3.4. Sequencing Technology

Aside from Roche, Thermo Fisher Scientific Inc., Beckman Coulter, and Pacific Biosciences, the
market leader with more than 75 % of the market share in terms of next generation sequencing
technology is Illumina (Global Next Generation Sequencing Market Assessment & Forecast),
offering several platforms for different applications. For detailed information see the Illumina
platform website (https://emea.illumina.com/systems/sequencing-platforms.html).

Due to DNA degradation during the bisulfite treatment, the production of long fragments for
sequencing is limited. The longer the fragment, the more likely is a fracture of the strand due to
bisulfite treatment. Therefore, the advantages of long fragment generating systems, such as more
reliable mapping of reads, currently do not apply. Benchtop solutions are partly not suitable because
of the much higher price per giga base (Gb) of produced sequence. A comparison of the most
promising systems currently used, such as HiSeq, HiSeqXTen, NovaSeq, and PacBio, is discussed in
the following section.

For high-throughput sequencing, several systems exist, such as HiSeq2500, HiSeq3000 and
HiSeq4000. They differ in terms of run time, maximum read length, and read output, but also in
their acceptance of certain types of libraries, their potential to deal with low complexity libraries,
and their quality score output. Compared to HiSeq3000 and HiSeq4000, the HiSeq2500 system can
deal with low sequence diversity libraries like amplicon or WGBS libraries because of an
optimization of the cluster calling algorithm. Nevertheless, the other systems could also be used if
the libraries had been correctly multiplexed with other libraries with balanced base proportions at
each read position or minimum 20 % phi X DNA (see Multiplexing).

HiSeq sequencing costs are around 60-90 €/Gb (2018) depending on the read length and the option
of paired- or single-end sequencing (see Figure 4). Theoretically, paired-end sequencing offers the
potential to map deeper into repeat-regions because two reads are generated, one from either side
of the fragment. This has, so far, not been investigated systematically but seems to depend on the
mapper used (Tran et al. 2014). Single-end sequencing is lower in price but faces lower unique
mapping rates in repeat-rich regions. For paired-end sequencing, it has to be ensured that the
fragment length is more than two times as large as one single read. Otherwise, information is
generated twice in the same fragment and the information/price ratio worsens. It has been shown
that the error rate could be reduced and the sensitivity enhanced by usage of paired-end bisulfite
sequencing (Tsuji and Weng 2016). Therefore, we recommend using paired-end sequencing.
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Figure 4: Principle of paired-end and single-end sequencing and mapping on a reference genome with repeats. (A) Paired-
end sequencing: Single-stranded DNA fragments are sequenced by synthesis from both sides, which generates two reads
per fragment. During mapping, within a defined distance of a uniquely mapped read, the corresponding second read is
searched and mapped. This allows a reliable mapping of more reads in repeat-rich genomes for short repeated parts of
the DNA. (B) Single-end sequencing generates reads only from one side of the fragment. As the chemistry behind single-
end sequencing is cheaper, the same base pair output is generated in a more cost-effective way. Short DNA fragments are
covered with a greater efficiency compared to paired-end reads. Repeat-rich genomes face the challenge of more multiple
mapped reads, as shown for the orange read, compared to paired-end sequencing.

A less cost-intensive approach was set up in the HiSeqXTen (Nair et al. 2018), by applying a
combination of ten HiSeq systems. Formerly released only for human samples, the system has been
opened to other large-scale sequencing experiments of non-human samples (Illumina press release,
October 6, 2015). Dependent on the sequencing facility, prices as low as circa 14 €/Gb (2018) were
offered.

NovaSeq 6000 is the most recent production scale sequencer and uses the two-color chemistry
already shown in the NextSeq system. By combining two nucleotide-binding fluorescence dyes, a
four-letter code can be accomplished. A disadvantage of this method is that no signal (zero) codes
for one of the four bases within the sequencing process. This lowers the accuracy of the data but
offers a faster sequencing process to a much lower price, in the range of HiSeqXTen systems (Raine
et al. 2018). Only two wavelength-filtered images of the flow cell need to be computed compared to
four images in a four-color chemistry system such as in HiSeq. For WGBS libraries, this technique is
not recommended, as a higher GC bias is introduced by bisulfite conversion that could not be
tolerated by two-color-chemistry.

Single molecule, real-time sequencing (SMRT-S), such as PacBio and NanoPore sequencing, has
shown reliable results for the direct detection of adenine methylation in bacteria based on signal
delay of fluorescence-labelled nucleotides (Flusberg et al. 2010) and for 5mC analysis of human DNA
(Simpson et al. 2017). However, compared to HiSeq or NovaSeq, costs are high (>150 €/Gb).
Furthermore, the genome read coverage of such experiments has to be much higher to compensate
for the base call error rate of 5-10 % while Illumina HiSeq sequencing yields circa 0.0034-1 % false
base calls (Escalona et al. 2016). If these bottlenecks could be solved, the possibility of long reads
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and, therefore, the facilitated mapping of repeat-rich regions, and the removal of bisulfite treatment
from the protocol would be highly advantageous.

3.5. Multiplexing

To reduce the risk of losing data due to experimental flaws during sequencing, to reach high
coverages and read numbers, several samples and types of libraries should be sequenced in
combination to yield a high sequencing depth on multiple lanes. A global, equimolar library should
be produced based on the quality and quantity (Qubit and/or qPCR measurement) of the DNA
sample libraries. The intended sequencing depth or genome coverage is one of the most significant
cost factors for WGBS experiments, aside from the number of replicates and the genome size. A
sufficient number of reads per covered genome region defines the quality and the statistical power
of the downstream analyses. False-positive base calling could be detected more reliably and
methylation levels could be determined more accurately at sufficient sequencing depth.

Balancing the coverage and the number of replicates is one of the most important steps within the
planning process of WGBS. Ziller et al. (2015) recommended a coverage of 15 fold and three
replicates. Beyond that, money would be better spent strengthening the statistical power by
increasing the number of statistically independent biological replicates. The theoretical coverage has
to be estimated based on the number of homologous chromosomes of the species, the amount of
repeats, and the expected degree of heterozygosity, as the level of methylation could differ between
the paternal and maternal alleles. For repeat-rich genomes, a coverage of at least 20 fold should be
taken into account.

The estimated genome size—not the size of the actual reference assembly —has to be considered for
the calculation of total necessary data output as most of the more complex reference genomes
assemblies are incomplete, including many scaffolded parts.

Particularly for bisulfite-treated samples, it is important to multiplex with non-bisulfite-treated
libraries, as sequencing technology currently tends to perform worse with extremely unevenly
distributed base proportions (e.g. GC-rich or AT-rich libraries). Depending on the rate of
methylation, due to bisulfite treatment and the subsequent PCR, generated bisulfite libraries contain
a shift in base proportions. The proportion of adenine/thymine is enlarged while the
guanine/cytosine proportion is reduced because unmethylated cytosines are converted to thymines
via the uracil-intermediates (Figure 2). For the second paired-end read the proportion of
complementary bases shifted because of the bridge amplification during sequencing (Figure 5). So
far, no batch effect between lanes has been reported in literature.

12



How to Design a Whole-Genome Bisulfite Sequencing Experiment (Review)

Per base sequence content in paired-end read 1 Per base sequence content in paired-end read 2

3 \/-—"‘h_,..—......,—.—.——..—..—.— 2 \_/\',_._,___._ == = —

Figure 5: Base proportion per position over all reads of a whole-genome bisulfite library of soybean (Glycine max) seed
coat with a cytosine methylation proportion of circa 11 %, paired-end sequencing 2 x 100 bp, red line: thymine proportion,
green line: adenine proportion, black line: guanine proportion, blue line: cytosine proportion; left: first paired-end read,
right: second paired-end read after bridge amplification. The base proportion shift could be explained with the bisulfite
conversion and the subsequent PCR, namely the enrichment of thymines and the reduction of cytosines. Graphic by
FastQC, a tool for quality measurement of next-generation sequencing data.

3.6. Bioinformatics Tools and Benchmarking

An informative overview of the required bioinformatics steps for WGBS after sequencing has been
published by Shafi et al. (2017). Quality check, adapter removal, alighment, methylation calculation,
and calculation of differentially methylated regions (DMRs) are the core steps within the
bioinformatics pipeline of WGBS experiments (Figure 3) and could be done by several open-source
tools.

As every organism differs in reference genome assembly quality, amount of repeated regions, and
homogeneity of base proportion, the applied tools have to be evaluated, ideally by benchmarking
them on simulated datasets based on the separate reference genome for every species. The mapper
for bisulfite-reads and the DMR caller should be included in such a comprehensive survey.

The alignment tools themselves differ in terms of the algorithms and the strategy used, e.g., three-
letter or wild-card alignment, as well as the output file format and content. Some tools report only
uniquely mapped reads, whereas others also include multiple-mapped or discarded reads in their
output. The alignment tools have to cope with the four different, uncomplimentary strands as a
result of the combination of bisulfite treatment and PCR, as shown in Figure 2. The performance of
alignment tools differs, depending on the size and amount of repeats in the genome, the coverage,
and the sequencing technology used. Hence, for every project the best tools have to be identified
and combined to form a data analysis pipeline.

The main difficulty in benchmarking studies is that a known truth has to be generated for multiple
class hypothesis testing by the application of simulated datasets. A comprehensive study on
simulated and real human lung tumor tissue rrBS data was performed by Sun et al. (2015) using the
simulation tool RRBSsim. Here, the tools bwa-meth and BS-Seeker2 showed reliable results for
sensitivity, precision, and speed in the mapping of simulated data. For WGBS, no such study was
available but, for example, the tool “Sherman— bisulfite-treated Read FastQ Simulator”could be
used for the simulation of WGBS datasets based on a given reference genome with parameters like
number and size of reads, paired-end or single-end sequencing, conversion rate, number of SNPs,
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and error rate. Other often used mapping tools are Bismark (Krueger and Andrews 2011), BSmap
(Xi and Li 2009), and Segemehl (Otto et al. 2012).

For DMR calling, the available approaches differ in terms of their capability to consider replicates
and coverage dependencies, the type of boundary estimation and the statistical tests, such as logistic
regression, binary segmentation, and beta-binomial-based approaches (Escalona et al. 2016).

The definition of a known truth and the definition of DMRs (e.g., size, coverage, and grade of
methylation difference) are also of importance. A small subset of differentially methylated cytosine
(DMC) detection tools have been included into a benchmarking analysis by Wreczycka et al. (2017)
showing moderate results for methylKit. Better results have been published for metilene (Jiihling et
al. 2016) or Defiant (Condon et al. 2018). In subsequent studies, WGBSSuite (Rackham et al. 2015)
could, for example, serve for a simulation of DMRs.

Furthermore, CPU-time, real-time, resident-set-size (rss) and virtual-set-size (vss) memory
consumption should be variables to estimate the performance efficiency of the programs.

User friendliness, understood as the degree of installation and handling ease, has to be taken into
account for project planning and the benchmarking of bioinformatics tools for the detection of
differential methylation by WGBS.

3.7. Conclusions

We highlighted the current developments in the field of whole-genome bisulfite sequencing, the
actual gold standard for 5mC analysis. The application of PCR-free libraries as well as direct
methylation detection without bisulfite treatment through SMRT sequencing technologies is seen as
a great advantage due to a lower PCR bias or the riddance of bisulfite treatment. However, due to
high coverage recommendations and as a result of low base call accuracy, SMRT sequencing for
large numbers of samples remains expensive at the moment. In future, this might be solved when
lower error rates for these techniques are achieved.
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4.1. Abstract

DNA methylation is involved in many different biological processes in the development and well-
being of crop plants such as transposon activation, heterosis, environment-dependent transcriptome
plasticity, aging, and many diseases. Whole-genome bisulfite sequencing is an excellent technology
for detecting and quantifying DNA methylation patterns in a wide variety of species, but optimized
data analysis pipelines exist only for a small number of species and are missing for many important
crop plants. This is especially important as most existing benchmark studies have been performed
on mammals with hardly any repetitive elements and without CHG and CHH methylation.

Pipelines for the analysis of whole-genome bisulfite sequencing data usually consists of four steps:
read trimming, read mapping, quantification of methylation levels, and prediction of differentially
methylated regions (DMRs). Here we focus on read mapping, which is challenging because un-
methylated cytosines are transformed to uracil during bisulfite treatment and to thymine during the
subsequent polymerase chain reaction and read mappers must be capable of dealing with this
cytosine/thymine polymorphism.

Several read mappers have been developed for the last years with different strengths and
weaknesses, but their performances have not been critically evaluated. Here, we compare 8 read
mappers: Bismark, BismarkBwt2, BSMAP, BS-Seeker2, Bwameth, GEM3, Segemehl and GSNAP to
assess the impact of the read-mapping results on the prediction of DMRs.

We use simulated data generated from the genomes of Arabidopsis thaliana, Brassica napus, Glycine
max, Solanum tuberosum, and Zea mays, monitor the effects of the bisulfite conversion rate, the
sequencing error rate, the maximum number of allowed mismatches, as well as the genome structure
and size, and calculate precision, number of uniquely mapped reads, distribution of the mapped
reads, run time, and memory consumption as features for benchmarking the eight read mappers
mentioned above.

Furthermore, we validated our findings using real-world data of Glycine max and showed the
influence of the mapping step on DMR calling in WGBS pipelines.

We find that the conversion rate has only a minor impact on the mapping quality and the number
of uniquely mapped reads, whereas the error rate and the maximum number of allowed mismatches
has a strong impact and leads to differences of the performance of the eight read mappers. In
conclusion, we recommend BSMAP that needs the shortest run time and yields the highest precision
and Bismark that requires the smallest amount of memory and yields precision and high numbers
of uniquely mapped reads.

Keywords: epigenetics, DNA methylation patterns, read mapping, benchmarking, WGBS
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4.2. Introduction

It has been shown that DNA methylation is involved in several biological mechanisms and diseases
such as cancer (Koch et al. 2018). Plant methylation analysis is especially interesting as 5-methyl-
cytosine (5bmC) is involved in heterosis effect (Chen et al. 2018), transposon silencing and
environment-dependent transcriptome plasticity (Lauss et al. 2018). However, beside the
complementary CG methylation being highly abundant in animals, in plants CHG and
uncomplimentary CHH (H = C, T or A) methylation have evolved from the former recognition
system of foreign DNA.

Whole-genome bisulfite sequencing (WGBS) is often referred to as “gold standard” for 5mC
detection because the whole genome is covered at a single-base resolution. Other methods cover
only preselected genome regions enriched for cytosine-phosphate-guanine-dinucleotide (CpG)
content or methylation, for example with the use of restriction enzymes in reduced representation
bisulfite sequencing (rrBS) (Sun et al. 2015), or methylated DNA immune precipitation followed by
next generation sequencing (MeDIP-seq) (Bock et al. 2010; Aberg et al. 2017).

Bisulfite-mediated conversion of unmethylated cytosines to uracil, and during PCR to thymine,
leads to four different strands in the data sets after sequencing: original top, complementary to
original top, original bottom and complementary to original bottom strand (Figure 2). Methylated
cytosines remain unaffected and could be spotted by alignment of the generated sequencing reads
to a reference genome or a non-bisulfite-treated control.

Critical within the bioinformatics analysis of WGBS data sets is the mapping step, as the reduced
alphabet leads to specific challenges for the mapping tools due to the bisulfite treatment (Laird 2010).

In general, two different algorithmic approaches exist in bisulfite-read alignment tools for dealing
with the unmethylated C to T conversion: the 'wild card' and the 'three letter' approach. In the wild
card approach the Cs in the reference genome are replaced with the wild card 'Y' for pyrimidine
bases and allows thus the alignment of Cs (methylated Cs) and Ts (possibly unmethylated Cs). The
alignment itself is based on matching seeds (k-mers) to the reference and then extending them. In
the three letter approach the alphabet of the genome and the reads is reduced to {A, G, T} by
converting all Cs in the reference sequence and in the read data to Ts. Afterwards, the reads are
mapped by conventional mappers such as Bowtie, Bowtie2 or bwa, so the alignment of bisulfite data
profits directly by the improvements of traditional mappers.

One study already focussed on benchmarking of rrBS alignment using simulated rrBS and real
human lung tissue data sets (Sun et al. 2018). Kunde-Ramamoorthy et al. (2014) evaluated the
mapping performance of five mapping tools in WGBS datasets of human peripheral blood
lymphocyte and hair follicle. Another study has been performed in plants, showing that the tool
BismarkBwt2 performed best in terms of sensitivity and precision, not accounting for the coverage
distribution across the reference genome (Omony et al. 2019). In contrast, our study is focussed on
simulated WGBS in plants, covering different species with different amount of repetitive sequences.
In addition, little is known about the mapping behaviour in crop plants. Furthermore, as all former
studies did not systematically account for different parameter settings such as number of
mismatches, we evaluate this parameter in more detail.

There is need for an extensive qualitative and quantitative benchmarking of alignment tools to avoid
false interpretation of results in DNA methylation studies and to enable the application of precise,
efficient and user-friendly pipelines. Especially a known “truth” is important, which could be
generated by benchmarking datasets of simulated and, thus, known read data, for calculation of
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quality scores in multiclass hypothesis testing. In terms of quantitative comparison, time efficiency,
amount of uniquely mapped reads and consumption of RAM has to be monitored, as well as the
overall distribution of mapped reads to look for genomic regions with systematically lower
coverages.

4.3. Material and Methods

Arabidopsis thaliana, Brassica napus, Glycine max, Solanum tuberosum and Zea mays (Table 1) have been
examined to reveal potential inter-species variability in terms of mappability. These species have
been chosen to cover different agronomically relevant plant families, different genome sizes and
different assembly qualities. All reference genomes have been downloaded from
http://plants.ensembl.org. We simulated WGBS datasets for 2 x 150 base pair paired-end reads for
the five different plant genomes using the open-source WGBS simulation tool: Sherman
(https://www .bioinformatics.babraham.ac.uk/projects/sherman/), which has been developed at the
Babraham Institute. The reads have been simulated. We have chosen 150bp paired-end sequencing
for our benchmarking study as it is the mostly applied and proposed sequencing option for WGBS
experiments. Doing so, small repeats below the total fragment size of 500-700bp could be covered,
which is especially important for repeat-rich (crop) plants. Furthermore, choosing a parameter set
of 150bp paired-end facilitates the necessary multiplexing with non-bisulfite libraries during
sequencing.

Table 1: Five species included in this benchmarking study with the size of the reference genome and the used reference

genome version which has been taken for the simulation of the read datasets. The proportion of repetitive sequences is
given as estimated value over the genome.

Species  Arabidopsis Brassica napus Glycine max Solanum Zea mays
thaliana tuberosum

Genome 135,670,229 738,357,821 955,377,461 727,424,546  2,104,350,183

Size (bp)

Genome TAIR10 AST_PRJEB5043_v1 Glycine_max_v2.1  SolTub_3.0 B73

version RefGen_v4

Repeats <23 ~48 ~57 ~49 ~75

in % (Flutre et al. (Liu et al. 2018) (Schmutz et al. (Mehraetal. (Wolfetal

2011) 2010) 2015) 2015)

Citation Lamesch et al. Chalhoub et al. Schmutz et al. Xu et al. Schnable et
2012 2014 2010 2011 al. 2009
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Figure 6: Workflow of the experiment setup for (A) simulation of bisulfite-treated reads based on a reference genome using
the tool Sherman, including bisulfite conversion and error induction. Afterwards (B) mapping of the simulated datasets
and (C) calculation of quality scores. The color coding shows the different classes of reads after mapping: red = uniquely
mapped, green multiply mapped, orange= discarded/unmapped reads.

For each species, benchmarking datasets in 5-fold sequencing depth, three bisulfite conversion rates
[90 %, 98 %, 100 %] and four different sequencing error rates [0 %, 0.1 %, 0.5 %, 1 %] have been
simulated. The sequencing errors have been modelled to account for more likely errors at the end of
a read, like in real world sequencing data (Figure 6). Whereas the overall resulting phred score of 30
is equivalent to an error rate of 0.1 % or 1 in 1000 wrong base calls. Illumina HiSeq sequencing yields
an error rate of 0.0034-1 % while PacBio shows 5-10 % false base calls (Escalona et al. 2016). We
decided to include 98 % conversion rate as this is usually guaranteed by sequencing facilities and 90
% to look for a value below this threshold.

For mapping the simulated WGBS reads to the genomes, we tested several wild-card and three-letter
mappers: Bismark (Krueger and Andrews 2011), BSMAP (Xi and Li 2009), BS-Seeker2 (Guo et al.
2013), Bwa-meth (Pedersen et al. 2014), GEM3 (Marco-Sola et al. 2012), GSNAP (Wu and Nacu 2010),
and Segemehl (Hoffmann et al. 2009; Otto et al. 2012). These mappers differ in term of their “age”,
number of citations and indexing strategy (Table 2). For further insight into mapping and indexing

strategies as well as for an insight into the underlying algorithmic approaches we could recommend
(Tran et al. 2014).
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Table 2: Bisulfite Read mapping tools evaluated in this survey, listed by their ma pping and indexing strategy. The number
of citations is based on the Web of Science Core Collection (date: 19.1.2020).

Mapper name Strategy  Indexing Version Citations
Bismark 3 letter BWT (bowtie 2/bowtie 1) 0.19.1 1.176
BSMAP wild-card Hash table (SOAP) 2.73 3
BS-Seeker2 3 letter BWT (bowtie 2) 215 135
Bwa-meth 3 letter BWA mem 022 3
GEM3 3 letter Custom FM index 3.6.1-2 236
GSNAP wild-card Hash table 2019-06-10 83
Segemehl wild-card  Enhanced suffix array 0.2.0 283

Bismark (Krueger and Andrews 2011), one of the most cited 3 letter mapper for bisulfite-sequencing
data, first converts the reads and the genome into two versions: a C-to-T and in a G-to-A versions.
Afterwards the two read versions are aligned to the two versions of the reference genome with the
goal of detecting to which of the fours strands (Figure 2) the read fits. This alignment is performed
by four parallel instances of either Bowtie (Langmead et al. 2009), one of the fastest mapper for NGS
data, or Bowtie2 (Langmead and Salzberg 2012), an improved version of bowtie, that allows gapped
alignment.

BSMAP (Xiand Li2009) is included in the list for being the first mapper for the alignment of bisulfite
data. It uses an efficient HASH table seeding algorithm for indexing the genome, bitwise masking
each nucleotide in the reads and the reference and matching them each other in an efficient way.

GSNAP (Wu and Nacu 2010) is a general purpose mapper that can also deal with bisulfite data. Like
BSMAP, it is based on special hash tables and uses a wild-card approach to match read seeds to
genofme regions. Since its original publication several improvements of the algorithms have been
made by increasing the length of the hashed k-mers, adding a compression mechanism and using
enhanced suffix arrays (Wu et al. 2016).

BS-Seeker2 (Guo et al. 2013) is the extension of BS Seeker (Chen et al. 2010) for mapping bisulfite
data and deploys a three letter approach. In addition to performing a gapped alignment it is able to
filter out reads with incomplete bisulfite conversion, in this way increasing the specificity.

Compared to the other tools in this benchmark Bwa-meth (Pedersen et al. 2014) is a relatively new
mapper for bisulfite data. It is based on BWA-mem aligner (Li and Durbin 2009, 2010) and it is
advertised as a fast and accurate aligner.

Segemehl was originally designed as a general purpose mapper (Hoffmann et al. 2009) but has been
extended to handle bisulfite data (Otto et al. 2012). Segemehl achieves a high sensitivity by using a
wild-card approach based on enhanced suffix arrays for the seed search and the Myers bit-vector
algorithm for computing semi-global alignments.

The 8 mappers have been used for mapping of the simulated reads with 0, 1, 2 and 3 mismatches in
the read allowed. As Bowtie2 and Bwa-meth do not allow setting the total number of mismatches in
aread as parameter, but in the seed, we performed our analysis on the basis of 0 mismatches in the
seed for these mapping tools. Other parameter settings, such as number of threads used, have been
the default values of the mentioned tools if not stated otherwise and are comparable across the
different tools. All scripts are available at git-hub (https://github.com/grehl/benchWGBSmap).
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After mapping, the reads can be classified in three different classes: i) discarded reads that could not
be mapped, ii) multiple mapped reads that could be aligned but to more than one position on the
reference genome because of sequence similarities, and iii) uniquely mapped reads, which have been
mapped to one position only.

For further evaluation, we used only uniquely mapped reads. Since we did not account for insertions
and deletions, we have considered only the first base of the read at its genome position. When
calculating the quality scores, we have compared the true and the predicted position of a read. For
each read the true genome origin is known, since Sherman encodes it in the read name, while the
predicted position is derived from the alignment files.

The quality scores computed are the amount of considered unique reads, the precision, the memory
consumption and the time consumption of the tools. Furthermore, we looked at the read distribution
over the reference genome to account for systematic mapping deficiencies.

The precision of a mapping tool for a data set has been computed by using the formula for macro-
averaged precision (macroAvgPrecision; TP = true positives, FP = false positives):

S i
i=1 TP+ FP;

N

We first calculated the precision for every position i, summed over all positions and divided by the
total number of positions N. The macro-averaging has been chosen as it weights FP higher than in
micro-averaging calculation of the precision. We furthermore use “precision” in this chapter instead
of “macro-averaged precision”.

macroAvgPrecision =

() tastac r1 @ rastac r2

fastqe_rl_trim
() fastae_r2_trim

()samtools_select_chr

methyldackel samtools_sort_dedupl_qualimap

qualimap_bamqc_dedupl
DMR _calling_befiant

Figure 7: Workflow show as Directed Acyclic Graph (DAG) of the benchmark experiments using 7 mapping tools on a
real-world dataset of Glycine max root hair grown under two different temperatures to exemplarily compare the mapping
performance and the influence of the mapping tools on DMR calling. The workflow includes two quality checks on the
raw reads prior and after trimming with trim galore using fastqc, the mapping, a samtools sorting step to account for
different output formats of the tools, a sambamba deduplication step, coordinate sorting, exclusion of scaffold mappings,
methylation level calling using methyldackel and after adding “chr” to the methylation report output the final DMR calling
with Defiant. To evaluate the bam quality we used the qualimap bamgqc function.

To evaluate the impact of the tested tools on DMR calling and to show the reliability of our simulated
benchmark study, we included a real-world dataset of Glycine max root hair samples grown under
25 °C and 40 °C (Hossain et al. 2017). For automatization we implemented a snakemake pipeline
(Koster and Rahmann 2012), which is shown in Figure 7. Other tools used in this pipeline are: trim
galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), fastqc (Leggett et al.
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2013), qualimap (Garcia-Alcalde et al. 2012), samtools (Li et al. 2009), sambamba (Tarasov et al. 2015),
methyldackel (https://github.com/dpryan79/MethylDackel), Defiant (v.1.1.6) (Condon et al. 2018)
[parameter settings: -c 10 -v 'BY' -CpN 5 -p 0.05 -P 10] and Circos (Krzywinski et al. 2009). The
mapping parameter sets were comparable and allowed 0 mismatches. As Segemehl showed an
extensive memory consumption and runtime we had to exlude this mapper for the qualitative
benchmark study and the mapping with the real dataset. For the DMR calling we had to exclude BS-
Seeker? as the flag information did not follow standard formats so the files could not reliably be
used for methylation calling. The settings for DMR calling have been: minimum 10fold coverage,
minimum 5 CpN in one DMR, minimum +/-10 % methylation difference between the two treatments
with a maximum p-value of 0.05. Analogous to the source code of the simulated benchmark study,
we mainly relied on the default parameters if not stated otherwise in the script. All scripts are
available online at git-hub (https://github.com/grehl/benchWGBSmap).

Simulation, mapping and quality score calculation has been performed on IANVS High-
Performance-Cluster of Martin-Luther University Halle-Wittenberg (Table 3). For calculation of
runtime and memory consumption only one core of the login-nodes has been allowed for mapping.
For simplicity, to give an overview about mapping, and as the genome size is the most important
factor with respect to runtime and memory consumption, we decided to focus on this factor only. A
subsequent study could focus on the influence of other factors of runtime and memory consumption.
The mapping of the quality benchmark has been performed on the “large” and “small” nodes.

Table 3: IANVS Cluster Specifications.

A table summarizing the cluster configuration is shown below.

Node SLURM Qty. CPU Cores SMT Clock RAM Storage InfiniBand Remarks
type partition* (total) threads speed (GiB) blocking
(total) (GHz) factor™
login — 2 2= 12-core 24 48 2.50 256 GPFS 1:8 these two nodes only
Intel Xeon over 1B process user logins and do
E5-2680v3 not participate in compute

cluster operations

small standard 180 128 1:2 or 1:8 hostnames:
small[001-180]

large 76 256 hostnames:
large[001-076]

gpu gpu 12 hostnames: gpu[01-12]
special | special 2 4= 10-core 40 80 2.00 1024 1:8 hostnames: special00l
E5-4620v3 specialli2

* a "partition" in SLURM terms means "a group of machines to which one may submit cluster jobs"

** Nodes on the same InfiniBand switch always have their full bandwidth available when communicating with each other. However, if nodes want to
communicate over switch boundaries, their available bandwidth might be reduced due to contention on the switch. The "blocking factor" is the maximum
reduction of bandwidth that can occur in a case like this.

4.4. Results

The results of our quantitative benchmark studies for memory consumption (Figure 8) and runtime
(Figure 9) are shown for the 8 mappers in relation to the size of the reference genome. The memory
consumption ranged from 0.1 GB for the mapping of the Arabidopsis thaliana dataset with Bismark
either using bowtie or bowtie2 to 39 GB for the mapping of the Zea mays dataset with Segemehl. All
datasets had 100 % conversion rate, 0 % error rate and 0 mismatches allowed during the mapping.
Similar patterns in the memory consumption and runtime have been observed also for datasets with
other parameter settings. In terms of runtime, the user time is depicted, ranging from few minutes
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for all mappers using the Arabidopsis thaliana dataset, to 79 h for the mapping of a Zea mays dataset
with Segemehl. Overall BSMAP took the least time, especially for large reference genomes. It is
interesting to note that althought Solanum tuberosum and Brassica napus have a similar genome size,
some mappers had a higher memory consumption (Segemehl, GEM3, GSNAP) and runtime
(Segemehl, BismarkBwt2, GSNAP) for Brassica napus. This might be due to the large amount of large
repetitive regions and paralogue genes within the Brassica napus genome, as the overall proportion
of repeats is comparable to Solanum tuberosum.

Memory consumptlon benchmark on multiple genomes

40+ Zea mays

304 Mapper

blsmark
—e— bismarkbwiz
bsmap
—s— bsseeker2
bwameth
-+ gem3

gsnap
204

segemehl
Glycine max
A o Reference genome
Brassica mapus
el * Arabidopsis thallana

Maximum resident set size (RSS) in GB

P & Brassica napus
Solanum tuberosum
P ¢ Glycine max
® Solanum tuberosum

= Zeamays

0.08400 5.08+08 1.08409 158409 2.08409
Reference Genome Size in bp

Figure 8: Maximum resident set size in GB of 8 mappers for 5fold simulated bisulfite converted datasets out of five
reference genomes (Arabidopsis thaliana, Brassica napus, Glycine max, Solanum tuberosum, Zea mays). 0 % error rate, 100 %
conversion rate, 0 mismatch allowed.
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User TIme benchmark on multiple genomes

Zea mays
804 .

807 mapper

blsmark
-@- bismarkbwi2
bsmap
-8~ bsseeker2
bwameth
- gem3
gsnap

i * segemehl

genome

User Time in hours (h)

»  Arabidopsis thallana
4 Brassica napus
+ Glycine max

& Solanum tuberosum

s A = 7eamays
204 Glycine'max

Brassica napus
Solanum tuberosum

Al'abid')pw/ i T

0.08+00 5.08408 1.08+09 1.56+09 2.08+09
Reference Genome Size in bp

Figure 9: User timer in hours of 8 mappers for 5 fold simulated bisulfite converted datasets out of five reference genomes
(Arabidopsis thaliana, Brassica napus, Glycine max, Solanum tuberosum, Zea mays). 0 % error rate, 100 % conversion rate, 0
mismatch allowed.

Because of the extensive memory consumption and runtime of Segemehl, we excluded this mapper
from the quality benchmark study.

Overall, the conversion rate did not influence the number of uniquely mapped reads or the mapping
quality (supplementary material). In terms of the mapping quality, in relation to the error rate, and
the reference genome, we basically see three groups of mappers (Figure 10). The first group is
independent of the allowed number of mismatches during the mapping and includes Bismark,
BismarkBwt2, Bwa-meth and GEM3. The second group consists of BSMAP and BS-Seeker2, showing
an increase in the number of uniquely mapped reads with higher numbers of allowed mismatches
with barely no changes in precision. The third group including GSNAP shows an increase in the
number of uniquely mapped reads but a decrease in the precision with higher numbers of
mismatches allowed. As BismarkBwt2 and bwameth do not allow to set the number of mismatches
in the entire read, both are labelled with a triangle. Between the analysed genomes we see differences
for all mappers with the tendency to lower numbers of uniquely mapped reads in Zea mays and
lower precision in Zea mays and Brassica napus.
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Figure 10: Quality benchmark of 7 mappers based on simulated bisulfite sequencing datasets in Arabidopsis thaliana, Brassica napus, Glycine max, Solanum tuberosum, and Zea mays. We
simulated the datasets with 4 different error rates [0, 0.1, 0.5 and 1 %] in a 5fold coverage. For 5 out of 7 mappers we had the opportunity to allow for different numbers of mismatches
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read. They are depicted by triangles. The conversion rate had no effect and is therefore not shown in this figure. The depicted conversion rate is 100 % for all data sets.
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For Arabidopsis thaliana (Figure 11) and Glycine max (Figure 12) the distribution of reads over the
reference genome is exemplarily shown for the mapping of two datasets each. The first dataset has
been simulated with 100 % conversion rate, 0 % error rate and has been mapped with 0 mismatches
allowed for all 7 mapping tools, depicted in the lower window. The upper window shows 100 %
conversion rate, 1 % error rate and 0 mismatches, again for all 7 mapping tools. All coverage plots
have a resolution of 400 windows across the whole reference genome. For higher error rates BSMAP,
BS-Seeker2 and GSNAP show a severe decrease in coverage. Furthermore, we clearly see several
regions with a decrease in coverage within the reference genome independent of the error rate. In
grey, we highlighted the regions which are known to contain a high percentage of repetitive
sequences. Bismark and BismarkBwt2 are depicted behind each other, showing nearly the same
coverage distribution. In total, Bwa-meth shows the least derivation in the coverage distribution.

The benchmarking of the real Glycine max dataset resulted in proper mapped paired-end read counts
leading to the mean coverage shown in Table 4. The last column shows the final number of DMRs.
These are additionally depicted in Figure 13.

Table 4: Mean coverage of the 4 real data samples and the results of the DMR calling (SRR5044695 & SRR5044696 are the
control and SRR5044699 & SRR5044700 are the heat stress replicates).

SRR5044695 SRR5044696 SRR5044699 SRR5044700 DMRs
BismarkBwt2 15,0 14,5 17,9 19,2 281
Bwa-meth 32,5 29,5 35,6 38,8 256
GEM3 28,3 25,8 31,4 34,3 136
BismarkBwtl 11,3 11,0 13,9 14,7 97
GSNAP 10,3 9,5 12,0 12,6 70
BSMAP 10,5 99 12,2 12,7 63
BS-Seeker2 8,6 84 11,0 11,3 X

4.5. Discussion

We performed an extensive benchmarking experiment based on simulated data to evaluate the
qualitative and quantitative performance of mappers for bisulfite sequencing data in 5 plant species
with focus on crop plants.

In terms of user time and memory consumption, the different tools showed big differences.
Especially for larger genomes, for example Segemehl used a tremendous amount of RAM and
needed the most time to map the given reads onto the reference genome. For larger reference
genomes (>4 GB) the genome has to be splitted if Segemehl should be used. For these two reasons,
we could not use Segemehl for mapping of huge datasets such as Zea mays, even as it performed
well in terms of precision in a pilot study. BSMAP, GEM3 and GSNAP showed only a low increase
in time with increasing size of the genome, but used more memory. Especially Bismark showed a
low increase for the memory consumption and a relatively low increase in run time. The high
difference between Bismark and BismarkBwt2 comes most likely due to the “soft clipping” function
of BismarkBwt2.

The mapping quality and number of uniquely mapped reads changes between the tools with Zea
mays showing the lowest precision scores and the least number of uniquely mapped reads. This
effect might be caused by the high amount of repetitive sequences, which has been shown to make
up to 75 % of the Zea mays genome containing mostly gypsy- and copia-like long, terminal repeats
(LTR) (Wolf et al. 2015). For Glycine max the described amount of repeats lays around ~57 %. This
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also includes telomeric as well as centromeric repeats and not annotated repeats where the reference
genome shows scaffolded regions (Schmutz et al. 2010). A wild-type reference genome sequencing
consortium recently found 54 % repeats (Xie et al. 2019). As most repeats are <50 bp (Sherman-
Broyles et al. 2014), the 2 x 150 bp paired-end reads with an insert size of 200 bp — 400 bp could cover
large parts of the genome uniquely. The distribution of reads across the reference genome shows a
good overlap with known and long, repeat-rich regions. Some mappers such as GEM3 and GSNAP
tend to map high amounts of FP in this regions. Other mappers leave these regions out, leading to a
lower coverage.
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Coverage distributlon over the genome of Arabldopsis thallana
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Figure 11: Coverage distribution over the reference genome of Arabidopsis thaliana (TAIR10). The lower window shows the performance of 7 mapping tools using a simulated 5fold
coverage dataset with 0 % induced error rate, 100 % conversion rate and 0 mismatches allowed. The upper window shows a simulated 5fold coverage dataset with an induced error
rate of 1 %, 100 % conversion rate and with 0 mismatches allowed during the mapping. The number of reads has been calculated based on the ensemblPlants “Base Pairs” information.
This could cause small differences to the estimated 5fold coverage datasets. Black lines indicate the borders of chromosomes. Grey regions highlight highly repetitive regions.
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Coverage distributlon over the genome of Glycine max.
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Figure 12: Coverage distribution over the reference genome of Glycine max (Williams82_v2.1.43). The lower window shows the performance of 7 mappers using a simulated 5fold
coverage dataset with 0 % induced error rate, 100 % conversion rate, and 0 mismatches allowed. The upper window shows a simulated 5fold coverage dataset with an induced error

rate of 1 %, 100 % conversion rate, and with 0 mismatches allowed during the mapping. Black lines indicate the borders of chromosomes. Grey regions highlight highly repetitive
regions
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Figure 13: Circular plot showing the distribution of DMRs (red) as result of mapping the same dataset with 6
different mapping tools on the Glycine max_v2.1 reference genome. The outer circle shows the chromosomes of
Glycine max in blue. Blue lines indicate hypomethylation, whereas red lines indicate hypermethylation (see the full
list of DMRs at https://github.com/grehl/benchWGBSmap). Numbers of overlapping DMRs could be found in the
Supplementary Material.

For the second part of our study we mapped the same datasets with the 7 mentioned mapping tools,
but had to exclude BS-Seeker2 for the DMR calling. Here, we see the most unique, proper paired
reads for mapping with Bwa-meth and GEMB3. Surprisingly, this could not be confirmed for the
DMR calling where we got the most DMRs using Bismark with Bowtie2 under usage of the same
parameter sets, the same tools and the same pipeline. We could only speculate what the reason for
this behaviour might be. Most likely this shift in the performance difference between the tools could
be caused by false positive mappings which did not heavily influence the DMR calling as they might
have been mapped to “non-sense” positions either already involved in a DMR region, not causing
much harm in remote regions due to the coverage threshold of 10fold or they have been evenly
distributed over treatment and control datasets.
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In terms of precision, runtime and power to detect CpG-sites, (Sun et al. 2018) found Bwa-meth and
BS-Seeker2 to be the best tools based on simulated and real rrBS reads from human lung tumor
tissue. However, this stands in contrast to our findings, which show precision deficiencies for Bwa-
meth under error rates above 0.1 % especially in repeat-rich and large plant genomes. BS-Seeker2
mapped reads precisely but error rates above 0.5 % and 0 mismatches allowed during mapping leads
to unique mapping rates below 25 %. Other studies found Bismark to yield a reasonable combination
of low memory consumption, low runtime and high quality scores (Kunde-Ramamoorthy et al. 2014;
Omony et al. 2019). This could be confirmed by our study, where Bismark showed the lowest
memory consumption in all tested genomes. For runtime, we see high differences between Bismark
using Bowtie and BismarkBwt2 under usage of Bowtie2. The precision showed good scores for all
genomes and settings, with a slight decrease for the Zea mays genome.

In conclusion, we have shown high differences between the available mapping tools for bisulfite-
treated reads based on simulated and real datasets in terms of runtime, memory consumption and
mapping quality. We see the stability of mapping quality against changes in the conversion rate,
high differences between the mapping tools in terms of the number of uniquely mapped reads as
well as in the capability to map correctly under the impact of higher error rates in 5 different
genomes. Additionally, we see high differences with regard to the analysed genome, dependent on
the size and structure of repeats.

For Arabidopsis thaliana basically every of the examined mapping tools could be used with a sufficient
mapping rate and good quality, at least when assuming a low error rate. This holds true for low
error rates in Glycine max mappings. For higher error rates we recommend Bwa-meth aswell as
Bismark using Bowtiel or Bowtie2. For paralogue-rich species such as Brassica napus, polyploid
species such as Solanum tuberosum or large genomes with many repetitive sequences such as in Zea
mays we prefer correct mappings over a large number of unique mapped reads. Therefore going
with Bismark using Bowtiel or Bowtie2 or BSMAP and BS-Seeker2 with a higher number of
mismatches allowed might work well out of the perspective of mapping.

All in all, we recommend BSMAP that needs the shortest run time and yields the highest precision
and Bismark that requires the smallest amount of memory and yields high precision and high
numbers of uniquely mapped reads. Furthermore, Bwa-meth could be used with care in terms of
precise calling of DMRs.
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5.1. Abstract

DNA methylation is a heritable epigenetic mark. For instance, DNA methylation patterns can be
specific to environmental conditions. In our approach, differences in DNA methylation pattern were
analysed in tubers of potato (Solanum tuberosum) that have been grown under organic and
conventional farming conditions. These conditions differed in application of fertilizer, herbicides,
fungicides and insecticides. Post-bisulfite-adapter tagging whole-genome bisulfite-sequencing
(PBAT-WGBS) was performed on samples from two different years under organic and conventional
growing conditions in three independent field replicates to identify differentially methylated
regions. One of the identified clusters was associated with the StATOX1 gene. StATOX1 is an
evolutionarily highly conserved antioxidant copper chaperone, responsible for detoxification of
copper in organisms. Copper content of the potato samples was measured by Inductively-Coupled
Plasma-Atomic-Emission-Spectrometry (ICP-AES) after high pressure nitric acid oxidation. As
organic potato management relies on the application of copper as fungicide, our identified region
might be indicative for the application of this specific compound.

Keywords: Plant epigenetics, Solanum tuberosum, DNA methylation, whole-genome bisulfite
sequencing, organic agriculture, product authentication, food fraud.
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5.2. Introduction

Organic farming aims at a sustainable use of natural resources, bio-based circular economy, a higher
biodiversity and an environmentally friendly way to produce food and other products such as
clothes and cosmetics (Mader et al. 2002). Up to now, no global standard is defined for organic
farming. In the European Union (EU), rules for production, labeling and control are defined by
European Commission regulation No 889/2008 (European Commission 2008). Within the EU, for
growth of organic products, no fertilization with synthetically produced nitrogen sources is allowed
(Haber-Bosch process). Nitrogen supply in organic farming is based on a high percentage of legumes
in the crop rotation and the reuse of symbiotically fixed nitrogen by manure, compost and other
organic sources. For weed, pest and disease control, plant protection takes place based on diverse
crop rotations, mechanical weeding and biological pest control with antagonists and pesticides
obtained from mostly natural sources such as copper. Further, application of genetically modified
material for feeding and breeding is excluded. For potato production, the farmers are restricted to
the use of copper ions to prevent potato late blight caused by Phytophtora infestans. Currently, the
authentication is guaranteed through a paper-based certification system, which is highly susceptible
to food fraud and falsely labelled products. To assure consumers’ confidence in organic agriculture,
there is a need for an analytical verification process that could differentiate between conventionally
and organically produced food.

Working towards this aim, there have been several approaches to clearly identify organically
produced plant-based food. All yet known methods, such as transcriptome studies (van Dijk et al.
2012), stabile isotope analysis (Laursen et al. 2014), pesticide residue analysis (Hoefkens et al. 2009),
copper chloride crystallisation method (Busscher et al. 2010), or metabolome studies (Bonte et al.
2014), had to face different challenges and could not find their way into practical application.
(Capuano et al. 2013) concluded in their review about discrimination and markers to identify organic
products that many techniques have been tried but no single one could achieve the given aim yet. A
combination of different methods and markers seemed to be the only way to identify falsely labeled
products.

Proteome studies in wheat showed an annual stabile difference in protein pattern of flour between
the different agricultural systems in two years (Z6rb et al. 2009a). Unfortunately, it has been missed
to verify the results with multivariate statistics.

In general, a lower protein content of organic cereals could be measured on average over several
years (Magkos et al. 2003). This refers to the fact that the mineralisation rate of organically derived
nitrogen depends mainly on highly fluctuating weather conditions. But in some years, the protein
content has been found as equal. Another study, also realized by Zorb et al. (2009b) showed
differences in the metabolic fingerprint including proteins in ears but not in mature grains, again
without multivariate statistics. For potatoes, the gap between the protein content of diverse
agricultural practices could also be led back mainly to fertilitizer management (Lehesranta et al.
2007).

The analysis of the transcriptome focussing on food quality assessment revealed contradicting
results: The analysis of different chemical pathways in potato tubers combined with different
statistical tools of several agricultural combinations revealed differences in starch synthesis,
generation of lipoxygenases and biotic stress responses (van Dijk et al. 2012). But in this case, organic
fertilization led to higher, whereas organic crop protection was followed by lower expression of
lipoxygenase pathway. Just the starch synthase pathway succeeded in the same direction with an
increase in organic agriculture traits. Also for wheat, indication of the “organic status” could be
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monitored with microarray studies where twelve genes responded to the type of fertilizer. In the
gene category associated with storage during seed development, the gliadin transcripts in organic
grain showed higher abundance (Lu et al. 2005). In contrast to this, Cicatelli et al. (2014) could not
find any variations in the transcriptome using compost and mineral fertilization in potatoes. High-
throughput gas chromatography/mass spectrometry technique (GC/MST) with eleven wheat
cultivars revealed statistically significant difference of metabolites such as myo-Inositol, 4-
aminobutanoate and tryptophan (Bonte et al. 2014), which is a promising result on the way to
unambiguously identify organic food. Especially the diversity of potential markers within the
metabolome enhanced the potential to find reliable patterns. It has been recently concluded that
these findings could be regarded as systematic impact of agricultural systems on the metabolome of
plants (Mie et al. 2014).

The reason for differences in proteome, transcriptome or metabolic composition relies on the
expression status of genes. An even richer source of biomarkers could be the epigenetic “packaging”
as basis of different gene expression. Lopez and Wilkinson (2015) highlighted the potential of
epigenetics for crop production and food quality. They concluded that epigenetic information will
have a large impact on the future agriculture. Epi-breeding could adapt plants to stressful
environments like salt or drought stress and analysis of epigenome during growth could monitor
pathogen stress or nutrient deficit earlier than actual methods. The proposed analysis of quality
traits of food, using epigenetic fingerprinting has not been tried so far even though many hints like
transcriptome and metabolome studies are around.

This knowledge gap was the motivation for our study. We chose cytosine DNA methylation as
epigenetic trait for our analysis as it is one of the best-studied epigenetic marks (Koziol et al. 2016).
Furthermore, the methods for genome-wide detection of DNA methylation is relatively well
established and the here described findings can be of large importance for potato breeding.

Evolved as a recognition system for foreign DNA, adding methyl groups onto DNA bases today
usually represses gene expression, and, therefore acts as one of several DNA expression control
systems, dependent on methylation context, position and function of the surrounding region.

DNA methylation is regulated by three main pathways: de novo methylation (I), maintenance of
methylation (II) and active removal (III) of methylation marks (Matzke et al. 2007). In contrast to
other eukaryotes, DNA cytosine methylation in plants appears in three sequence contexts:
symmetric CpG, CpHpG and asymmetric CpHpH, where H stands for A, C, or T. The de novo DNA
methylation is associated with the accumulation of 24nt-siRNAs homologous to the genomic region
going to be methylated. The mechanism is named as RNA-directed DNA methylation (RdDM,
(Wassenegger et al. 1994; Chan et al. 2005; Matzke and Birchler 2005). The RdADM mechanism bears
methylated cytosines irrespective of their sequence context. This mechanism is plant-specific and
involved in various regulatory processes. DNA methylation acquired by RADM can be associated
with transcriptional gene silencing (TGS) (Castel and Martienssen 2013), genome stability by
transposon inactivation (Bucher et al. 2012), hybrid vigour (Shen et al. 2012) and DNA virus defense
(Wang et al. 2012).

The methylation status of DNA can be highly variable, but it is considered stabile enough to be
persistent through the development of a plant and can be inherited into the next generation
(Niederhuth and Schmitz 2014). Environmental stress was found to lead to alternated methylation
patterns (Verhoeven et al. 2010; Boyko and Kovalchuk 2011).
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We assume differences of methylation in plant defence, hormone and metabolic pathway-related
genes. Plant defence and hormone-signalling plays an important role in plant-plant, plant-pathogen
and plant symbiosis interactions. Because of the absence of synthetic pesticides in organic
agriculture, the plants have to protect themselves, and have to communicate with other plants and
beneficial organisms about pathogen attack.

Looking at epigenetic patterns in the context of methylome differences in distinct growth systems
could help to promote the organic agriculture, prevent food fraud, help breeders to develop
environmentally adapted plants and could be taken as basis of future tools to monitor plant
development and health. We assume that the reasons for differences in terms of yield such as
different plant protection and fertilization, between organically and conventionally grown plants,
also lead to specific adaptations within the DNA methylation status within the plant genome. These
differences are further inherited to progeny generations and could be found as epigenetic fingerprint
in seeds and other harvested products.

Objectives of this study are: i) first examination of DNA methylation patterns in bio-organic potato
(Solanum tuberosum) samples in contrast to conventionally grown plants. ii) evaluation of the
capability to include DNA methylation analysis in the field of food/product authentication. iii)
comparison of differentially methylated regions to get a first impression about the temporal
variability of differential methylated regions (DMR).

5.3. Material and Methods

5.3.1. Material

To know the origin and the production system of the potato (Solanum tuberosum var. Desirée) samples,
we requested them from the DOK-field trial (D: bio-dynamic, O: bio-organic, K: conventional) in
Therwil, Switzerland of Agroscope, the Swiss Centre of Excellence for Agricultural Research and the
Research Institute of Organic Agriculture (Foschungsinstitut fiir biologischen Landbau - FIBL). The
DOK is one of the largest and the longest lasting long-term field trial of its kind, initiated in 1978.
The samples have been kindly provided by Agroscope.

Fully developed tubers (according BBCH Scale 909) were collected at harvest time (Hack et al. 1993)
from potato plants (Solanum tuberosum cv. Desiree) in four replicates of the bio-organic cropping
system (organic) and the conventional cropping system (conventional) from four years (2001, 2009,
2011, 2012). The complete tubers formed a representative sample of the plot per biological replicate.
They were washed, cut, dried, ground, and stored at 8 °C. The bio-organic system is managed
according to the guidelines of BioSuisse (Bio-Suisse 2012). The conventional mixed system with
mineral fertilisers plus farmyard manure is managed in accordance with the Swiss integrated
management standard since 1985 (IP-Suisse). Genetical integrity has been kept as every year new
“seed” tubers have been used from the same batch for organic and conventional plots.

We have chosen the sample material and sample years based on:

i) cultivar homogeneity (variety/accession) of minimum 4 years
ii) common and highest available fertilization quantity (1,4 livestock manure units/ha)
iii) most recent sample years

The potato plants were grown in-field that underwent seven-field crop rotation which comprises
five field crops: clover grass ley, maize, soybean, winter wheat and potatoes. The crop rotation
changed slightly at the end of each rotation period but was identical for all systems. The
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experimental design is a split-split-plot Latin rectangle with four field replicates. In addition, each
crop rotation is replicated three times and arranged in a shifted design with different crops growing
in parallel in respective years (A, B, C —table 5). Details can be found in Mayer et al. (2015). Hence,
the preceding crops to grown potatoes were different. In 2001 it was clover-grass ley and in 2009,
2011 and 2012 it has been soybean (Glycine max).

While under organic farming cultivation conditions, copper-containing fungicides were applied,
none of them were applied under conventional growing conditions. The in-field copper and
fungicide application has been split into 5-7 applications. The applied substances and amounts of
applied copper on the field are listed in table 5.

Table 5: Amount and type of copper application in the DOK- long-term field trial bio-organic fields as well as the fungicide
applied in the conventional fields respectively. The DOK field trial has been set-up in three shifted crop rotation replicates
[A, B, C] to guarantee a relatively regular sample and species availability. Each year “contains” 4 true biological repetitions
on separate plots in the DOK field trial.

Year Crop Total amount of Type of copper Fungicides applied in the
rotation copper application/medium conventionally managed
replicate (bio-organic fields) fields

2000 C 4.0 kg Cu ha' Copper-Oxychloride Mapro, Rover  Combij,

(Kupfer 50) Ridomil
2009 A 4.0 kg Cuha' Copperhydroxide (Kocide Ridomil  Gold, @ Mapro,
DF) Daconil Combi, Revus M2,
Valbon, Ranman A + B

2011 C 3.9 kg Cu ha' Copperhydroxide (Kocide Revus, Ridomil, Valbon,

opti) Daconil combi DF, Acrobat

2012 B 3.9 kg Cu ha' Copperhydroxide (Kocide Revus MZ, Ridomil Gold,

opti) Valbon, Ranman A + B

Several other approaches have used the DOK-field trial in order to identify organic food looking on
wheat (Triticum aestivum) using a biocrystallization (Kahl et al. 2008), a proteomics (Zorb et al. 2009b)
and a metabolomics approach (Bonte et al. 2014).

5.3.2. DNA extraction and Bisulfite Conversion

DNA was extracted from stored samples using a modified column-based DNeasy kit according to
manufacturer (Qiagen) protocol, including a first phenol purification step with 100 mg of the
grounded potato sample. Integrity of DNA was tested by gel electrophoresis and Ethidiumbromid
staining (Supplement 1). Note that fragmented DNA was detectable similar to apoptosis-like
laddering indicating degradation/fragmentation due to storage. For analysis of the whole genome
methylation approach, the DNA of the samples from 2001 and 2012 in the first three replicates was
subjected to a Whole-genome-Bisulfite Sequencing (WGBS) procedure using a post-bisulfite
adapter-tagging protocol (PBAT) to account for low amounts of DNA using the EZ DNA
Methylation Gold-™ Kit, Zymo Research. DNA concentration after bisulfite conversion was
quantified using Qubit and q-PCR.

Whole-genome bisulfite sequencing is able to detect methylated cytosines within the whole DNA
pool on a single nucleotide level. During DNA bisulfite reaction, unmethyated cytosines are

37




Differences in DNA methylation patterns of organic and conventionally grown potato (Solanum tuberosum) samples

converted to uracil (Frommer et al. 1992). This occurs via cytosine sulphonate and a following
hydrolytic deamination to uracil sulphonate and further a desulphonation step to uracil. Due to the
methyl group, 5-methylcytosine is not affected by this transformation. The subsequent polymerase
chain reaction (PCR) leads to a C/T-polymorphism which could be quantified and afterwards
interpreted as proportion of the original methylation at a specific site by comparing of reads with
the original strand or a reference genome.

5.3.3. Library Preparation

Library preparation and sequencing was performed at Novogene Inc. (Novogene Co., Ltd.
Novogene Biotech Co., Ltd. Building 301, Zone A10 Jiuxiangiao North Road, Chaoyang District,
Beijing). After transfer of samples integrity, quantity and quality of DN'A was controlled. Afterwards
the DNA has been sheared using Covaris 5220 to fragments of 200-400 bp and further processed
according the library preparation protocol including terminal repair, A-ligation and ligation of
sequencing adapters. HiSeq X Ten (Illumina Inc., 9885 Towne Centre Drive. San Diego, CA 92121
U.S.A.) sequencing, with paired-end 150 bp, including multiplexing of other, non-bisulfite treated,
samples has been applied to account for the unbalanced base ratio in WGBS libraries. The effective
concentration of the final library has been >2 nM. A Lambda Phi X spike-in with 0.5% of DNA weight
has been applied as conversion standard. The demultiplexed raw data has been received.

5.3.4. Bioinformatics

The entire pipeline has been written in snakemake (Koster and Rahmann 2012), using conda
environments (Anaconda Software Distribution 2016) and is depicted in Supplement 2. If not stated
otherwise, the default tool parameter settings have been used.

Remaining adapter and faulty sequences of the raw reads have been carefully analysed with FastQC
(Leggett et al. 2013) and removed during trimming wusing  TrimGalore
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) [--illumina —paired -q 20 --
clip_r2 18 --clip_rl 7 --three_prime_clip_R1 18 --three_prime_clip_R2 3]. We applied Bismark
(Krueger and Andrews 2011) with bowtie2 (Langmead and Salzberg 2012) [-score_min L,0,-0.6 ] for
mapping of each technical replicate separately including extensive quality check of the .bam files
using samtools (Li et al. 2009), and bamqc from the qualimap package (Garcia-Alcalde et al. 2012).
Afterwards, the technical replicates have been merged by biological replicates and sorted with
samtools prior to deduplication with bismark de-duplication function. Also the calculation of
methylation levels for each cytosine has been performed with the bismark package. Calling of
differentially methylated cytosines (DMC) and DMR has been performed with Defiant (Condon et
al. 2018) in five different parameter setting combinations [defiant settings: a) minimal coverage: 10,
CpN 5, p < 0.05, 30% methylation difference minimum; b) minimal coverage: 10, CpN 5, p < 0.05,
10% methylation difference minimum; c) minimal coverage 10, CpN 1, p < 0.05, 10% methylation
difference minimum; d) minimal coverage 10, CpN 1, p < 0.05, 30% methylation difference
minimum; e) minimal coverage 10, CpN 1, p < 0.05, 50% methylation difference minimum].
Visualization has been accomplished using ViewBS (Huang et al. 2018), IGV (Robinson et al. 2011)
and R.

To evaluate the biological relevance of our findings, Gene-Ontology analysis (GO) were performed,
based on differentially methylated cytosine position (DMC) [defiant settings: d)] in relation to
known genes for hypermethylated (less in conventional samples) and hypomethylated (less in
organic samples) DMCs separately. If a DMC has been spotted within a 2000 nucleotide window
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upside the transcription start site (TSS), we took the related gene together with its functional
annotation and computed the distance to a background of all known coding genes using PLAZA 4.5
(van Bel et al. 2018). As reference genome, the Solanum tuberosum annotation 3.0.43, downloaded
from the Ensemble Plants Database (http://plants.ensembl.org/Solanum_tuberosum/Info/Index) has
been used.

All scripts are available on request.

5.3.5. Copper analysis

The total copper content of all samples has been analyzed using high pressure digestion [150 mg
sample material in 1 ml 65% HNOs, 8 h at 170 °C, adding 9 ml distilled water]. The measurement
was done using Inductively-Coupled Plasma-Atomic-Emission-Spectrometry (ICP-AES) with
upstream pressure digestion.

5.4. Results

5.4.1. Whole genome bisulfite sequencing of potato samples

Supplement 2 shows the bioinformatics pipeline with each node being a rule and each line showing
the handover of datasets. In Table 6, the raw output of reads generated for each sample is given.
Analyzed were samples from two years (2001 and 2012) with three biological replicates each from
both growing conditions (K conventional, O organic). Table 6 shows the resulting coverage per
biological replicate, the duplication level and the conversion rate (53a: MultiQC-Report with the
number of reads per sequencing run/pseudo-technical replicate).

Table 6: Mean coverage, number of reads prior and after deduplication and conversion rate per biological replicate.

Mean Coverage after dedup_leftover (number of reads) total prior to dedup Conversion Rate

mapping (fold) (number of reads)
K_52_2001_1 66,0416 215898398 (83.42 % of total) 258815030 0,9949
K_53_2001_2 62,588 204519192 (84.97 % of total) 240697340 0,9948
K_54_2001_3 37,2491 120466740 (58.44 % of total) 206146508 0,9956
K_70_2012_1 45,6284 147623939 (71.35 % of total) 206905121 0,9947
K_71_2012_2 54,5479 176419142 (66.25 % of total) 266298578 0,9949
K_72_2012_3 37,909 122602672 (68.44 % of total) 179148320 0,9959
0_49_2001_1 44,6694 144446420 (63.02 % of total) 229224302 0,9954
0_50_2001_2 80,654 265836596 (78.97 % of total) 336649010 0,9962
0_51_2001_3 58,1251 190057823 (79.77 % of total) 238264224 0,9947
0_67_2012_1 52,764 170638483 (70.45 % of total) 242199308 0,9958
0_68_2012_2 38,4213 125369199 (80.25 % of total) 156215284 0,9961
0_69_2012_3 49,164 158979415 (69.47 % of total) 228850810 0,9949

The Coveragé distribution over the position within the potéto genome (Solunﬁm tuberosum, Soltub
3.043) could be examined in Figure 14.

The global methylation level per C context (CG, CHG, CHH) and biological replicate is depicted in
Figure 15 (S3b MultiQC-Report with M-bias plot, 54-56 methylation level distribution per sample
and C-context, S7 Exemplary Methylation Level Distribution over the genome). The detected level
of methylation in the three sequence contexts CG ~75%, CHG ~50% and CHH 25% agrees with
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previous reports for potato (Wang et al. 2018). This result meets the expectations as symmetric
methylation is accumulating by the maintenance mechanism and CHH methylation via the de novo
methylation pathway of RADM. Two groups of samples are detectable, showing similar differences
in overall methylation. Looking at the distribution of the methylation level over the genome, it can
be seen that especially highly methylated regions are affected at the end of chromosomes, which
might be indicative for pronounced degradation in some of the samples (Supplement 1).

To examine the methylation level in more detail, we calculated the methylation level in relation to
known genes, repeat regions, coding sequence (CDS), exons, 3’ -untranslated regions (UTR), 5'UTRs
and inter-genic regions using a length normalization to account for different length of genomic
features including 2 kb prior and after the feature (Figure 16). The positions of features have been
taken from the Solanum tuberosum annotation 3.0.43. For repeats, we used the positions described in
Mehra et al. (2015).
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Figure 14: Coverage Distribution over the potato (Solanum tuberosum) reference genome Sol. Tub3.0 for all samples analysed by WGBS, dotted lines show the border of chromosomes.

Coverage is depicted in “fold” in relation to the position in the genome.
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Global methylation level per Methylation context in potato samples from 2001 and 2012
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Figure 15: Global methylation level per sample and methylation context. Cytosine methylation could occur in different contexts: symmetric CpG, CpHpG and asymmetric CpHpH,
where H stands for A, C, or T.
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Figure 16: Feature-dependent methylation levels prior, within and outside of genomic features splitted into different methylation context (CG, CHG and CHH). A binning

normalization has been used to account for different feature length within the potato (Solanum tuberosum) genome with 2 kb prior and 2 kb after the respective feature.
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5.4.2.Identification of differentially methylated regions

DMR were identified using Defiant in five different parameter setting combinations. The number of
identified DMR/DMC are shown in Table 7, including the number of overlapping DMR/DMC
between the two years examined by PBAT-WGBS. The DMR calling output is displayed exemplary
for a) in form of tables for each examined year (S8 & S9: List of DMR for 2001 and 2012). Two of the
identified DMR have high biological and agronomical relevance and are shown in figure 17 (SUT1)
and figure 18 (ATOX1).

Table 7: Number of differentially methylated regions (DMR) or cytosines (DMC) examined between organic and

conventionally grown potato samples in five different parameter setting combinations including the number of
overlapping DMR/DMC between the two years.

a) b) c) d) e)
Coverage: 10 Coverage: 5 Coverage: 5 Coverage: 10 Coverage: 10
CpN:5 CpN:5 CpN:1 CpN:1 CpN:1
p<0.05 p<0.05 p<0.05 p<0.05 p<0.05
MethDiff: 30%  MethDiff: 10%  MethDiff: 10%  MethDiff: 30%  MethDiff: 50%
2001 40 7784 2329602 13922 251
overlap 0 60 91565 6 0
2012 9 19291 2924040 13924 17
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Figure 17: Differentially methylated region associated with SUT1 (depicted and called by Defiant). A) represents the
conventional potato samples. As “Case” we used the organic samples shown in B). The two upper windows (A&B) show
the methylation level per cytosine position in the genome with standard derivation within the group of organic or
conventional samples. The third window (C) shows p-value per position, and D) shows the methylation difference
between A) and B). This DMR has been called for samples from 2001.
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Figure 18: Differentially methylated region associated with ATOX1 (depicted and called by Defiant). A) represents the
conventional potato samples. As “Case” we used the organic samples shown in B). The two upper windows (A&B) show
the methylation level per cytosine position in the genome with standard derivation within the group of organic or
conventional samples. The third window (C) shows p-value per position, and D) shows the methylation difference
between A) and B). This DMR has been called for samples from 2001.

Among the 60 overlapping DMR (Table 7 b), 6 are found to be located in coding regions of annotated
genes (510). These are of interest as DNA methylation within coding genes can be associated with
post transcriptional gene silencing. Three of these showed the change in methylation level in the
same direction: PGSC0003DMT400034908 annotated as MDR-like ABC transporter (2001: -18.4%,
2012: -16.6%), PGSC0003DMT400077180 (2001: -12.7%, 2012: -22.7%) annotated as Vacuole sorting
receptor protein PV72 and PGSC0003DMT400000932 (2001: -15.7%, 2012: -17.3%) annotated as MYB-
Transcription factor. A negative overall methylation difference of the DMR indicates a
demethylation in the organic samples.
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The results of GO term analysis are depicted in figure 19 for hypermethylated DMCs in 2012. Other
GO term analysis results can be found in S11 as tables for biological process (BF) and molecular
function (MF) separately. For GO term analysis we focussed on DMC calling settings d). The
findings suggest a significant enrichment [p<0.05] of DMC in 2012 in gene-promoter regions known
to be involved in binding processes compared to the background of all known coding genes. In 2001
and 2012 for hyper- and hypomethylated DMCs in promoter regions, we see a high proportion of
genes to be involved in metabolic processes, nitrogen compound metabolic process or response to
stimuli pathways. 6 DMCs have been found in both years to be differentially methylated.
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Figure 19: Gene-Ontology-term analysis based on differentially methylated cytosines (coverage min. 30x, 30% methylation
difference) in 2 kb promoter regions prior to genes, exemplarily for hypermethylated DMCs in 2012 grouped by biological
processes. Only significant (p<0.05) enrichments in relation to all known coding genes in the potato genome have been
used.
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5.4.3. Copper content

Total copper content of potato tubers is shown in figure 20. Our analysis reveals no significant
difference in the copper content in the dried potato tuber samples grown under conventional and
organic farming conditions. Among the different years minor differences are detectable.
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Figure 20: Total copper content in potato tuber measured by ICP-AES after high pressure nitric acid digestion for different
years and treatments (organic = O, conventional = K), notched box plots show sample distribution, while we are aware of
the low sample size (n=3 or n=4). Different sample sizes occurred due to mislabelling of samples after harvest. All uncertain
samples have been removed.

5.5. Discussion

As mentioned earlier, the variability of nutrients and plant metabolites depends mainly on species
variety, growing conditions and time. This variability also influences DN A methylation. A limitation
of WGBS is that bisulfite cannot differ between 5-hydroxymethylcytosine and 5-methylcytosin. This
has to be taken into account but recent observations concluded a negligible relevance of 5-
hydroxymethylcytosine in plants (Erdmann et al. 2014).

48



Differences in DNA methylation patterns of organic and conventionally grown potato (Solanum tuberosum) samples

Compared to Wang et al. (2018), a similar level and distribution of DNA methylation was
determined. Although, different cultivars were used (Solanum tuberosum cv. Pacific vs. Desirée). The
overall methylation level in this study has been ~0.7 for CG, ~0.41 for CHG and 0.15 for CHH
methylation. The methylation level in our study ranged between 0.64 — 0.76 for CG, 0.42 — 0.62 for
CHG, 0.15 -0.27 for CHH methylation context. In terms of methylation structure, Wang et al. (2018)
also reported an increase of methylation in transposable elements as well as a decrease for CHG and
CHH gene body methylation but also for transcription start site methylation.

We found a high number of stable methylated regions being mainly associated with repetitive
elements and being hardly modified according to environmental changes. A much lower number of
methylated regions showed differences in their methylation level. These regions were termed
differentially methylated regions (DMR) and they were sorted according the farming type. A
standardized definition of a DMR remains a controversial discussion in the field of epigenetics. To
highlight the impact of parameter settings on DMR/DMC calling and overlapping DMR/DMC
between the two years, we decided to use five different setting combinations. As these DMR
underwent changes based on the environment, we consider them as meta-stable (Fujimoto et al.
2012). Based on our analysis, the number of regions with a consistent methylation pattern under
organic and conventional farming was relatively low due to our approach to minimize the false
positive rate.

In total, 49 DMR (40 in 2001 and 9 in 2012) were identified between the farming systems (DMR
calling set a). 21 of 49 where hypomethylated and 28 hypermethylated. Thirteen DMR are associated
with potential promoter regions (1000 bp cut-off) and might have an effect on the transcriptional
rate of their downstream genes (Havecker et al. 2012). Five of them are associated with coding
regions and the methylation here might be a consequence of silencing events. This has been the most
stringent DMR calling setting with no overlap between the two years. The other DMR are associated
with unspecific intergenic regions and non-coding genomic features. As this list of detected DMR is
very short and the detected variation in DMR is relatively high, it should be considered that the
identified DMR are found by random, whereas the strong differences in all replicates analysed and
low p-values indicate their reliability.

SUT1 (PGSC0003DMG400009213) encodes a sucrose transport gene and is located at chromosome
11. The identified DMR (chromosome 11; 9080049-9080127) has a length of ~78 nucleotides and
contains ~20 cytosines (dependent on the settings of the DMR calling). WGBS results showed high
methylation levels in association with organic growth conditions for the year 2001.

At chromosome 7, a DMR (50107254-50107307) was identified, located in the promoter of a gene
annotated as ATOX1 (PGSC0003DMG400020423). ATOX1 encodes a copper-binding metal-
chaperone-protein involved in copper transport (Blaby-Haas et al. 2014). Its molecular function and
association to diseases in mammals was strongly investigated (Ge et al. 2019). This DMR (Figure 18)
was identified in the year 2001 samples to be specifically methylated in conventionally grown tubers
and significantly less/hypo-methylated in organic tubers. As this DMR was located in the promoter
region of the gene, it might be associated with transcriptional gene regulation of the corresponding
gene (Havecker et al. 2012). This regulation should be addressed in future experiments. The missing
association of ATOX1 with a similar DMC/DMR in 2012 could have multiple reasons. For example,
in 2001 copper-oxychloride as fungicide has been used whereas 2012 copper-hydroxide has been
applied.

As organic farming is restricted to copper-containing fungicides, which were also applied under the
experimental organic conditions (Table 5) but not under the conventional treatment, we speculate
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that the transcriptional regulation of ATOX1 is activated by the presence of copper. This regulation
might be associated with demethylation under presence of copper or methylation in the absence of
copper. However, as the material has been dried, grounded and stored for several years
transcriptional analysis will be difficult and could not be covered in this publication.

This is no contradiction to the fact that the copper content in all investigated potato tubers was not
significantly different because copper fungicides are applied to the soil and or plant surface, while
copper uptake into tubers occurs mainly from soil not exposed to copper fungicide. In addition, the
fungicial action of copper is effective despite its general low application amount of a few kilograms
per hectare not significantly influencing copper uptake into plants.

Looking at other DMR/DMC calling settings we see 60 overlapping DMR for a minimal coverage of
5-fold and 10% methylation difference for each cytosine in the respective DMR (DMR calling set b).
Also looking at DMCs we find overlapping positions for example 91.565 DMC for DMR calling set ¢
with a coverage of 5-fold per cytosine minimum, CpN 1, p < 0.05, and 10% methylation difference
between the organic and conventional treatment.

Three genes out of the set of 60 with DMR inside the coding regions were identified in both years to
be differentially methylated in the same direction. Here, the Multi-drug ABC transporter is of
particular interest as this transporter family has been reported to be not only involved in the
detoxification of xenobiotics (Remy and Duque 2014), but also in lateral root development and root
hair formation (Santelia et al. 2005). Furthermore, the gene encoding the PV72 Vacuolar Sorting
Receptor was also found to be associated with a DMR. PV72 has been described to be involved in
the transport of storage protein precursors (Shimada et al. 2002) but also has characteristics of a
vacuole sorting receptor (Watanabe et al. 2004). The third gene (PGSC0003DMT400033123) encodes
Cytokinin oxidase/dehydrogenase 1. Expression of CKX in barley during germination was reported
to be influenced by CKX2.1 promotor methylation and correlated to drought stress during grain
establishment (Surdonja et al. 2017).

Interestingly, several of the identified DMR are directly associated or adjacent to genes involved in
transport processes (e. g. PGSC0003DMT400064008, PGSC0003DMT400021790,
PGSC0003DMT400089747, PGSC0003DMT400077180).

5.6. Conclusions

The advantage of this novel epigenetic authentication method is that we do not focus on just one
agronomical trait, which characterizes the organic cultivation conditions, e. g. fertilization or pest
control. Using this method, we could reveal differences within the epigenetic fingerprint in terms of
fertilization beside plant protection but also in terms of different bacteria/fungi ratio and differences
in biodiversity of soils. Further, this method could be applied towards every plant-based trading
good and it is not limited to growing tissue or protein-rich parts of the plant. Furthermore, the
number of possible epigenetic markers is just limited by genome size and the occurrence of cytosine
in the genome. This enables us to search into an enormous pool for a few different methylated
regions.

Beside this, we might answer much more questions using further data obtained from additional
analysis, especially about environment-genome interactions. It is important for future breeding
strategies to get information about the “plants view” on their environment and the heredity of
agriculturally relevant, obtained features.
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It is still a matter of debate, whether the variation between the cultivars and the years are greater or
lower than the variation between the agricultural systems (Laidig et al. 2008). But recently there are
some hints that for only a few metabolites the differences within the systems predominate (Bonte et
al. 2014).

This topic is especially important because of the enormous development in the organic food sector
and the need to assure high quality and authenticity of sold products to maintain consumers’
confidence. To confirm our results, it is necessary to verify them in further growing years, growing
sites and with several varieties.

For future research, a transfer of the developed method to other agronomically relevant species is
possible, even if there is no reference genome available (van Gurp et al. 2016).
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6. Conclusion and summary discussion

Within this thesis, the DNA methylation patterns of potato (Solanum tuberosum) samples out of a
comparative field trial with organic and conventional plots have been examined to decode the
epigenetic fingerprint in a pseudo-natural environment. To approach the topic, to establish DNA
methylation analysis at Halle-Wittenberg University and to get familiar with this kind of data it has
been started with an intensive literature review (chapter 3), including the planning, set up of
experimental design and state of the art of DNA methylation analyses. As the question remained
which alignment software should be used best, this topic has been addressed in chapter 4. To finally
look at DNA methylation patterns, a large-scale data analysis pipeline has been built to be able to
finally analyse the datasets of samples from DOK field trial (biodynamic (D), organic (O) and
conventional (K) for German: "konventionell"), a long-term comparison of organic and conventional
agriculture systems, which has been initiated in 1978 by Research Institute of Organic Agriculture
(FIBL) in Frick, Switzerland. This has been shown in chapter 5.

All in all we find significant DMC and DMR which are indicative for the land use system. However,
we still do not reliably know how variable these patterns are. The variability between the different
years, varieties or locations has to be addressed in further evaluations.

Concerning the initial hypotheses:

H1 The agricultural practice under which a plant has been grown could be monitored using
analysis of DNA methylation status in harvested products like potato tubers.

This point has been shown with this dissertation and proven to be correct.

H2 Based on transcriptome and metabolome studies, we expect the methylation differences
in plant defence, hormone and metabolic pathway related genome regions as well as in
transposal regions.

Transcriptome studies suggested the gene ferritin 1 as well as genes from lipoxygenase, jasmonate
pathway (van Dijk et al. 2012), nitrogen metabolism and storage protein synthesis (Lu et al. 2005) as
highly promising, which was partly confirmed by Gene Ontology (GO) analysis. We find
methylation differences in several genomic pathways. As described in chapter 5 and evaluated
based on GO analysis of DMC positions in relation to genes, these differences mainly occur in
metabolic pathways (e. g. nitrogen compound metabolic processes or cellular macromolecule
metabolic processes) but also in genes related to transport processes within the plant. Defense
response is at position 96 of 1337 for 2001 (152 for 2012) hypermethylated DMC, whereas plant
hormone related pathways are at position 54 of 1337 (60 for 2012).

The differences in metabolic pathways could be explained with differences in nutrition status and
the occurrence of nitrogen mineralisation in organically fertilized soils. The nitrogen uptake takes
place with the same enzymes, but the nitrogen and nutrient supply is more constant in conventional
agriculture because the mineralisation depends on soil temperature and soil humidity.

H3 The epigenetic variation of some DNA methylation islands between the years is lower
than between the agricultural systems. Therefore, DNA methylation fingerprinting could
be used as biomarker to confirm the food production system.

Some DNA methylation islands have shown to be highly variable between the agricultural systems
and the years examined. We nevertheless find DMC and DMR to be significantly differentially
methylated in the same direction in both years. The usage as biomarker to confirm the food label of
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specific food production manners nevertheless is questionable at this moment as this field of study
is at its beginning. Further, an other approach has to be used for the DNA methylation analysis for
practical application in food authentication as WGBS analyses are cost-intensive and contain lots of
redundant information. If we know which cytosines are of interest, confirmation could be done by
methylation-sensitive restriction enzyme digestion PCR (MSRE-PCR) if the respective restriction
enzymes have been chosen. Alternatively rrBS approaches might be of interest also. Especially the
combination of DMC calling and MSRE-PCR with machine learning approaches is promising to
further approach the aim to distinguish between organic and conventional products using DNA
methylation patterns.

All in all the scientific benefit of this dissertation and the related project might be:
- flag-ship project in the field of plant-based product authentication

- going from greenhouse experiments to an agricultural environment using a non-model
organism

- detailed methylome information for a rarely epigenetically analysed organism (Solanum
tuberosum)

- one of the first methylome studies from field grown plants

- identification of novel environmental parameters influencing methylation patterns (e.g.
plant protection)

- unravelling novel gene regulatory parthways including epigenetic mechanisms
- high-end approach using PBAT-WGBS including bioinformatics in the range of terabytes

- interdisciplinary approach including epigenetics, genetics, plant physiologies, agricultures
and biochemistries perspective

- building, testing and application of a large scale WGBS DN A methylation analysis pipeline

- independent benchmarking study of alignments tools for WGBS datasets out of the
perspective of users

- collection of information concerning the state of the art in the field of DNA methylation
analysis using WGBS, informative for future PhD candidates, project initiators and people
working in the field of epigenetics

- promotion of the research about organic agriculture, prevent food fraud, help breeders to
develop environmentally adapted plants and could be taken as basis of future tools to
monitor plant development and health

In general, this approach offers the possibilities to monitor the storage, transport, cultivation and
processing conditions of all products which contain methylated DNA. Therefore this could be a good
tool to monitor and enlighten food fraud, to strengthen consumers’ confidence and to enhance the
reliability of peer-to-peer trading in the value chain.
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