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1 Introduction

1.1 DNA methylation: an epigenetic mark

The term "epigenetics" refers to all heritable biochemical alterations of the genome

and its chromatin structure that might affect gene expression, but do not change

the genetic sequence itself [DAB09; Li21]. Epigenetic marks do not only modu-

late gene expression and aid in commitment of a cell to a particular function, but

also play an important role in maintaining genome integrity [DAB09]. The most

common epigenetic mechanisms include histone modifications and DNA methyla-

tion [DAB09; Li21]. Histones can exhibit posttranslational modifications at their

N- and C-terminal tails, such as acetylation, methylation, phosphorylation and

ubiquitination among others [YQC21]. Posttranslational acetylation and methyla-

tion take part in the regulation of gene transcription by modulating how accessible

regulatory regions like promoters are to transcription factors [Li21]. Furthermore,

histone phosporylation participates in the regulation of chromatin structure, cell

cycle regulation, DNA repair and active transcription, while ubiquitination has been

shown to be important to the cellular DNA damage response for the maintenance

of genome stability [MP21; YQC21].

DNA methylation describes a covalent bond of a methyl-group to a nucleotide,

most commonly to a cytosine as 5-methylcytosine (5mC) or 4-methylcytosine(4mC),

but also to adenine as N6-methyladenine (6mA)[LT21]. Of these types of DNA

methylation 4mC and 6mA are mainly found in prokaryots, while 5mC ocurrs

ubiquitously in eukaryots and has been extensively studied [Li21]. Generally, as in

this thesis, the term ‘cytosine methylation‘ or ‘DNA methylation‘ references the

5mC type of methylation. DNA methylation serves a variety of functions in the

genome. The most well studied function is gene silencing, whereby methylation

of cytosines overlapping the promoter region and/or the transcription start site

of a gene is associated with transcriptional repression [LHE18; LT21]. Although

the exact mechanism remains unclear, studies have suggested that the presence

of 5mC causes lowered binding affinity of certain transcription factors to the

respective promoters [LHE18]. A further mechanism of gene silencing may be

that hypermethylation inside regulatory sequences causes a reorganization of

the chromatin structure, which leads to lower accessibility for the transciptional
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Chapter 1 Introduction

machinery [LT21] Moreover, DNA methylation has been shown to impact gene

transcriptional activity through nucleosome repositioning [LT21].

Another function of DNA methylation is the prevention of transposon move-

ment within the genome through maintenance of high DNA methylation levels in

transposable elements. This mechanisms is crucial for the preservation of genome

integrity [LJ10; LT21]. In contrast, hypermethylation of cytosines in gene bodies

has been found to correlate with transcriptional activity of genes, although the

mechanism linking hypermethylation to hyperexpression and whether this is causal

has not been established [Jon12; LT21]. Hypotheses for the functionality of gene-

body methylation range from it being a neutral by-product of active transcription,

to silencing of repetitive sequences inside genes [Bew+16; Li+17].

During embryonic development, pluripotent cells show very low levels of methy-

lation following a combination of passive demethylation, through reduced main-

tenance and de novo methylation pathways and active demethylation, through

DNA glycolases in plants or hydroxylation in mammals [LJ10; WZ17]. As these

cells differentiate, methylation is gained globally but also lost in specific emerging

cell types. Genes associated with pluripotency and gametogenesis are silenced

through methylation gain, while genes that define cellular identity are activated

through methylation loss. This leads to the formation of lineage-specific DNA

methylation patterns that shape and maintain gene expression for specialized cell

types [Sue+16].

1.2 DNA methylation in plants
In plants, cytosine methylation is observed in the nucleotide contexts CG, CHG

and CHH in 5’ → 3’ direction, whereby ’H’ represents A, T or C nucleotides. Both

CG and CHG are symmetric between both strands, i.e. a CG or CHG will always

be present on the opposite strand as a mirror image, while the CHH context is

always asymmetric [Che+21; LJ10]. In the model plant Arabdopsis thaliana DNA
methylation has been observed at approximately 24% of CGs, 6.7% of CHGs and

1.7% of CHHs genome-wide [Cok+08]. While DNA methylation in plants occurs

primarily in transposable elements and repeat-rich regions (at CG, CHG and CHH

sites), it is also observed in a subset of gene bodies of ubiquitously expressed genes,

mainly in CG context [Bew+16; LJ10; Vid+16].

Establishment andmaintenance of methylation in plants is mediated by pathways

that are conserved across plants species [JS19]. De novo methylation is established

by DRM2 (DOMAINS REARRANGED METHYLTRANSFERASE 2) via the RNA-

directed DNA methylation (RdDM) pathway [FDG18]. For each of the 3 cytosine

2



Epimutations and epigenetic evolution Section 1.3

contexts methylation is maintained by a different pathway. While methylation in

CG context is maintained through MET1 (DNA METHYLTRANSFERASE 1), CHG

methylation is kept up by CMT3 (CHROMOMETHYLASE 3). CHH methylation

in the other hand is consistently established de novo via DRM2 and the RdDM

pathway, while only a subset of CHHs are maintained through CMT2 (CHRO-

MOMETHYLASE 2) [GB16; LJ10]. During gametogenesis global methylation levels

are temporarily lost and transposable elements reactivated, likely to reveal the

expressed transposons and priming de novo methylation pathways to thoroughly

silence them [LJ10].

1.3 Epimutations and epigenetic evolution
Although cytosine methylation is tightly maintained by pathways conserved across

species, cytosines do at times lose or gain methylation during cell division. These

stochastic changes are generally termed "epimutations" and originate in somatic

tissue as well as in germline cells [Gai+19; JS19; Sha21]. Epimutations are defined

as being independent of genetic mutations and may be inherited to subsequent gen-

erations [JS19; Sha21]. While it is rare, epimutations have also been shown to cause

phenotypic effects. Two examples of this are Linaria vulgaris, where the symmetry

of the flower was observed to change as a result of increased spontaneous methyla-

tion at the promoter of the Lcyc gene [CVC99] and Solanum lycopersicum, where

an epimutation in the promoter of SQUAMOSA promoter binding protein–like gene
caused an alteration of color and cell-to-cell adhesion [Man+06]. Both epimutations

were found to be inherited by subsequent generations [CVC99; Man+06]. However,

in Linaria a few branches were observed that produced flowers resembling amixture

from mutant and wild type, suggesting that epimutations are also prone to somatic

reversion [CVC99]. More recently epimutations were discovered in the "mantling"

phenotype of the African oil palm Elaeis guineensis, which is characterized by

aborted fruit development and very low oil yield. In this case, CHG hypomethy-

lation of the Karma retrotransposon near a splice site of the EgDEF1 gene was

found to cause the expression of a novel truncated EgDEF1 transcript. At times this

mantled phenotype has been shown to spontaneously revert to normal [Ong+15].

To study extent to which epimutations occur spontaneously in the absence of

environmental pressure, researchers use Mutation Accumulation (MA) experiments.

MA lines are made up of single founder inbred or clonal lines that are propagated

over many generation in stable conditions and measurements are taken at multiple

generations [HK09; JS19]. While MA lines were originally developed to study

genetic mutation rates, the samples taken from the same experimental design can
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Chapter 1 Introduction

also be used for genome-wide methylome profiling. This is typically achieved

through whole-genome bisulfite sequencing, where treatment of genomic DNA

with sodium bisulfite converts unmethylated cytosines to uracil, which is further

converted to thymine by PCR amplification. Meanwhile methylated cytosines

remain unchanged, thus allowing for the computation of methylation levels as

cytosine-to-thymine ratios [JS19; LT21]. From these epigenetic measurements and

knowing at which generations epimutations are first observed researchers can then

extrapolate at which rate epimutations arise [Gra+15].

For the self-fertilizing plant A. thaliana, several MA lines grown under stable

conditions have been generated [SBD00]. In 2015, Van der Graaf et al. [Gra+15]

first estimated genome-wide rates of methylation gain and loss per CG site per

haploid genome and generation at 2.56 · 10−4 and 6.3 · 10−4, respectively. In 2020,

Shahryary et al. [Sha+20] formalized the pre-processing and estimation procedure,

which was published in the R package AlphaBeta. The estimation method imple-

mented in AlphaBeta fits a model of time-dependent accumulation of epimutations

to pedigree-based methylation data to account for measurement noise [Gra+15;

Sha+20]. More concretely, AlphaBeta calculates the average difference in DNA

methylation (divergence 𝐷) as well as the number of independent time units that

passed since the most recent common ancestor (divergence time 𝛥𝑇 ) for every

pair of samples in the MA pedigree. To model the divergence 𝐷 as a function of

divergence time 𝛥𝑇 , it is assumed that in one time unit [𝑡 ,𝑡 + 1] unmethylated

cytosines gain methylation stochastically with a probability of 𝛼 , while cytosines

lose methylation with a probability of 𝛽 . Genome-wide the methylation levels are

assumed to be at an equilibrium, since 𝛼 and 𝛽 only act on their substrates [Gra+15].

The transitions of the diploid epigenotypes during [𝑡 ,𝑡 + 1] are modelled though

a transition matrix. Shahryary et al. [Sha+20] applied AlphaBeta to the same MA

lines as Graaf et al. [Gra+15] as well as other A. thaliana MA lines. The result-

ing epimutation rates were found to be in the same order of magnitude (10
−4
) as

those estimated by Van der Graaf et al. [Gra+15] and at the same time the rate

of methylation loss always considerably exceeded the rate of methylation gain,

mirroring the genome-wide methylation levels. This indicates that spontaneous

epimutations have an influence on global methylation patterns [Gra+15; JS19]. In

contrast to the genetic mutation rate in A. thaliana (7 · 10−9 base substitutions

per site per generation), CGs accumulate methylation changes much more quickly

over time, suggesting that epigenetic variation becomes uncoupled from genetic

variation over short evolutionary timescales [Gra+15; Oss+10]. For cytosines in

CHG and CHH context, methylation changes could also be detected, but the accu-

mulation over generations is so low that significant epimutation rates could only

be estimated in 2020 by Shahryary et al. [Sha+20] using a particularly extensive
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Region-level changes of DNA methylation Section 1.4

MA line spanning a large number of generations, showing that in these contexts

epimutations accumulate 1-2 magnitudes slower than in CG context.

However, the extent of epimutations in A. thaliana does not only vary for dif-

ferent cytosine contexts but also in relation to cytosines’ genomic environment.

For example, methylation changes observed in A. thaliana MA lines by Hofmeister

et al. [Hof+17] were mostly restricted to only 13 regions, while more than 99.997%

of the methylome was inherited stably, suggesting the existence of regions with

high methylome instability or "hotspots". In fact, CG epimutations are most fre-

quently observed in genes and chromosome arms, while they are mostly depleted

in TEs and (peri-)centromeres. Additionally, local chromatin composition as well as

sparse methylation have been shown to be highly predictive of regions with high

epimutability [Gra+15; Haz+22].

Further MA experiments also investigate the impact of different genotypes and

environmental conditions such as drought on the emergence of epimutations in

A. thaliana and other plants [Gan+17; JS19; Zhe+17] Experiments like these are

expected to expand out understanding of epimutation dynamics in the future, but

so far it can only be hypothesized that epimutations play a minor role in short-term

adaption and long-term evolution [Sar20].

1.4 Region-level changes of DNA methylation
When investigating possible functional effects of epigenetic variation, CpG methy-

lation is often analyzed in the context of differentially methylated regions (DMRs).

A DMR is defined as multiple adjacent CpG sites with differential methylation

states between different samples or conditions [Rak+11]. In plants, DMRs have

been observed in association with environmental stressors such as salt, drought

and heat and well as developmental stages [Hos+17; Jia+14; Kom+18; ZLZ18].

Generally, DMRs are determined de novo for every comparison between samples.

Thereby DMRs are established in such a way that is maximizes the combined

methylation differences between (groups of) samples. This results in regions with

genomic coordinates that are different for every comparison of groups of samples.

At time of writing, at least 27 DMR calling algorithms have been published for

WGBS alone [Aka+12; BB15; Cat+18; Che+21; Con+18; DS14; GP19; Har17; HLI12;

Hüt+22; Jüh+16; Kis+15; Li+13; Par+14; Pet+21; Sch+15; Son+13; Sri+19; STM14;

Su+13; Sun+14; Tra+18; Wan+15; Wen+16; Wu+15]. They utilize a variety of

approaches. Some of the more straightforwards methods use a sliding window

to calculate differential methylation between samples per window. These are

extended to the adjoining similarly differentially methylated windows (SwDMR

5



Chapter 1 Introduction

from Wang et al. [Wan+15]). More complex methods employ Hidden Markov

models (HMM-DM by Yu and Sun [YS16] or HMM-Fisher by Sun and Yu [SY16])

or unsupervised machine learning (MethylScore by Hüther et al. [Hüt+22]). Many

DMR callers are usually specific to species (plant vs. mammals), quality of data and

data type [Cat+18; Kre+20].

Using DMR calling methods for the analysis of region-level DNA methylation

changes in large data sets, such as MA lines, would require to first perform a great

number of pairwise DMR callings. Then consolidating the DMRs between com-

parisons to establish population-wide DMRs would likely diminish the formerly

maximized methylation differences between samples. Additionally, variable region

boundaries will limit the comparability between different MA lines. Population

studies often utilize a set of pre-established regions and average methylation levels

in the defined regions are compared between samples/groups. This is frequently

accomplished by a straightforward partitioning of the genome into non-overlapping

bins of the same size [Eic+13; Gan+17]. However, methylation levels at cytosines

have been found to exhibit strong spatial correlation in plants as well as mam-

mals [Cok+08; Lis+08; Lis+09]. This indicates that when constructing regions a
priori, one could leverage this aspect and identify methylation units that are more

meaningful, by clustering neigbhouring cytoines in areas with high cytosine density.

In mammals, this is very routinely done by tracking CpG islands, which are mostly

defined as a region of minimally 200bp length, with at least 50% GC content and

an observed-to-expected CpG ratio of at least 0.6 or variations thereof. Especially

promoters are particularly enriched in CpG islands, while other genomic regions

remain CpG-depleted, which creates clear cut boundaries for region calling [Ash01;

Wu+10]. However, in contrast to the mammalian genome, cytosines and particu-

larly CpGs in plants occur more frequently and CpG-rich regions are distributed

fairly evenly over the genome [Ash01]. This poses the challenge of creating regions

that represent meaningful clusters of cytosines that can be expected to show high

agreement in methylation level due to spatial correlation, which is discussed in

Denkena et al. [DJC21].

6



Objectives for the thesis Section 1.5

1.5 Objectives for the thesis
The scope of this thesis was to investigate how the methylome evolves in plant

populations, more specifically how quickly the DNA methylation of an organism

changes and how these changes can be quantified and used for biological insight.

Using plant models, I investigated two different methylation propagation systems:

the emergence of epimutations meiotically over multiple generations of plant prop-

agation as well as mitotically within one generation over multiple years. To address

these two questions, I estimated transgenerational epimutation rates using short-

lived Arabidopsis thaliana populations as well as the somatic epimutation rates for

the long-lived perennial Populus trichocarpa. In particular, I emphasized investigat-

ing differences and/or similarities in how both species accumulate epimutations in

different genomic features such as genes, TEs, chromosome arms and centromeres

among others. I specifically aimed to estimate the epimutation rates for regions

or clusters of cytosines, to complement the epimutation rates per single cytosine.

For this, I investigated different ways to establish genomic regions or cytosine

clusters that would represent potentially functional epigenetic changes. In my

thesis I contributed to the understanding we have about the sources and time scale

of epigenetic heterogeneity.
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2 Contributions to Publications

2.1 Region-level epimutation rates in Arabidopsis
thaliana

The concept of pre-establishing regions from genetic information was conceived by

Maria Colomé-Tatché, Frank Johannes and me. I came up with and implemented

the method for establishing regions and combining methylation counts per region

including which quality measures would be applied. All subsequent analyses, in-

cluding annotation-specific methylation accumulation accumulation, were planned

and implemented by me and epimutation rate estimation was run by me using the

method published in Graaf et al. [Gra+15]. All figures were made by me with input

from Maria Colomé-Tatché. Finally, I wrote the first draft of the publication, which

was then finalized in a joint effort from Maria Colomé-Tatché, Frank Johannes and

me.

2.2 A genome assembly and the somatic and
epigenetic mutation rate in a wold long-lived
perennial Populus trichocarpa

How to view the tree and its branches in the context of epimutation accumulation

analogous to MA line pedigrees was conceptualized by Maria Colomé-Tatché, Frank

Johannes and me. In this very collaborative project, I performed the analysis of

cytosine-level methylation and estimation of epimutation rates genome-wide and

per genomic annotation. After Brigitte Hofmeister identified and provided the

DMRs, I conceptualized and performed the subsequent analysis for the region-level

methylation levels and epimutation rates. Also, I investigated whether transcription

levels accumulated over time. I wrote the methods and results sections for these

parts of the project and I also generated several figures (Fig. 3, 5a). Additionally, I

generated the Fig. 2 about proportions of transition and transversion mutations as

well as the proportions of genomic features exhibiting mutations.

9



Chapter 2 Contributions to Publications

2.3 AlphaBeta: computational inference of
epimutation rates and spectra from
high-throughput DNA methylation data in
plants (Appendix)

I performed testing of the AlphabBeta package and estimated the epimutation

rates for P. trichocarpa from the pre-processed methylome data. Also the model

comparison for poplar was done by me.
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3 Zusammenfassung

In Pflanzenwird die DNA-Methylierung durch spezialisierteMechanismen aufrechter-

halten. Trotzdem wird der Methylierungsstatus von Cytosinen nicht immer zuver-

lässig über meiotische und mitotische Zellteilungen hinweg beibehalten. Solche

stochastischen Methylierungsgewinne und -verluste, die als "spontane Epimu-

tationen" bezeichnet werden, können sowohl transgenerational als auch soma-

tisch vererbt werden. Dies führt im Laufe der Zeit zu einer Akkumulation im

Pflanzengenom. Die Raten, mit denen einzelne Cytosine (im CG-Kontext) über

Generationen hinweg Methylierung gewinnen und verlieren, wurden zuvor in

verschiedenen Mutationsakkumulationslinien in A. thaliana untersucht, wobei

sich zeigte, dass die Epimutationsraten um 5 Größenordnungen höher sind als die

genetischen Mutationsraten (Gewinnrate = 1, 4 · 10−4 pro Generation pro haploidem

Methylom, Verlustrate = 5, 7 · 10−4, genetische Mutationsrate = 7 · 10−9 [Sha+20]).
Da jedoch funktionell relevante Effekte wie phänotypische Variation und Tran-

skriptionsaktivität im Allgemeinen mit Methylierungsänderungen in größeren

Genomregionen und nicht in einzelnen Cytosinen in Verbindung gebracht werden,

haben wir versucht, solche Epimuationsraten auf Regionsebene für A. thaliana zu
berechnen (siehe Kapitel 5 [DJC21]). Um funktionell aussagekräftige Epimutation-

sraten für Cytosin-Cluster zu untersuchen, die auch über verschiedene MA-Linien

hinweg vergleichbar sind, haben wir das A. thaliana-Methylom in Methylierung-

seinheiten auf Grundlage des A. thaliana-Referenzgenoms und nicht auf Grundlage

von Methylierungsdaten segmentiert. Ausgehend von der Beobachtung, dass die

Korrelation der Methylierungsniveaus zwischen zwei Cytosinen mit dem Abstand

(gemessen in Basenpaaren) zwischen diesen Cytosinen skaliert, wurden Regionen

durch Zusammenfassen von nahe beieinander liegenden Cytosinen konstruiert.

Ausgehend vom geringsten Abstand wurden die Cytosine iterativ mit ihren benach-

barten Cytosinen (oder bereits verketteten Clustern von Cytosinen) verkettet, bis

die Größe dieser Cluster bzw. der Abstand zwischen ihnen einen Schwellenwert

von 185 Basenpaaren erreichte. So konnten wir zeigen, dass die Epimutationsraten

in der Region in der gleichen Größenordnung lagen wie die Epimutationsraten

auf Cytosin-Ebene, wenn auch etwas niedriger (Gewinnrate = 1, 2 · 10−4, Ver-
lustrate = 4, 6 · 10−4). Diese Epimutationsraten waren nur geringfügig von der

Größe und Dichte der Cytosinregionen abhängig, aber stark von den genomischen

Eigenschaften. Konkret akkumulierten sich Epimutationen schnell in Genkörpern,
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während Transposons vergleichsweise wenig Methylierungs-unterschiede zeigten.

Darüber hinaus wiesen Chromosomenarme eine höhere Epimutationsakkumula-

tion auf als zentromerische Regionen, und dieser Trend blieb auch dann bestehen,

wenn Gene und Transposons je nach chromosomaler Herkunft getrennt auf Epimu-

tationen untersucht wurden. Zusätzlich zu den Regionen im CG-Kontext fanden

wir Hinweise darauf, dass auch Regionen mit Cytosinen im Nicht-CG-Kontext auf

genomweiter Ebene Epimutationen akkumulieren. Diese Anhäufung erfolgt jedoch

wesentlich langsamer als im CG-Kontext.

Ergänzend zu den transgenerationalen Epimutationsraten wollten wir auch so-

matische epigenetische und genetische Mutationen untersuchen, die sich im Laufe

des Lebenszyklus einer Pflanze ansammeln (siehe Kapitel 6 [Hof+20]). Insbeson-

dere bei langlebigen mehrjährigen Bäumen ist die Untersuchung des Umfangs

somatischer (Epi-)Mutationen wichtig für das Verständnis wie sich Bäume lokal

anpassen. Hier wurde ein neues Referenzgenom für den Wildtyp von Populus

trichocarpa aus einem Baum mit zwei Hauptstämmen generiert. Das Alter der

verschiedenen Verzweigungspunkte des Baums wurde durch Entnahme von Bohrk-

ernen bestimmt, und an den Enden der Hauptäste wurden Blattproben entnommen.

Aus den Blattproben wurden genomische, epigenomische und transkriptomische

Sequenzierungsdaten gewonnen und zur Quantifizierung von somatischen Mu-

tationen und Epimutationen zwischen den Zweigen sowie zur Abschätzung der

Geschwindigkeit ihrer Akkumulation pro Jahr und pro Generation verwendet. Wir

beobachteten, dass CG-Epimutationen mit Raten in der Größenordnung von 10
−6

pro Jahr akkumulierten (Gewinnrate = 1, 8 · 10−6, Verlustrate = 5, 8 · 10−6), was
bei einer durchschnittlichen Generationsdauer von 15-150 Jahren bei Pappeln auf

CG-Epimutationsraten zwischen 10
−5

und 10
−4

pro Generation schließen lässt. Dies

war - wie bereits anhand von A.thaliana gesehen - um ein Vielfaches höher als die

genetische Mutationsrate mit 1, 33 ·10−10 pro Jahr und 1, 99 ·10−9 pro Generation von
Saatgut zu Saatgut. Darüber hinaus ermittelten wir zwischen den Zweigen vorhan-

dene differenziell methylierte Regionen (DMRs) und unterteilten den verbleibenden

genomischen Raum in Regionen, die der Größenverteilung der DMRs entsprachen.

Die Methylierungsgrade wurden für alle Regionen aggregiert und zur Schätzung der

Epimutationsraten auf Regionsebene verwendet. Wie beiA. thalianawaren auch bei
P. trichocarpa die regionsweisen CG-Epimutationsraten mit 2, 1 · 10−6 (Gewinnrate)
und 6, 1 ·10−6 (Verlustrate) den einzelnen CG-Epimutationsraten sehr ähnlich, lagen

aber etwas höher. Diese Beobachtungen könnten nicht nur darauf hinweisen, dass

Epimutationen und die Geschwindigkeit, mit der diese sich in beiden Pflanzenarten

ansammeln, auf evolutionärer Ebene von genetischen Mutationen entkoppelt sind,

sondern auch darauf, dass diese Epimutationen eine funktionelle Auswirkung auf

den Organismus haben könnten, wenn sich ganze Regionen ändern. Im Fall der

12
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somatischen Epimutationen in P. trichocarpa konnten wir DMRs identifizieren, die

mit der unterschiedlichen Expression eines nahegelegenen Gens korrelierten, auch

wenn insgesamt kein signifikanter Zusammenhang zwischen Transkription und

Methylierung gefunden werden konnte.

Eine weitere Schlussfolgerung, die aus der Ähnlichkeit der Epimutationsraten

bei A. thaliana und P. trichocarpa gezogen werden kann, ist, dass die Rate und das

Spektrum der Epimutationen nicht durch transgenerationale Zellteilungsprozesse,

sondern eher während der somatischen Zellteilung bestimmt werden. Dies wird

auch durch die für verschiedene genomische Annotationen berechneten Epimu-

tationsraten untermauert, die bei A. thaliana und P. trichocarpa ähnlich angeord-

net waren, wobei die Gene am schnellsten Epimutationen anhäufen, während

Transposons am zuverlässigsten erhalten werden, was möglicherweise die unter-

schiedlichen Mechanismen widerspiegelt, durch die die Methylierung an diesen

verschiedenen Genomstrukturen während der Mitose erhalten werden. Darüber

hinaus haben wir gezeigt, wie wir das Gesamtalter des von uns analysierten Baums

vorhersagen können, indem wir die sich stetig akkumulierenden genomweiten

Methylierungsänderungen als epigenetische Uhr verwenden. Durch die Anpassung

des Modells der Epimutationsakkumulation mit verschiedenen Gesamtbaumaltern

fanden wir heraus, dass das Alter des Baums ∼ 330 Jahre betrug, was mit dem

angenommenen Altersfenster von 250 bis 350 Jahren übereinstimmte. Dies deutet

darauf hin, dass genomweite zufällige CG-Epimutationen, die mit einer konstanten

Rate auftreten, dazu verwendet werden können, Alterung zu verfolgen.
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4 Abstract

In plants, DNA methylation is maintained through specialized DNA methylation

maintenance pathways. In spite of this, the methylation status of cytosines is not

always faithfully maintained across meiotic and mitotic cell divisions. Epimutations,

defined as stochastic gains and losses of methylation, may be inherited transgenera-

tionally as well as somatically. The rates at which single cytosines (CG context) gain

and lose methylation over generations have been previously studied in different

mutation accumulation (MA) lines in A. thaliana, showing that epimutation rates

are 5 magnitudes higher than genetic mutation rates (gain rate = 1.4 · 10−4, loss
rate = 5.7 · 10−4 per generation per haploid methylome, genetic mutation rate =

7 · 10−9, see Appendix A [Sha+20]). But since functionally relevant effects linked to

phenotypic variation and transcriptional activity have generally been associated

with methylation changes in larger genomic regions rather than single cytosines,

we have sought to estimate such regions-level epimutation rates for A. thaliana (see
chapter 5 [DJC21]). In order to study functionally meaningful epimutation rates for

clusters of cytosines that would also be comparable across different MA lines, we

segmented the A. thaliana methylome into methylation units on the basis of the A.
thaliana reference genome, rather than methylation data. Based on the observation

that the correlation of methylation levels between two cytosines scales with the

distance (measured in basepairs) between these cytosines, regions were constructed

by aggregating close cytosines. Starting from the lowest distance, cytosines were

iteratively concatenated with their neighboring cytosines (or already concatenated

clusters of cytosines) until the size of these clusters reached a threshold of 185

bp. Using these regions, we were able to show that region-wise epimutation rates

were of the same magnitude as cytosine-level epimutation rates, albeit slightly

lower (gain rate = 1.2 · 10−4, loss rate = 4.6 · 10−4). These epimutation rates were

only marginally dependent of size and density of cytosine regions, but depended

heavily on genomic features. More concretely, epimutations accumulated rapidly in

genes bodies, while transposable elements showed comparatively faithful mainte-

nance. Moreover, chromosome arms showed higher epimutation accumulation than

centromeric regions and this trend held true even when genes and transposable

elements were investigated separately for epimutations specific to chromosomal

location. In addition to the regions in CG context, we found evidence that cytosine
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regions with non-CG context also accumulate epimutations at the genome-wide

scale. This accumulation, however, occurs at much slower rates than in CG context.

To complement the transgenerational epimutations rates, we also aimed to ex-

plore somatic epigenetic and genetic mutations, which accumulate during a plant’s

life cycle (see chapter 6 [Hof+20]). Especially in long-lived perennial trees, inves-

tigating the scope of somatic (epi-)mutations is important for our understanding

of trees capacity for local adaption. In this work a novel reference genome for

wild type Populus trichocarpa was generated from a tree with two main stems. The

ages of different tree branching events were determined through coring, and leafs

were sampled from the ends of the main branches. From the leaf samples, genomic,

epigenomic and transcriptomic sequencing data was obtained and used to quantify

somatic mutations and epimutations between the branches and to estimate how

quickly they accumulated per year as well as per generation. We observed that CG

epimutations accumulated at rates in the magnitude of 10
−6

per year (gain rate =

1.8 · 10−6, loss rate = 5.8 · 10−6), which (assuming an average generation time of

15-150 years in poplar) amounts to per-generation CG epimutation rates between

10
−5

and 10
−4
. This was - as already seen over generations in A. thaliana - multiple

orders of magnitudes higher than the genetic mutation rate at 1.33 · 10−10 per year
and 1.99 · 10−9 per seed-to-seed generation. Furthermore, we established Differen-

tially Methylated Regions (DMRs) present between branches and partitioned the

remaining genomic space into regions that resembled the size distribution of the

DMRs. Methylation levels were aggregated for all regions and used to estimate

region-level epimutation rates. The P. trichocarpa region-level CG epimutation

rates, at 2.1 · 10−6 (gain rate) and 6.1 · 10−6 (loss rate), were also very similar to

the single CG epimutation rates, but were slightly higher, as had been observed in

A. thaliana. These observations did not only indicate that epimutations and the

speed at which they accumulate in both plant species are decoupled from genetic

mutations on an evolutionary scale, but also that these epimutations might have a

functional impact on the organism by emerging in the context of regions. In the

case of the somatic epimutations in P. trichocarpa, we were able to identify DMRs

that correlated with differential expression of a nearby gene, even though globally

a significant association between transcription and methylation could not be found.

Another conclusion that can be drawn from the similarity of epimutation rates in

A. thaliana and P. trichocarpa is that the rate and spectrum of epimutations is not

determined by transgenerational cell division processes but rather during somatic

cell division. This is further underpinned by the epimutation rates calculated for

different genomic features, which were also similarly ordered between A. thaliana
and P. trichocarpa with the genes accumulating epimutations the fastest while

transposable elements are maintained the most faithfully, possibly reflecting the
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distinct pathways maintaining these different features during mitotis. Additionally,

we showed how we could predict the total age of the tree that we analysed by

using the steadily accumulating genome-wide methylation changes as an epige-

netic clock. Through fitting the model of epimutation accumulation with different

total tree ages we found that the age of the tree was ∼ 330 years, which was in

accordance with the hypothesized age window of 250 to 350 years. This suggests

that genome-wide random CG epimutations that occur at a steady rate can be used

to track aging over time.
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