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Thesis Summary  
Plants can retain memories of past stress events, allowing them to launch an induced 

resistance (IR) response to defend against recurring attacks by pests and pathogens. In 

Arabidopsis thaliana (Arabidopsis), the DNA demethylase REPRESSOR OF SILENCING 1 

(ROS1) is essential for effective IR against diverse stress types. Therefore, in this thesis, I 

employ a chemically inducible gene construct for controlled activation of ROS1 to better 

understand the role of DNA (de)methylation in the regulation of immune memory that 

underpins IR. I demonstrate that transient increases in ROS1 activity alone can establish 

immune memory against biotrophic pathogens. This was associated with DNA demethylation 

and reduced small RNA (sRNA) expression in the chromosome arms, along with 

transcriptional activation of genes involved in salicylic acid-mediated defences and the DNA 

damage response pathway. Genome-wide identification of genes with promoter regions 

targeted for ROS1-mediated DNA demethylation uncovered master regulators of both 

pathways. 

Further characterisation of the epigenetic changes associated with this ROS1-driven 

immune memory revealed a contrasting increase in DNA methylation and sRNA accumulation 

in (peri)centromeric regions of the genome. Chemically inhibiting DNA methyltransferases that 

facilitate DNA (re)methylation in these regions prolonged ROS1-driven immune memory and 

enhanced the associated IR phenotypes against a bacterial pathogen. Thus, regulation of DNA 

methylation in the (peri)centromeric regions may function to balance the establishment, 

maintenance, and erasure of immune memory in Arabidopsis. 

Finally, I show that altering the developmental stage and frequency of ROS1 induction 

can cause unique genome-wide DNA (de)methylation patterns and corresponding stress-

specific IR phenotypes. Therefore, a single DNA demethylase, ROS1, can generate stress-

specific epigenetic immune memory against diverse stress types. Overall, the results and the 

(epi)genetic tools developed in this thesis lay a solid foundation for further research into the 

epigenetic control of plant-environment interactions and the future utilisation of immune 

memory in crop protection schemes.  
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1.1 The Impact of Plant Diseases on Society and the Environment  

Plant pests and diseases have profound impacts on food security, biodiversity, and 

economic resources. Globally, 45% of food loss can be contributed to pest and pathogen 

infestations (FAO, 2022). Examples of historic outbreaks include the spread of the potato 

pathogen Phytophthora infestans, which causes potato late blight, and lead to the Irish Potato 

Famine in the 1840s, which drove mass emigration from Ireland and the death of 

approximately 1 million people (Yoshida et al., 2013). Additionally, in the first half of the 20th 

century, the fungal pathogen Fusarium oxysporum f. sp. cubense (Foc) race 1, which causes 

Fusarium wilt in banana (also known as Panama disease), entirely collapsed the export trade 

of ‘Gros Michel’ bananas, which were the dominant export variety at the time (Ploetz, 2005). 

As a result, plantations were forced to switch a more resistant variety of banana from the 

‘Cavendish’ subgroup, which comprises over 50% of global banana production today (Lescot, 

2020). However, newly emerging causal agents of Fusarium wilt once again threaten the 

global production of Cavendish bananas (Ploetz, 2006; Roberts et al., 2024). More recently, 

ash dieback, caused by the fungal pathogen Hymenoscyphus fraxineus, has spread rapidly 

throughout Europe since the 1990s, and has killed up to 85% of European ash (Fraxinus 

excelsior) in some woodlands. In Britain alone, this has an estimated economic cost of £14.8 

billion (Coker et al., 2019; Combes et al., 2024). Furthermore, no tree species have been 

identified which can replace the ecosystem function of European ash, thus posing a severe 

ecological crisis in Europe (Mitchell et al., 2016).  

As human-driven climate change worsens, extreme weather events and shifting 

temperatures are expected to increase the severity and spread of plant pests and diseases, 

potentially leading to even greater crop losses (Bebber, 2015; Delgado-Baquerizo et al., 2020; 

Ristaino et al., 2021; Chaloner et al., 2021; Singh et al., 2023). For instance, between 2018 

and 2019, a series of extreme weather events affecting East Africa created favourable 

conditions for the desert locust (Schistocerca gregaria) to swarm. As a result, from 2019 and 

2022, Kenya experienced one of its worst desert locust infestations in over 70 years, affecting 

approximately 20% of the country’s land surface and damaging over 190,000 km2 of cropland 

(Salih et al., 2020; Kimathi et al., 2020; Liu et al., 2024).  

Current management of pests and diseases heavily relies on the use of chemical 

pesticides. In 2022 alone, 3.7 million tonnes of pesticides were used in agriculture (FAO, 2024), 

which can have harmful effects on human health and environment (Nicolopoulou-Stamati et 

al., 2016; Sharma et al., 2019; Tang et al., 2021; Gerken et al., 2024). To reduce the persistent 

and widespread application of chemical pesticides, and to counteract the emergence and 

spread of pests and diseases, protection strategies that provide, enhance, or activate internal 
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plant defence mechanisms need to be developed. The introduction of resistance in crop 

varieties can be achieved through breeding programmes, genetic engineering, and/or genetic 

modification (Hickey et al., 2019; Jones et al., 2024; Sundström et al., 2024). However, many 

genetic resistance breeding initiatives focus on the introgression of single resistance (R) genes, 

which offer a narrow range of protection against selected isolates of biotrophic pathogens. 

Moreover, in monoculture systems, this genetically determined disease resistance can exert 

significant selective pressure on diseases to evolve mechanisms that evade these resistance 

genes (Mundt, 2014; Hickey et al., 2019). Therefore, by advancing our understanding of the 

plant immune system beyond the genetic basis and functioning of R genes, we can develop 

new strategies that aim to enhance broader internal defence mechanisms of plants. 

Consequently, these approaches can be integrated with the selection and ‘stacking’ of 

conventional R genes to develop more resilient and sustainable crops that are better equipped 

to withstand diverse pests and diseases.   

 

1.2 Overview of the Plant Immune System 

1.2.1 Innate Immunity  

To survive in their natural environment, plants rely on their immune system for 

protection against pests and diseases. The plant immune system includes a multifaceted 

innate component, which is genetically determined, as well as an adaptive component, which 

is shaped by environmental influences. Unlike animals, where innate and adaptive immunity 

are governed by distinct mechanisms and specialised cell types, the innate and adaptive 

components of the plant immune system are tightly intertwined (Jones and Dangl, 2006; 

Mauch-Mani et al., 2017).  

In addition to constitutively active mechanisms, the plant’s innate immune system can 

detect danger signals from the environment, triggering chemical and mechanical defences to 

mitigate the onset of stress (Wilkinson et al., 2019). These defence-eliciting signals are 

typically molecules derived from the attacking organism itself (non-self recognition; Bigeard et 

al., 2015; Boutrot and Zipfel, 2017), or molecules that are produced as a consequence of 

cellular damage (damaged-self recognition; Li et al., 2020). The resulting pattern-triggered 

immunity (PTI) protects against the majority of potentially harmful organisms and involves a 

multitude of signalling mechanisms, including pattern recognition receptors (PRRs; Macho 

and Zipfel, 2014) and phytohormones (Pieterse et al., 2012). The two most extensively studied 

phytohormones involved in plant immunity are jasmonic acid (JA) and salicylic acid (SA). JA-

dependent defences are mostly effective necrotrophic pathogens and herbivores, whereas 
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SA-dependent defences facilitate defence against (hemi-)biotrophic pathogens (Glazebrook, 

2005; Pieterse et al., 2012). 

Specialised attackers have evolved strategies to suppress PTI by deploying effector 

molecules that supress defence signalling and contribute to pathogen virulence. In response, 

plants have evolved specific R genes that encode R proteins – usually nucleotide-binding, 

leucine-rich repeat (NLR) proteins (Jones et al., 2016) – that detect immune-suppressive 

effectors either through direct interaction or by “guarding” internal proteins (Remick et al., 2023; 

Jones et al., 2024). In the latter case, R proteins detect alterations made by the effector to its 

target protein, thereby triggering an immune response (Remick et al., 2023). The resulting 

effector-triggered immunity (ETI) provides strong protection against attackers, often leading to 

localised cell death in the affected area, known as the hypersensitive response (HR) (Jones 

and Dangl, 2006). This effectively hinders the invasion of biotrophic attackers that depend on 

living tissue for survival. However, plant NLR proteins have been shown to have roles in 

defending against a range of taxonomically diverse organisms, including viruses, bacteria, 

fungi, oomycetes, parasitic plants, and herbivores (Ngou et al., 2022).  

Whilst PTI and ETI have historically been considered distinct components of the innate 

immune system, two landmark reports using chemically inducible gene constructs and the 

Arabidopsis thaliana – Pseudomonas syringae pv. tomato DC3000 (Arabidopsis-Pst) 

pathosystem have demonstrated that ETI works, in part, by potentiating PTI (Ngou et al., 2021; 

Yuan et al., 2021). Two key findings from these independent studies are: (1) ETI cannot be 

effectively established in Arabidopsis plants with mutations in core PTI receptor genes; and 

(2) chemically induced expression of the AvrRpt2 effector alone does not result in HR and 

triggers weak or absent defence responses, such as ROS production or callose deposition. 

However, induced AvrRpt2 significantly enhances PTI responses when plants are 

simultaneously exposed to the pathogen-associated molecular pattern (PAMP) flagellin 22 

(flg22) resulting in HR phenotypes (Ngou et al., 2021; Yuan et al., 2021). Thus, PTI is required 

for effective ETI responses and is the driving force preventing pathogen invasion in 

Arabidopsis (Jones et al., 2024). Interestingly, ETI is also required for effective PTI, as 

Arabidopsis plants with mutations in NLR-encoding genes have weaker PTI responses to flg22 

(Tian et al., 2021). Therefore, PTI and ETI are tightly intertwined and involve mutually 

dependent components in the plant’s innate immune system that functions as an essential 

and immediate defence barrier against harmful organisms. 

When an NLR gene fails to recognise an attacker, PTI and/or ETI may be supressed 

to a lower basal level that is insufficient to prevent disease or infestation. However, this 

reduced response can still help slow down the colonisation of a wide range of attackers, and 
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is known as basal or quantitative resistance (Poland et al., 2009; Corwin and Kliebenstein, 

2017; Wilkinson et al., 2019).  

1.2.2 Induced Resistance: a Form of Plant Adaptive Immunity 

Genetically susceptible plants can respond to biotic stress by raising their pre-existing 

level of innate and/or basal immunity. This acquired/induced resistance (AR / IR) is a form of 

phenotypic plasticity as it allows the plant to change its defence phenotype in response to 

specific environmental signals. Accordingly, the mechanisms that facilitate IR are regarded as 

the adaptive component of the plant immune system (Mauch-Mani et al., 2017; De Kesel et 

al., 2021). IR is usually systemic and can be triggered by a variety of stimuli, including 

pathogen-associated molecular patterns (PAMPs), herbivore-induced volatiles from 

neighbouring plants, root colonization by beneficial microbes, and the application of synthetic 

chemicals (Prime-A-Plant Group et al., 2006; Heil and Ton, 2008; Pieterse et al., 2014; Yassin 

et al., 2021). In most cases, IR develops after an initial burst of immune activity resulting in 

prolonged up-regulation of inducible genes (“induced constitutive response”) and/or increased 

transcriptional sensitivity of defence genes (“induced primed response”) (Figure 1.1a) (Prime-

A-Plant Group et al., 2006; Reimer-Michalski and Conrath, 2016; Wilkinson et al., 2019). 

Following the recovery from this initial burst of activity, the phase in which plants sustain 

constitutive defence activation or ‘remember’ to mount a faster and/or stronger response to 

subsequent stress represents a period of effective immune memory (Figure 1.1b). In contrast, 

induced resistance (IR) refers to the actual defensive response, such as enhanced resistance, 

which occurs when the plant encounters a second stress (e.g., pathogen attack) after having 

established immune memory. Below, I explore the factors and mechanisms that drive the 

establishment, maintenance, and eventual erasure of immune memory in plants. 

While IR can reach full protection if the defence response is activated before effector-

driven immune suppression by the attacker, it generally offers partial protection, slowing down 

the colonisation of pests or pathogens (Ahmed et al., 2011). Well-known examples of IR 

responses include systemic acquired resistance (SAR), where whole-plant immunity is 

heightened following a localised pathogen attack, and induced systemic resistance (ISR), 

where plants become more resistant to pathogens following colonisation of roots by plant-

beneficial microbes (Fu and Dong, 2013; Pieterse et al., 2014). However, since IR primarily 

involves the amplification of PTI responses (Prime-A-Plant Group et al., 2006; Reimer-

Michalski and Conrath, 2016; Wilkinson et al., 2019), distinguishing the pathways and 

mechanisms controlling IR from those of innate immunity is challenging. For instance, IR could 

be considered a backup mechanism for NLR-mediated ETI, which also enhances PTI to 

counteract pathogen success (Ngou et al., 2021; Yuan et al., 2021). Despite this, some IR-
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specific mechanisms and pathways have been described. For example, Arabidopsis plants 

infected with pathogens show strong up-regulation of FLAVIN-DEPENDENT 

MONOOXYGENASE 1 (FMO1), which encodes a protein that catalyses the biochemical 

conversion of pipecolic acid (Pip) into N-hydroxypipecolic acid (NHP). NHP is a mobile 

compound which transcriptionally amplifies immune signals and is thus an essential regulator 

of SAR (Hartmann et al., 2018; Y.-C. Chen et al., 2018; Yildiz et al., 2021). Furthermore, as 

mentioned above, IR has a distinct temporal aspect that necessitates mechanisms governing 

immune memory (Figure 1.1b). Therefore, while epigenetic mechanisms contribute to different 

forms of plant immunity, a growing body of evidence highlights their particular importance and 

specific roles in immune memory and IR, which will be discussed in more detail below (Luna 

et al., 2012, 2014; Rasmann et al., 2012; López Sánchez et al., 2016; Wilkinson et al., 2023; 

Gallusci et al., 2023; Sheikh et al., 2023; Lee et al., 2023; Harris et al., 2023).  
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Figure 1.1 Schematic representing the transcriptional responses associated with stress memory. 
(a) Transcriptional responses of inducible defence-related genes to environmental stress (“stress”; 
black arrow) in naïve plants (grey line; top graph) and plants that have established stress memory 
(orange lines; bottom graph). Upon exposure to a stimulus (grey arrow) that mimics or triggers a non-
lethal stress response (e.g., localised infection, mild abiotic stress, immune-stimulating chemicals), 
stress memory genes either show prolonged upregulation following induction (light orange; “induced 
constitutive response”), or a faster and/or stronger transcriptional induction upon secondary exposure 
to stress (dark orange; “induced primed response”). ‘Induced constitutive’ and ‘induced primed’ 
transcriptional responses are also referred to as type I and type II transcriptional memory (Bäurle, 2018; 
Oberkofler et al., 2021). (b) Model representing the distinct phases of immune memory: onset (green), 
maintenance (maintenance), and eventual erasure (pink). Immune memory is defined as the period 
between the recovery phase of plants exposed to a memory-inducing stimulus (grey arrow) and 
subsequent stress (black arrow), during which defence-related genes either maintain prolonged 
upregulation or retain the capacity to launch a primed transcriptional response to stress.  
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1.3 Plant Epigenetics: an Overview of the Main Mechanisms  

The meaning of the term ‘epigenetics’ has changed since it was first used by 

Waddington in 1942, who defined epigenetics as the mechanisms by which genes and their 

products determine phenotypes (Waddington, 1942). Today, epigenetics is more commonly 

defined as the study of changes in gene function that are mitotically and/or meiotically stable, 

and that occur independently of changes in DNA sequence (Armstrong, 2014). However, the 

term is also used to describe chromatin and/or DNA modifications that are not strictly heritable 

(Crisp et al., 2016; Wilkinson et al., 2019). Thus, I broadly define epigenetic mechanisms here 

as the cellular processes responsible for these modifications, without a strict requirement of 

heritability. 

1.3.1 Different Forms of DNA Methylation in Plants 

DNA methylation at the carbon 5 position (C5) of the pyrimidine ring of the DNA base 

cytosine (C), resulting in the formation of 5-methylcytosine (5mC), is one of the most 

extensively studied epigenetic mechanisms in plants. This modification plays a critical role in 

repressing the activity of transposable elements (TEs), invading viral DNA, and other 

potentially harmful genetic elements (Erdmann and Picard, 2020). Other forms of DNA 

methylation include N6-adenine (6mA) and 4-methylcytosine (4mC), which have only recently 

gained attention in plant research due to technological advancements that allow for improved 

detection and genome-wide mapping of these modifications (Liang et al., 2018; Zhang et al., 

2018; Walker et al., 2021; Kong et al., 2022; Y. Zhang et al., 2023). However, as 5mC is the 

most abundant and well-characterised form of DNA methylation in plants, I will focus this 

introduction on 5mC and refer to it below as DNA methylation for simplicity.  

1.3.2 RNA Directed DNA methylation (RdDM) 

In plants, DNA methylation occurs at three different sequence contexts: CG, CHG, and 

CHH (H = bases A, T, or C). De novo DNA methylation is primarily established at unmethylated 

sequences by an RNA-dependent DNA methylation (RdDM) pathway, which is mechanistically 

connected to post-transcriptional gene silencing (PTGS). This pathway involves small RNAs 

(sRNAs), whose production is dependent on RNA polymerase II (Pol II), and can thus be 

referred to as Pol II-dependent RdDM (Cuerda-Gil and Slotkin, 2016; Erdmann and Picard, 

2020; Sigman et al., 2021). During this process, Pol II actively transcribes a genetic element 

in the genome, such as a transposable element (TE) or foreign transgene (Panda and Slotkin, 

2020). The resulting single-stranded RNA (ssRNA) transcripts are then recognized and 

converted into double-stranded RNAs (dsRNAs) by RNA-dependent RNA polymerase 6 
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(RDR6), which are subsequently processed by DICER-LIKE proteins (DCL1-4) to produce 21–

24-nucleotide (nt) sRNAs (Cuerda-Gil and Slotkin, 2016; Erdmann and Picard, 2020; Sigman 

et al., 2021). These sRNAs, primarily those of 21–22 nt in size, are loaded onto ARGONAUTE 

1 (AGO1), which reinforces the degradation of TE transcripts and subsequent production 

sRNAs (Matzke and Mosher, 2014; Cuerda-Gil and Slotkin, 2016). Simultaneously, some 21, 

22, or 24-nt sRNAs are loaded onto members of the AGO4-clade protein family (AGO4, AGO6, 

or AGO9), which, by sequence complementarity, direct RNA polymerase V (Pol V) to Pol II-

transcribed genomic regions (Sigman et al., 2021). This recruitment can occur either in cis (at 

the same locus) or in trans (at a different locus, such as TEs from the same family). The Pol 

V recruitment triggers the production of scaffold transcripts that interact with sRNA-loaded 

AGO4-clade proteins, facilitating the recruitment of DOMAINS REARRANGED 

METHYLTRANSFERASE 2 (DRM2) and localised deposition of de novo DNA methylation 

(Erdmann and Picard, 2020; Sigman et al., 2021). Upon activation, Pol V is continually 

recruited by SUPPRESSOR OF VARIEGATION 3-9 HOMOLOG 2 (SUVH2) and SUVH9, 

which bind to existing DNA-methylated regions, and so form a self-perpetuating cycle of RdDM 

(Liu et al., 2014; Johnson et al., 2014). Furthermore, DNA methylation interacts with other 

histone-modifying enzymes to help establish a transcriptionally repressive heterochromatic 

environment (see Section 1.3.5 below) (Du et al., 2015; Fang et al., 2022). Once de novo 

RdDM has established, sRNA biogenesis from Pol II diminishes, and Pol IV is recruited to the 

heterochromatic RdDM regions (Law et al., 2013). Transcripts produced by Pol IV are 

converted into dsRNAs by RDR2, which are further cleaved by DICER-LIKE 3 (DCL3) into 24-

nt sRNAs. Similar to Pol II-dependent RdDM, these 24-nt sRNAs associate with AGO4-clade 

proteins to recruit Pol V and DRM2, facilitating the deposition of DNA methylation (Matzke and 

Mosher, 2014; Cuerda-Gil and Slotkin, 2016; Erdmann and Picard, 2020; Sigman et al., 2021). 

Taken together, Pol II- and Pol IV-dependent RdDM are important mechanisms driving the 

initiation and reinforcement of DNA methylation in plant genomes, respectively. 

1.3.3 DNA Methyltransferases 

Plants have evolved distinct DNA methyltransferases that establish and maintain DNA 

methylation in different cytosine contexts (Chen and Li, 2004; Goll and Bestor, 2005). DRM2, 

as discussed in the previous paragraph, mediates de novo DNA methylation via the RdDM 

pathway in all sequence contexts, but has a preference for CHH and CHG substrates (Cao 

and Jacobsen, 2002; Stroud et al., 2013; Fang et al., 2021). The methyltransferase DRM1 is 

a close paralog to DRM2 but is only expressed at very specific stages of sexual reproduction 

(Jullien et al., 2012). In contrast, METHYLTRANSFERASE 1 (MET1) and 

CHROMOMETHYLASE 3 (CMT3) maintain DNA methylation in CG and CHG contexts, 
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respectively (Jean Finnegan and Dennis, 1993; Lindroth et al., 2001; Kankel et al., 2003; Fang 

et al., 2022). Whereas CMT2 maintains DNA methylation in CHH contexts, and to a lesser 

extent CHG contexts (Stroud et al., 2014). In some cases, these methyltransferases also have 

the capacity to initiate de novo DNA methylation at certain genomic loci in an RdDM-

independent manner (Zubko et al., 2012; Du et al., 2012; Stroud et al., 2014; Yaari et al., 2019). 

Whilst CMT2 and RdDM-directed DRM2 activity both contribute to CHH methylation in the 

genome, CMT2 is mostly restricted to long heterochromatic TEs that reside near the 

centromeres (pericentromeres), whereas RdDM-directed DRM2 predominantly targets short 

TEs embedded in the chromosome arms (Zemach et al., 2013; Harris et al., 2024). 

Mechanistically, the histone variant H1 restricts access of the RNA-directed DNA methylation 

(RdDM) machinery to pericentromeric regions; however, this restriction can be circumvented 

by DNA methyltransferases through the action of the nucleosome remodeler DEFECTIVE IN 

RNA-DIRECTED DNA METHYLATION 1 (DDM1) (Zemach et al., 2013; Harris et al., 2024).  

1.3.4 DNA Demethylation by DNA Demethylases 

To prevent the spread of DNA methylation from target TEs to neighbouring gene 

sequences, bifunctional 5-methylcytosine (5mC) DNA glycosylase/lyases in plants catalyse 

the first steps in a base excision repair pathway which results in active demethylation of 

cytosines (Zhang et al., 2022). There are four 5mC DNA glycosylase/lyases in Arabidopsis: 

REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME), DEMETER-LIKE 2 (DML2), and 

DML3. Of these, ROS1 is the most highly expressed DNA demethylase (Zhang et al., 2022) 

and actively antagonises RdDM at gene-TE boundaries in vegetative tissues (Tang et al., 2016; 

Schumann et al., 2017; Halter et al., 2021). The ROS1 gene itself is under positive 

transcriptional control by RdDM (Lei et al., 2015; Williams et al., 2015), creating a negative 

feedback loop to ensure tight homeostasis of DNA methylation in the genome, known as the 

‘methylstat’ . Unlike the other DNA demethylases in Arabidopsis, DME is essential for the 

development of gametophytes, and consequently, dme mutants have a seed-abortion 

phenotype (Choi et al., 2002; Schoft et al., 2011; Park et al., 2017). DME is also expressed in 

vegetative tissues but has a smaller influence on genome-wide DNA methylation patterns 

compared to ROS1 (Zeng et al., 2021). Likewise, DML2 and DML3 are expressed moderately 

in vegetative tissues, and have a partially redundant role with ROS1, although some studies 

suggest unique targets for DML2/3 compared to ROS1 (Ortega-Galisteo et al., 2008; Zhang 

et al., 2022; Kong et al., 2022). Across the plant kingdom, DME and ROS1 are evolutionary 

conserved, with paralogous genes present in algae through to higher flowering plants (Pei et 

al., 2019). In contrast, DML2 is only found in some dicots, whereas DML3 is limited to dicots 

and monocots (Pei et al., 2019).  
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1.3.5 Histone Variants and Chromatin Remodelers 

Enzymatic activities that alter chromatin states are considered epigenetic mechanisms, 

as the resulting changes can influence gene expression and be inherited during cell division 

(Henikoff et al., 2004; Borg et al., 2021; Jamge et al., 2023). Chromatin density plays a crucial 

role in transcriptional activity, as it controls the accessibility of DNA to transcription factors. 

Heterochromatin consists of tightly packed, transcriptionally silent regions of the genome, 

often associated with repetitive sequences and TEs, whereas euchromatin is less dense and 

enriched with transcriptionally active genes (Jacob et al., 2009; Ruiz-Velasco and Zaugg, 

2017). Chromatin density is dependent on the distribution and composition of nucleosomes 

(Jamge et al., 2023), each of which consists of two copies of four histone proteins (H2A, H2B, 

H3, H4), wrapped by ~147 bp of DNA (Luger et al., 1997). These nucleosomes are connected 

by variable stretches of internucleosomal DNA associated with linker histone H1 (Rutowicz et 

al., 2019). Chromatin remodelling complexes (CRCs) can break histone-DNA contacts using 

adenosine triphosphate (ATP) to assemble, edit, and redistribute nucleosomes (Han et al., 

2015; Clapier et al., 2017). Eukaryotic CRCs include four major families based on their 

catalytic ATPase subunit: SWItch/Sucrose Non-Fermentable (SWI/SNF), imitation SWI (ISWI), 

chromodomain and helicase-like domain (CHD), and Inositol Requiring 80 (INO80) 

(Bhadouriya et al., 2021).  

Histone variants and their post-translational modifications (PTMs) shape the chromatin 

landscape in plants (Jamge et al., 2023) both directly and indirectly through interactions with 

other epigenetic machinery such as DNA methyltransferases (see Section 1.3.5 below) (Du et 

al., 2015). These PTMs include phosphorylation, ubiquitination, SUMOylation, acetylation and 

methylation, collectively known as the histone code (Bannister and Kouzarides, 2011). Many 

histone PTMs have been linked to changes in chromatin density. Among these, lysine (K) 

acetylation (ac) and methylation (me) on histone variant 3 (H3) are commonly used as 

indicators of chromatin state: H3K9me and H3K27me are markers of heterochromatin, 

whereas H3K9ac, H3K4me, and H3K36me2/3 are associated with transcriptionally active 

chromatin (Xiao et al., 2016).  

1.3.6 Interactions Between Histone Methylation and DNA Methylation 

Histone modifications and DNA methylation share regulatory links that ensure robust 

chromatin density regulation in plants. For instance, the H3K9 methyltransferases SUVH4 

(KRYPTONITE/KYP), SUVH5, and SUVH9 recognize non-CG DNA methylation and catalyse 

the addition of H3K9me1/2 to nearby histones (Du et al., 2015). Reciprocally, DNA 

methyltransferases CMT2 and CMT3 bind directly to H3K9me1/2, adding non-CG DNA 
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methylation to these regions (Stroud et al., 2014; Du et al., 2015; Fang et al., 2022). This 

mutual interaction creates a reinforcing loop between the two epigenetic marks, and thus, 

establishing/maintaining a stable heterochromatic state. 

Another key player in this co-regulation is the gene INCREASE IN BONSAI 

METHYLATION 1 (IBM1), which demethylates H3K9me2 in gene regions to protect them from 

transcriptional silencing (Saze et al., 2008; Miura et al., 2009; Yinwen Zhang et al., 2024). 

DNA methylation within IBM1's 7th intron, however, is essential for producing the full-length 

functional transcript (IBM1-L). This process is regulated by the INCREASE IN BONSAI 

METHYLATION2 / ASI1-IMMUNOPRECIPITATED PROTEIN1 / ENHANCED DOWNY 

MILDEW2 (IBM2/AIPP1/EDM2) protein complex (To et al., 2015; Duan et al., 2017) (Figure 

1.2). EDM2 directly binds to H3K9me2 marks found in heterochromatic introns, including the 

7th intron of IBM1, where it forms a protein complex with the RNA-binding proteins IBM2 and 

AIPP1 (Saze et al., 2013; Tsuchiya and Eulgem, 2013, 2014; Wang et al., 2013; Duan et al., 

2017). Consequently, the IBM2/AIPP1/EDM2 complex prevents access of another RNA 

binding protein, FPA, which regulates the transcription termination site choices of many 

mRNAs in Arabidopsis, thus allowing for the long functional transcript of IBM1 (IBM1-L) to be 

transcribed (Duc et al., 2013; Deremetz et al., 2019; Smith, 2019) (Figure 1.2a). As a result, 

loss of DNA methylation and H3K9me2 in the 7th intron of IBM1 disrupts the association with 

the IBM2/AIPP1/EDM2 complex resulting in FPA-dependent premature polyadenylation of 

IBM1, resulting in short non-functional transcripts (IBM1-S) (Figure 1.2b) (Saze et al., 2008; 

Miura et al., 2009; Rigal et al., 2012; Deremetz et al., 2019; Smith, 2019; Yinwen Zhang et al., 

2024). This can result in a feedback loop, whereby increased levels of IBM1 protein result in 

the suppression of IBM1-L expression by removing the H3K9me2 marks in this intronic region, 

leading to more IBM1-S expression (Figure 1.2b). Subsequently, there is a decrease in IBM1 

protein level and thus, a passive increase in H3K9me2 and DNA methylation marks across 

the genome, including at this intronic region (Figure 1.2c). This consequently restores 

functional IBM1-L expression and the production of IBM1 protein (Figure 1.2a). Thus, this 

intronic region acts as a regulatory sensor of heterochromatin by modulating the balance of 

its own transcript isoforms (Figure 1.2). Furthermore, despite sequence divergence across 

species, intronic DNA methylation in IBM1 is evolutionarily conserved across flowering plants, 

underscoring its critical role in regulating chromatin accessibility (Yinwen Zhang et al., 2024).  
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Figure 1.2 Gene model illustrating the transcriptional regulation of IBM1 by H3K9me2 and DNA 
methylation.  
(a) Recognition of intronic heterochromatin marks (DNA methylation and H3K9me2) in the 7th intron of 
IBM1 by the IBM2/AIPP1/EDM2 complex is essential for generating full length IBM1 transcripts (IBM1-
L) as it repels FPA-dependent premature polyadenylation (Duan et al., 2017; Deremetz et al., 2019). (b) 
As IBM1 functions as a genic H3K9me2 demethylase, it negatively regulates its own expression by 
removing the marks required for IBM2/AIPP1/EDM2 complex recruitment (Tsuchiya and Eulgem, 2014). 
Thus, FPA promotes the premature polyadenylation of IBM1 resulting in short non-functional IBM1 
transcripts (IBM1-S) and a non-functional protein. (c) Consequently, H3K9me marks and DNA 
methylation are passively restored in IBM1-targeted regions by KYP and CMT3, respectively. 
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1.3.7 Non-coding RNAs 

Non-coding RNA (ncRNA) activities are often considered epigenetic mechanisms because 

they regulate processes like DNA methylation, histone modifications, and the 

transcriptional/translational activity of genes (Statello et al., 2021). NcRNAs can be divided 

between small RNAs (sRNAs; <30 nt), such as miRNAs and siRNAs (Zhan and Meyers, 2023), 

and long ncRNAs (lncRNAs; >200-nt) (Kapranov et al., 2007). Both siRNAs and miRNAs can 

coordinate post-transcriptional gene silencing (PTGS) through association with AGO proteins, 

resulting in mRNA cleavage or translational repression at the endoplasmic reticulum. 

Furthermore, sRNAs can associate with AGO proteins to direct transcriptional gene silencing 

(TGS) via RdDM pathways, although this is primarily coordinated by siRNAs and rarely 

miRNAs (Cuerda-Gil and Slotkin, 2016; Zhan and Meyers, 2023). In plants, long non-coding 

RNAs (lncRNAs) are primarily transcribed by Pol II and Pol V. Furthermore, Pol IV is known 

to generate 30-40 nt siRNA precursor transcripts that are occasionally referred to as lncRNAs, 

although they do not fit the aforementioned description of sRNAs (<30 nt) nor lncRNAs (>200nt) 

(Wang and Chekanova, 2017; Kornienko et al., 2024). The expression of lncRNAs in 

Arabidopsis is controlled by other epigenetic marks, with most of the natural variation in 

lncRNA transcription in natural accessions of Arabidopsis originating from intergenic regions, 

which may act to reinforce TE (re)silencing (Kornienko et al., 2024). LncRNAs have diverse 

roles in regulating chromatin density, and gene expression. For example, lncRNAs produced 

by both Pol II and Pol IV are an important source of 21-24 nt sRNAs that mediate RdDM and 

transcriptional silencing through interaction with nascent Pol V derived lncRNAs (Cuerda-Gil 

and Slotkin, 2016; Sigman et al., 2021). However, recent work done in Arabidopsis has also 

reported that Pol V derived lncRNAs can have a direct influence on defence gene expression 

independently of RdDM which is associated with positive regulation of basal resistance against 

both Botrytis cinerea and Spodoptera exigua (Yuan et al., 2024). This may be driven by the 

fact that lncRNAs can directly interact with chromatin modifiers, allowing them to manipulate 

gene expression both in cis and in trans (Wang and Chekanova, 2017; Statello et al., 2021). 

Finally, lncRNAs can also stimulate gene expression by acting as a decoy/sponge of miRNAs 

and siRNAs that drive PTGS and TGS, respectively (Franco-Zorrilla et al., 2007; Wu et al., 

2013; Wang and Chekanova, 2017). 

1.3.8 The Heritability of Epigenetic Marks in Plants 

Changes in epigenetic states, driven by the mechanisms described above, can vary in 

their stability, enabling phenotypic plasticity in plants across generations. Paramutations offer 

an example of highly stable epigenetic modifications that are stable across both mitotic and 

meiotic cell divisions. Paramutations occur when a silent epigenetic state of one allele causes 
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epigenetic silencing of another allele independently of DNA sequence, resulting in non-

Mendelian inheritance of traits. For example, in maize, the expression of a transcription factor 

gene, booster 1 (b1), which promotes anthocyanin production, is negatively regulated by silent 

epigenetic marks at a distal region upstream of b1 (Hollick, 2017). When plants expressing b1 

are crossed with those not expressing b1, all heterozygous plants lack expression. 

Furthermore, even after backcrossing heterozygous F1 plants with b1-expressing parental 

plants, all F2 progeny are silenced for b1 (Chandler, 2007). Genetic screens have 

demonstrated that establishment of this paramutation is dependent on the presence of 

functional RdDM machinery, indicating that sRNAs from one allele direct DNA methylation at 

the other allele in trans by sequence complementarity (Arteaga-Vazquez et al., 2010; Hollick, 

2017). However, sRNA accumulation alone is not sufficient to cause paramutation at b1 

indicating that other silencing marks are likely involved (Arteaga-Vazquez et al., 2010). More 

recent work characterising the sulfuera (sulf) paramutation in tomato demonstrated that 

paramutation can occur independently of RdDM and instead requires CMT3 and KYP 

orthologs (Gouil et al., 2016; Martinho et al., 2022). This points towards a mechanism whereby 

RdDM may be required to initiate paramutation, but other factors such as CMT3/KYP-

orthologs are required to drive transcriptional silencing and thus the maintenance/memory 

phase of paramutation (Martinho et al., 2022). 

Maintaining epigenetic marks over a generation, as in the case with paramutation, 

requires active propagation of silencing epigenetic marks during reproduction. This is also 

essential to stably repress potentially harmful mobile genetic elements, such as TEs, across 

generations. During male gametogenesis, gametes are encased by asexual sporophytic cells 

at various stages of development, which have no genetic contribution to the final sperm cell 

but are critical for transmitting epigenetic information to the subsequent generation (Chow and 

Mosher, 2023). In Arabidopsis, the vegetative cell, which encases mature sperm cells, has 

reduced genome-wide levels of DNA methylation and increased transcriptional activity of TEs, 

which is caused by the downregulation of DDM1 and the upregulation of DME and ROS1. The 

sRNAs derived from these activated TEs are able to mediate RdDM-dependent silencing of 

loci in sperm cells, thus ensuring stable repression of TEs in the next generation (Slotkin et 

al., 2009; Tirot and Jullien, 2022). Likewise, mobile 24 nt sRNAs produced in the sporophytic 

tapetum cells can promote deposition of DNA methylation at TEs and gene bodies with 

sequence complementarity (≤3 mismatches) in male meiocytes, resulting in the stable 

transcriptional silencing of germline TEs (Long et al., 2021). Interestingly, in Brassica rapa, a 

similar mechanism has been described in female ovules. In this case, highly abundant 24 nt 

sRNAs are produced from ‘siren’ loci, which often contain gene fragments. These sRNAs 

initiate DNA methylation in trans at protein-coding genes with sequence complementarity (≤2 
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mismatches), which can result in altered expression of the targeted genes (Burgess et al., 

2022). However, it is unknown whether this methylation occurs in the germ line or is just 

restricted to the surrounding maternal somatic cells (Burgess et al., 2022; Chow and Mosher, 

2023). Taken together, these studies highlight the intricate mechanisms plants employ to 

ensure the stable inheritance of DNA methylation and TE silencing during reproduction, 

thereby safeguarding genome integrity.  

In contrast, it can be equally beneficial for plants to reset or 'forget' certain epigenetic 

states to ensure phenotypic plasticity in changing environments. A notable example of 

epigenetic reprogramming comes from the floral repressor gene FLOWERING LOCUS C 

(FLC). In Arabidopsis, prolonged exposure to cold conditions (e.g., over winter) results in the 

progressive and stable epigenetic silencing of FLC by H3K27me3 (De Lucia et al., 2008; Song 

et al., 2012). This enables plants to flower more quickly when floral-stimulating conditions, 

such as longer daylight hours in spring, arise (De Lucia et al., 2008; Song et al., 2012). 

However, during embryogenesis, the epigenetic silencing of FLC is reset by active de-

methylation of H3K27, which allows for the subsequent generation to detect and respond to 

seasonal changes before flowering (Crevillén et al., 2014).  
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1.4 Epigenetics and Plant Immunity: an Emerging Field With 
Cross-Disciplinary Implications 

1.4.1 Historical Overview  

Throughout the late 1990s and early 2000s, independent research groups reported 

that mutations in epigenetic regulatory machinery affect plant disease resistance, while others 

reported that biotic stress exposure alters DNA methylation and histone PTMs (reviewed by 

Bruce et al., 2007; van den Burg and Takken, 2009; Alvarez et al., 2010). In subsequent years, 

more evidence emerged about the causal mechanisms linking epigenetic mechanisms to plant 

immunity. López et al (2011) demonstrated that Arabidopsis RdDM mutants express increased 

basal resistance against the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 

(Pst), which was associated with priming of SA-dependent defence genes. In support, Yu et 

al (2013) reported that the ros1-4 mutant shows increased susceptibility to Pst and that flg22-

induced PTI is linked to the transcriptional suppression of genes involved in RdDM. 

Furthermore, the increased accessibility of next-generation DNA sequencing enabled Dowen 

et al (2012) to perform genome-wide analyses of DNA methylation and gene transcription in 

Arabidopsis plants treated with SA and Pst. Their study revealed that immune-related changes 

in DNA methylation mostly occur at TEs and are linked to the production of 21-nt siRNAs. 

Together, these studies pointed to a model whereby the repression of DNA methylation at TEs 

during the expression of plant innate immunity leads to the priming of defence genes. This 

was consistent with results reported by Jaskiewicz et al. (2011), who found that SAR in 

Arabidopsis is associated with euchromatic histone modifications and priming of transcription 

factors associated with SA-dependent defences. On the other hand, DNA methylation and 

H3K9me2 in the first intron of RECOGNITION OF PERONOSPORA PARASITICA 7 (RPP7) 

enables full-length transcription of this R-gene and effective ETI against an oomycete 

pathogen (Tsuchiya and Eulgem, 2013; Lei et al., 2014). This illustrates that heterochromatin 

and DNA methylation can also act as a positive regulator of plant immunity. Finally, four 

independent research groups between 2010 and 2012 reported that progeny from plants 

exposed to pathogens, herbivores, and/or IR-eliciting agents, develop heritable induced 

resistance (h-IR) that is associated with priming of defence-related genes (Kathiria et al., 2010; 

Luna et al., 2012; Rasmann et al., 2012; Slaughter et al., 2012). Together, these studies 

generated a foundation for further research into the epigenetic basis of plant immunity and its 

evolutionary implications thereof. Since then, DNA (de)methylation has been repeatedly 

highlighted as an epigenetic mark that (i) changes in response to biotic stress, (ii) regulates 

the expression of defence genes, and (iii) is required for the establishment and/or maintenance 

of immune memory (Wilkinson et al., 2019; Hannan Parker et al., 2022). Therefore, the next 
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Sections of this introductory Chapter will focus on the role of DNA (de)methylation in plant 

immune responses, from transcriptional regulation to the erasure of immune memory.  

1.4.2 Transcriptional Regulation of Defence Genes by DNA (De)methylation 

The primary function of DNA methylation to repress activity of TEs, invading viral DNA, 

and other potentially harmful genetic elements, has been adopted by the plant immune system. 

Consequently, immune activation by biotic stress is associated with widespread loss of DNA 

methylation (hypomethylation) at TE-rich regions, while mutations that reduce global DNA 

methylation enhance the plant's responsiveness to biotic stress (Dowen et al., 2012; López 

Sánchez et al., 2016; Geng et al., 2019; Atighi et al., 2020; Annacondia et al., 2021; Wilkinson 

et al., 2023; Lee et al., 2023). This link between plant immunity and TE hypomethylation can 

partially be explained by the discovery that immune activation leads to transcriptional 

repression of genes encoding RdDM components. For example, AGO4 is repressed in 

Arabidopsis treated with the bacterial PAMP flagellin-22 (flg22), while AGO4a expression in 

the wheat diploid progenitor Aegilops tauschii is repressed in response to Blumeria graminis 

f. sp. tritici (Bgt) infection (Yu et al., 2013; Geng et al., 2019). But how does DNA 

hypomethylation at TEs stimulate defence gene expression?  

1.4.2.1 Cis-Regulation 

The most straightforward mechanism by which DNA hypomethylation at TEs regulates 

defence gene expression is through cis-regulation, where hypomethylation of the TE 

enhances the accessibility and affinity of the transcriptional machinery for adjacent genes. 

(Wilkinson et al., 2019) (Figure 1.3a). For example, DNA demethylation by ROS1 in the 

promoter of two defence genes, RESISTANCE METHYLATED GENE 1 (RMG1) and 

RECEPTOR LIKE PROTEIN 43 (RLP43), is required for the effective binding of flg22-

responsive transcription factors (TFs), thereby enabling their transcriptional activation (Halter 

et al., 2021; Charvin et al., 2023). Similarly, expression of the NLR gene PigmS in rice, which 

controls resistance against the rice blast fungus Magnaporthe oryzae, is repressed by RdDM 

at MITE-family TEs in its promoter region (Deng et al., 2017). Whilst the vast majority of TFs 

in Arabidopsis have reduced binding capacity on methylated cytosines, a small subset 

preferentially bind methylated motifs (O’Malley et al., 2016). This, in addition to the activity of 

other protein complexes, means that methylated regions in the promoter of genes can also 

have a positive influence on transcription (Harris et al., 2018) (Figure 1.3a). For example, 

ROS1 in Arabidopsis is positively regulated by DNA methylation in its promoter (Williams et 

al., 2015; Harris et al., 2018).  
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The methylation status of transposons or other repetitive regions can also influence 

the transcriptional start site, or transcriptional termination site of nearby genes, leading to the 

production of alternative transcript isoforms (Berthelier et al., 2023). This is a common form of 

cis regulation in NLR genes, such as RPP7 and RPP4 (Tsuchiya and Eulgem, 2013; Lei et al., 

2014; Lai et al., 2020; Berthelier et al., 2023), as NLR genes tend to cluster with TEs 

(Quadrana et al., 2016). Interestingly, dysfunction of IBM1, which can be caused by a loss of 

intronic DNA methylation (see Section 1.3.5) (Figure 1.2), causes upregulation of SA-

dependent defences and enhanced resistance to Pst (Rigal et al., 2012; Lv et al., 2022; 

Yinwen Zhang et al., 2024).  

1.4.2.2 Trans-Regulation  

Recent genome-wide DNA methylation and RNA profiling experiments suggest that 

the resistance-enhancing activity of hypomethylated TEs may not only be limited to cis-acting 

mechanisms (Wilkinson et al., 2019). Global transcriptome analysis of the Arabidopsis 

mutants ros1-4 and nrpe1-1, which are oppositely affected in TE DNA methylation and basal 

resistance to virulent Hyaloperonospora arabidopsidis (Hpa), revealed that nearly half of the 

defence-related transcriptome during the early stages of Hpa colonisation were influenced by 

ROS1-dependent DNA demethylation and/or RdDM . However, only 15% of these genes were 

associated with nearby TEs, indicating that the majority of RdDM/ROS1-dependent defence 

genes were regulated indirectly by hypomethylated TEs (López Sánchez et al., 2016). 

Similarly, Halter et al. (2021) found that only 10% of all genes showing altered flg22-induced 

immune responses in the ros1-3 mutant were hypermethylated, demonstrating that most 

ROS1-repressed defence genes are controlled indirectly by DNA methylation. In tomato, 

reductions in DNA methylation are linked to chemically induced primed defence against the 

fungal pathogen Botrytis cinerea, but most of these changes are not located near genes 

associated with the primed transcriptional response (Catoni et al., 2022). Furthermore, Furci 

et al. (2019) mapped epigenetic regions in a population of Arabidopsis epigenetic recombinant 

inbred lines (epiRILs) controlling heritable resistance to virulent Hpa. These epiRILs are 

derived from a cross, and subsequent backcrosses, between wild-type Arabidopsis and the 

severely hypomethylated ddm1-2 mutant, resulting in near isogenic Arabidopsis lines with 

mosaic epigenomes due to the stable inheritance of hypomethylated DNA from the ddm1-2 

parent (Johannes et al., 2009). In this population, four hypomethylated epigenetic quantitative 

trait loci (epiQTL) were found to enhance Hpa resistance via genome-wide priming of defence 

genes (Furci et al., 2019). However, these epiQTLs were not located near defence genes; 

instead, they mapped to TE-rich pericentromeric regions, which lacked primed defence genes 

of resistant epiRILs. It was thus concluded that the hypo-methylated epiQTLs in resistant 

epiRILs prime defence genes via trans-acting mechanisms. In support, Cambiagno et al. 



40 
 

(2018) reported that transcriptional activation of TEs during infection by Pst leads to the 

increased accumulation of RdDM-dependent sRNAs which are complementary to both TEs 

and distal defence genes. After the initial immune response, these TEs were re-silenced, but 

the complementary defence genes remained active, suggesting that the sRNAs generated 

during TE silencing trans-activate distal defence genes (Cambiagno et al., 2018). Additional 

support for this model came from Liu et al. (2018), who showed that 21–22 nt sRNAs can 

trans-activate defence genes through interactions with nuclear-localised AGO1 and SWI/SNF 

chromatin remodelling complexes (CRCs). Wilkinson et al. (2023) subsequently provided 

evidence that long-term priming of jasmonic acid (JA)-induced defence against the generalist 

herbivore Spodoptera littoralis is controlled by AGO1-associated sRNAs from TEs, which 

become hypomethylated in response to primary JA stress and share sequence 

complementarity to the primed defence genes. Collectively, these results indicate a new model 

of plant immune memory, in which stress-induced sRNAs from epigenetically de-silenced TEs 

associate with nuclear AGO1 to trans-prime distal defence genes contributing to long-term IR 

(Figure 1.3c) (Hannan Parker et al., 2022).  

The sequence complementarity of TEs also means that RdDM-derived small RNAs 

(sRNAs) from one TE has the potential to maintain RdDM at other, potentially distal TEs, even 

in cases of imperfect sequence homology (Martins and Law, 2023). For instance, using the 

same ddm1-derived epiRIL population as mentioned above (Johannes et al., 2009), Baduel 

et al. (2024) demonstrated that the vast majority of 23–24 nt sRNAs responsible for reverting 

ddm1-induced hypomethylated epialleles in chromosome arms originate from pericentromeric 

TEs. Furthermore, many of the TE-associated epialleles in chromosome arms were located in 

promoters of protein-coding genes having durect influence on their expression (Baduel et al., 

2024). This recent study illustrates that defence gene expression is concertedly modulated by 

DNA methylation both via cis- and trans-regulatory mechanisms (Figure 1.3d). 

Lastly, long-range chromatin interactions represent a mechanism by which changes in DNA 

methylation can trans-regulate distal defence genes (Wilkinson et al., 2019; Furci et al., 2019; 

Yueying Zhang et al., 2024). For instance, in Arabidopsis, mild cold stress treatment triggers 

the formation of extensive promoter-promoter interaction networks, both within and between 

chromosomes, which are highly enriched in transcription factor binding sites (Yueying Zhang 

et al., 2024). These genes display primed induction upon subsequent cold stress and show 

evidence of co-expression (Yueying Zhang et al., 2024). Therefore, the formation of promoter-

promoter interactions may facilitate gene priming and co-regulation of environmentally 

responsive genes during stress. Under normal conditions, chromatin contacts in plants are 

enriched for repressive chromatin marks like H3K9me2, H3K27me3, and DNA methylation (S. 

Feng et al., 2014; Nützmann et al., 2020; Huang et al., 2021). However, loss of these marks 



41 
 

in epigenetic mutants leads to the establishment of new interactions between euchromatic 

gene regions (S. Feng et al., 2014; Huang et al., 2021). It is thus plausible that stress-induced 

repression of these silencing marks disrupts heterochromatin contacts and subsequently 

promotes interactions with alternative regions, such as the promoters of stress-responsive 

genes, resulting in co-transcriptional activation (Figure 1.3e 

 
Figure 1.3 Models of cis- (a,b) and trans-regulatory (c,d,e) mechanisms of gene expression by DNA 
methylation of transposable elements (TEs). 
(a) DNA methylation at TEs in the promoter region of genes can influence transcription factor binding 
to promote or repress gene expression (Harris et al., 2018; Halter et al., 2021). (b) DNA methylation 
status of TEs in gene proximal regions can influence transcript isoform usage (Berthelier et al., 2023). 
(c) 21 nucleotide (nt) small RNAs (sRNAs) from transcriptionally active TEs that have lost DNA 
methylation can associate with nuclear-localised AGO1 to promote the expression of distal genes with 
sequence homology in their promoter (Liu et al., 2018; Wilkinson et al., 2023). (d) 23–24 nt sRNAs 
associated with Pol IV-dependent RNA directed DNA methylation (RdDM) can silence distal TEs with 
sequence homology (Baduel et al., 2024), which may negatively regulate defence genes in cis (a,b). (e) 
Loss of DNA methylation can disrupt long-range chromatin interactions between heterochromatic TEs 
and instead promote interactions with euchromatic promoter regions that facilitate co-regulation of 
genes (S. Feng et al., 2014; Huang et al., 2021; Yueying Zhang et al., 2024).  
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1.5 Epigenetic Control of the Establishment, Maintenance, and 
Erasure of Immune Memory 

As discussed above, plants can 'remember' past environmental signals to respond 

more effectively to future exposures, which in the case of stress, can result in IR phenotypes. 

Epigenetic mechanisms offer a plausible explanation for the long-term nature of IR against 

pathogens, because they can direct changes in basal expression and/or responsiveness of 

genes that remain stable across cell divisions and even generations (Wilkinson et al., 2019) 

(Figure 1.3). Indeed, previous research has shown that artificial manipulation of DNA 

methylation in the pericentromeres can induce priming-related resistance that remains stable 

over at least 8 generations (Furci et al., 2023). For stress-induced immune memory, the 

severity of the initial stress is proportional to the effectiveness and stability of the heritable 

induced resistance (h-IR) across generations (López Sánchez et al., 2021; Furci et al., 2023). 

Thus, stress intensity influences the rate at which immune memory is erased or ‘forgotten’ 

(Bozarth and Ross, 1964; López Sánchez et al., 2021). The reversibility of immune memory 

implies it can be maladaptive under certain conditions, requiring plants to reset the memory in 

the absence of recurrent stress to prevent enduring costs (Crisp et al., 2016). Indeed, h-IR 

following disease stress by biotrophic pathogens mounts an effective h-IR response to 

pathogens of the same lifestyle in the following generations, but causes heritable induced 

susceptibility (h-IS) against necrotrophic pathogens and abiotic stress (López Sánchez et al., 

2021). Similarly, 2-week-old seedlings treated with JA exhibit IR against the generalist 

herbivore Spodoptera littoralis three weeks later, but display increased susceptibility to both a 

necrotrophic pathogen (Plectosphaerella cucumerina) and a hemi-biotrophic pathogen (Pst) 

(Wilkinson et al., 2023). Furthermore, even if stress in the parental and progeny environments 

are matched, primed plants can show reductions in growth and seed set (van Hulten et al., 

2006; López Sánchez et al., 2021). Therefore, in addition to the protective benefits of 

'remembering' stress, it is ecologically beneficial for plants to 'forget' stress memory to ensure 

plasticity in a dynamic environment. However, as articulated by Crisp et al. (2016) and Harris 

et al. (2023), few studies have focussed on the mechanisms driving this erasure of immune 

memory.  

There are some studies that provide clues about the mechanisms of stress memory 

erasure. Using Arabidopsis lines carrying a transcriptionally silent transgene that transiently 

becomes activated following heat stress, Iwasaki and Paszkowski (2014) demonstrated that 

two key regulators of DNA methylation, DDM1 (Zemach et al., 2013) and MORPHEUS' 

MOLECULE 1 (MOM1) (Li et al., 2023), play a role in the epigenetic re-silencing of this 

transgene. It was shown that the transiently expressed activation of this heat-inducible 



43 
 

transgene persisted within and across a generation in ddm1 mom1 double mutants (Iwasaki 

and Paszkowski, 2014), thus mimicking long-term constitutive priming following a stress 

stimulus (Figure 1.1). Interestingly, elicitation of h-IR in Arabidopsis by Pst stress is associated 

with a prolonged downregulation of DDM1, which persists in the F1 progeny of the Pst-

stressed plants (Furci et al., 2023). Thus, suppression of DDM1 may facilitate long-term 

activation of defence genes associated with h-IR against Pst. Further clues about the negative 

regulation of immune memory derives from an experiment using the chemical priming agent 

β-aminobutyric acid (BABA; Zimmerli et al., 2000; Ton et al., 2005; Luna et al., 2014; Cohen 

et al., 2016; Tao et al., 2022). Sub-active doses of BABA, which are insufficient to trigger IR 

against Pst in wild-type Arabidopsis, result in robust IR in ddm1 and met1 mutants, suggesting 

that DDM1- and MET1-dependent DNA methylation antagonises BABA-induced immune 

memory (Lee et al., 2023). Taken together these studies highlight a critical role for DNA re-

methylation by DDM1 in the erasure of immune memory.  

Apart from DDM1, many other regulators of DNA methylation have been implicated in 

the establishment and/or maintenance of immune memory (see Harris et al., 2023 for a more 

comprehensive list). Most notably, plants lacking a functional ROS1 enzyme fail to express 

heritable induced resistance (h-IR) against biotrophic pathogens (López Sánchez et al., 2016), 

whereas plants affected in non-CG DNA methylation mimic the priming phenotype of h-IR by 

parental Pst stress or BABA (Luna et al., 2012, 2014). Furthermore, both nrpe1-11 and ros1-

4 mutants, which are deficient in Pol V-dependent RdDM and ROS1-dependent DNA 

demethylation, respectively, cannot establish long-term within-generation JA-IR against the 

chewing herbivore Spodoptera littoralis (Wilkinson et al., 2023). Therefore, in addition to the 

suppression of epigenetic memory erasure, the fine-tuned homeostasis of DNA methylation 

seems critical for the epigenetic endurance of immune memory across cell divisions and 

generations. Furthermore, these findings highlight a central role of the DNA demethylase 

ROS1 in regulating immune memory, both within a generation and across generations, in 

response to pests and diseases. 
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1.6 Scope of This Thesis 

Based on the central role of the DNA de-methylase ROS1 in the regulation of within- 

and transgenerational immune memory, my PhD research has investigated how this protein 

orchestrates the onset, maintenance, and erasure of immune memory in Arabidopsis (Figure 

1.1). To address the complexity and confounding variability of natural memory responses 

triggered by biotic stress, I utilised a chemically inducible ROS1 gene construct, which enabled 

precise and transient inductions of genome-wide ROS1-dependent DNA demethylation in 

Arabidopsis. 

In the first experimental Chapter (Chapter 3), I highlight and discuss some of the 

difficulties of investigating the roles of DNA (de)methylation in h-IR assays using natural plant-

pathogen assays. Furthermore, while the use of genetic mutants has provided a wealth of 

knowledge in understanding the role of epigenetics in regulating plant immune responses, I 

will discuss the limitations associated with permanently modifying DNA methylation machinery 

to study an inherently dynamic epigenetic mark. By doing so, I further justify the use of a 

transiently inducible ROS1 gene construct, which enables dose- and tissue-dependent 

induction of transient DNA demethylation to mimic the more variable DNA demethylation 

events occurring upon natural stresses. The Chapter provides evidence that 2 successive 

ectopic inductions of ROS1 induce immune memory against Pst and Hpa. However, progeny 

of ROS1-induced lines did not mount effective h-IR, indicating that the immune memory 

incurred by ROS1-dependent DNA demethylation is lost during the life of the parental plants 

and/or over meiosis.  

The second experimental Chapter (Chapter 4) aims to characterise the transcriptional 

and epigenomic impacts of ectopically induced ROS1 during the onset of epigenetic immune 

memory against biotrophic pathogens. The results in Chapter 4 confirm that two successive 

inductions of ROS1 lead to global reductions in DNA demethylation, which are associated with 

an up-regulation of genes involved in SA-dependent immunity and DNA damage. Furthermore, 

the results of Chapter 4 uncover an unexpected disparity in sRNA profiles between 

chromosome arms and pericentromeric regions, which is explored further in the context of the 

establishment and erasure of immune memory in Chapter 5.  

The third experimental Chapter (Chapter 5) focuses on the role of DNA methylation in 

centromeric and pericentromeric regions in the erasure of ROS1-induced immune memory. 

Taking advantage of direct long-read sequencing by Oxfrod Nanopore Technology (ONT), 

which provides better coverage of the more repetitive (peri)centromeric regions of the genome, 

it is shown that ROS1 induction not only induces widespread DNA hypomethylation in 



45 
 

chromosome arms, but simultaneously induces variable DNA hypermethylation in the 

(peri)centromeric regions in non-CG cytosine contexts. Based on my previous finding that 

ectopically induced ROS1 increases the accumulation of epigenomic sRNAs, this DNA 

hypermethylation in the (peri)centromeres points to a rapid RdDM response that counteracts 

widespread TE activation in these regions. Subsequent experiments with 5-azacytidine (5-

Aza), which preferentially inhibits pericentromeric CHH methylation (Griffin et al., 2016), 

demonstrate that estradiol-induced ROS1 induction combined with 5-Aza enhances the 

strength and durability of ROS1-IR. These results are discussed in the context of a wider 

model of the epigenetic cross-communication between the chromosome arms and the 

(peri)centromeric regions, which may function to balance the establishment, maintenance, and 

erasure of ROS1-dependent immune memory.  

The final experimental Chapter (Chapter 6) describes how variation in the 

spatiotemporal patterning of ROS1 induction determines the specificity of stress-specific 

memory against a diverse selection of biotic and abiotic stressors. Complementary ONT 

sequencing shows that these stress-specific IR responses mediated by ROS1 correlate with 

varying patterns of genome-wide DNA methylation. The results of Chapter 6 demonstrate the 

multifaceted involvement of ROS1 in plant stress memory and suggest that it is possible to 

exploit ROS1-mediated DNA demethylation for the epigenetic engineering of stress-specific 

resistance in plants.  
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2.1 Abstract 

This Chapter outlines the materials and methods commonly used across multiple 

experiments from different experimental Chapters . Namely, (i) standard plant growth 

conditions, (ii) preparation of estradiol (E2) stocks, (iii) generation of XVE:ROS1-YFP 

transgenic plants, and (iv) cultivation and inoculation of the phytopathogens Pseudomonas 

syringae pv. tomato DC3000 luxCDABE (Pst-Lux) and Hyaloperonospora arabidopsidis 

isolate Waco9 (Hpa). Each experimental Chapter also includes a specific method Section, 

with references to this Chapter where appropriate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

2.2 Plant Materials and Growth Conditions 

Unless specified otherwise, all experiments were carried out with Arabidopsis thaliana 

(Arabidopsis) accession Col-0. Prior to sowing, seeds were stratified at 4°C in the dark for 2-

4 days. Seeds were then sown in 70 ml pots containing a soil mix consisting of sand and a 

peat-based compost (either Levington M3 or Levington F2+S) in a 2:1 ratio saturated with 

water. Plant were grown either under short day conditions (8.5:15.5 h day:night at 21°C at 45–

70% RH; Valoya NS1 LED bulbs providing ~150 µmol photons m-2 s-1), or long day conditions 

(16:8 h day:night at 21-23°C; 45–70% RH; Sylvania GroLux T8 36W bulbs providing ~ 150 

µmol photons m-2 s-1), and kept in covered trays to maintain 100% relative humidity (RH) until 

seeds had germinated and cotyledons had emerged. Pots were watered from the bottom 2-3 

times a week with distilled water (dH2O) and trays were frequently rotated within the chamber 

to prevent positional effects.  

2.3 Preparation, Storage, and Treatments With Estradiol 

Estradiol (17β-estradiol; Sigma-Aldrich; E8875) (E2) was dissolved in dimethyl 

sulfoxide (DMSO; Sigma-Aldrich D4540) to a final stock concentration of 50 mM. Small stock 

aliquots (25-100 ul) were stored at -20°C to prevent recurrent thawing and freezing. At the 

time of treatment, stock aliquots were diluted in ultra-pure distilled and deionised water (ddH2O) 

to the desired working solution. Unless stated otherwise, induction treatments were carried 

out by spraying leaves until run-off with solutions containing the indicated E2 concentrations 

and 0.015% (v/v) silwet L-77 (silwet; LEHLE SEEDS, VIS-30). Mock solutions (DMSO 

treatments) consisted of ddH2O containing 0.015% silwet and an equivalent volume of DMSO.  

2.4 Generation of XVE:ROS1-YFP Plants 

Genomic DNA (gDNA) was extracted from seedlings as described previously (Brunel, 

1992), and used for PCR to amplify genomic ROS1 DNA (gROS1), using Phusion DNA 

polymerase (New England Biolabs, M0530S) and gene specific primers (ROS1-F1 and ROS1-

R1) (primer list in Table 2.1). The amplified sequence included a CACC sequence at the 5’-

end for site specific recombination and excluded the stop codon at the 3’-end of ROS1 to 

enable the C-terminal fusion with Venus YFP (YFP; Nagai et al. 2002). The amplified gROS1 

sequence was cloned into a pENTR/D-TOPO plasmid and transformed into TOP10 E. coli 

cells (pE-gROS1; Thermo Fisher Scientific, K240020). Using a MultiSite Gateway 

recombination reaction according to manufacturer’s recommendations (MultiSite Gateway 

Three-Fragment Vector Construction Kit; Thermo Fisher Scientific, 12537-023), the entry 

plasmids pE-gROS1, p1R4-p35S:XVE (kindly provided by Ari Pekka Mähönen of the 
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University of Helsinki, Finland) (Siligato et al., 2016), and p2R3a-VenusYFP-3AT (containing 

the VenusYFP gene; Addgene, plasmid #71269) (Siligato et al., 2016) were integrated into the 

empty binary destination vector pCAMkan0R4R3 (Addgene, plasmid #71275) (Siligato et al., 

2016) to form the 19,117 bp pR-XVE-gROS1-YFP binary plasmid (R stands for recombinant) 

(Figure 3.4a). The plasmid was extracted from positive colonies, using the GeneJET Plasmid 

Miniprep Kit (Thermo Fisher Scientific, K0503), and were verified by restriction enzyme 

analysis, Sangar sequencing (provided by Eurofins Genomics) (Table 2.1), and whole plasmid 

sequencing (provided by PlasmidSaurus). Notably, plasmid construction was originally 

attempted with ROS1 cDNA, but successful clones grew at a significantly slower rate. Colonies 

growing at a normal rate contained mutations rendering non-functional ROS1 and/or their 

inserts were cloned in the wrong orientation, suggesting that DNA glycosylase/lyase activity 

by functional ROS1 has a negative impact on TOP10 E. coli cells.  

The pR-XVE-gROS1-YFP plasmid was transformed into Agrobacterium tumefaciens 

strain GV3101 by electroporation, using the ‘Agr’ preset on the MicroPulser Electroporator 

(BioRad) (0.1 cm cuvette, 2.2 kV, 1 pulse). Transformed GV3101 cells were used for floral-dip 

transformation of Arabidopsis (Col-0) (Clough and Bent, 1998), after which T1 transformants 

were selected on half-strength Murashige and Skoog agar (1%) plates, containing 50 µg/ml 

kanamycin (Harrison et al., 2006). Lines displaying Mendelian 3:1 segregation in the T2 

generation of kanamycin resistance and YFP fluorescence upon E2 treatment were selected 

to yield single-insertion homozygous T3 lines, which were verified for homozygosity by 

kanamycin resistance and YFP fluorescence. The construct was transformed into a Col-0 

background, rather than a ros1 mutant background, as plants lacking ROS1 are severely 

impaired in basal and induced defence against (hermi)biotrophic pathogens. This would 

greatly complicate investigations into immune memory using the construct as control plants 

(ros1 mutants) would be unresponsive to memory-inducing treatments (López Sánchez et al., 

2016; Halter et al., 2021). However, a caveat of this approach is that Col-0 plants have a high 

level of background ROS1 expression (Zhang et al., 2022), which could complicate the 

detection and interpretation of certain ROS1 targets that are already very low in DNA 

methylation.  
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Table 2.1 PCR primers used for the creation and verification of the pR-XVE-gROS1-YFP plasmid 

 Name Nucleotide sequence 

Amplification of genomic ROS1 
(gROS1) sequence.  

ROS1-F1 CACCGAAATGGAGAAACAGAGGAGAGAAG 

ROS1-R1 GGCGAGGTTAGCTTGTTGTCCC 

Sangar sequencing of p2R3a-
VenusYFP-3AT 

pYFP-3657R GAAGTCGTGCTGCTTCATGTG 

pYFP-3947F ACCACTACCAGCAGAACACC 

pYFP-4216R GTGTGTGGGCAATGAAACTG 

Sangar sequencing of p1R4-
p35S:XVE  

pXVE-393F CCACTATCCTTCGCAAGACC 

pXVE-1346F GCTACTGTTTGCTCCTAACTTGC 

pXVE-2603F GGTGTCATCTATGTTACTAGATCG 

pXVE-2679R TGCCATAATACTCGAACAAGC 

Sangar sequencing of 
pCAMkan0R4R3 

pCAM-10221R CGTATGTTGTGTGGAATTGTGAG 

nos-T CCTTCTATCGCCTTCTTGACG 

npt-F AAATGCTCCACTGACGTTCC 

npt-R CCAAATGTTTGAACGATCTGC 

T7 TAATACGACTCACTATAGGG 

Sangar sequencing of gROS1 in 
pR-XVE-gROS1-YFP 

M13-F TGAGTTTCGTCACCAGTA 

M13-R CAGGAAACAGCTATGACC 

SQ-ROS1-1069F CAAGGAAGGCAAGAGTCTGAG 

SQ-ROS1-1967R GTTTCCTCTGAGTCCAAGTACG 

SQ-ROS1-2243F GATGGTGTCTGATGCTCCTC 

SQ-ROS1-2475R AGGTTCACTACTATCAACAGAGG 

SQ-ROS1-2629F GATTGGAAGGCAATACGAGC 

SQ-ROS1-3530F AAACTGCTTCTCTTCCAATGC 
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2.5 Pathogen Cultivations and Inoculations 

Pseudomonas syringae pv. tomato DC3000 luxCDABE (Pst-Lux; Fan, Crooks, and 

Lamb 2008) was originally provided by Dr Jun Fan (John Innes Centre, UK) and was stored 

in 15% (v/v) glycerol stocks at -80°C. The afternoon before inoculation, a glycerol stock was 

thawed on ice before adding 500 µL of the stock to 100 ml of King’s B (KB) solution, 

supplemented with rifampicin (50 µg/ml) and kanamycin (50 µg/ml) to select for the luxCDABE 

cassette. Cultures were grown for approximately 16 hours at 28°C and 200 rpm, during which 

plant trays were covered with transparent lids to obtain a RH of 100%. Pst-Lux cultures were 

split into 2 x 50 ml falcon tubes, and centrifuged (4000 x g for 3 mins), after which the 

supernatant was discarded. Each pellet was washed and resuspended in 20 ml of 10 mM 

MgSO4, before further centrifugation at 4000 x g for 3 mins. A single pellet was resuspended 

in 25 mL of 10 mM MgSO4 and transferred into the second tube to resuspend the second 

pellet. The optical density of the merged suspension was measured at 600 nm (OD600) and 

adjusted to a final density of 0.2 OD600 before adding 0.015% v/v silwet (Furci et al., 2021). 

The resulting inoculum was sprayed onto the leaf surface of plants until run-off. Inoculated 

plants were covered with transparent lids (wrapped in parafilm to ensure all trays reached 100% 

RH).  

Non-destructive quantification of Pst-Lux colonisation was performed using a G:BOX 

Chemi XRQ gel doc system and GeneSys software (Furci et al., 2021). Plants (9-12 pots per 

image) were placed in the dark room of the gel doc for 8 minutes to quench all chlorophyll 

autofluorescence before measuring bacterial bioluminescence. Images were acquired with a 

4 min exposure time without external light source, using the binning set at “4 x 4 (0.25MP)”. 

To estimate rosette area, a matching bright field (BF) image was acquired immediately after, 

using the internal LED upper white light source with 25 ms exposure time. A 2 pence coin was 

placed in the gel doc for size reference. Images were saved as 16-bit TIFF files, and plants 

were returned to the climate chamber and maintained at 100% RH to ensure ongoing infection 

and allow for recurrent analyses at later time-points. For image analysis, the brightfield image 

stack was imported (file > import > image sequence) into Fiji/ImageJ (Rueden et al., 2017) 

and converted to 8-bit format (image > type > 8-bit). The scale was set in mm per pixel using 

the diameter of 2 pence coin (25.9 mm) as reference. Automatic local thresholding was applied 

to the stack (image > adjust > auto local threshold), using the Phansalkar method with a radius 

of 30 and the option of “white objects on black background” selected. Plants that were 

connected after thresholding were separated using a black pencil tool, with a line width of 3, 

and disconnected leaves were reconnected using a white pencil tool with a line width of 3. 

Manual removal of non-plant selections (e.g., pot edge and soil debris) was done using the 
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black pencil tool (Figure 2.1a). Regions of interest (ROIs), corresponding to the outline of the 

plants (and thus, the area of the plant rosette), were generated (analyse > analyse particles > 

add to manager) and saved locally. The bioluminescent image stack was then imported, and 

the ROIs were overlayed to highlight plant regions. Five additional ROIs of varying size were 

drawn to select non-plant background regions (Figure 2.1b) and the mean-grey value of these 

background ROIs were measured for every image in the stack (more > multi measured > 

untick one row per slice). The mean of all background measurements plus 3x the standard 

deviation was used to subtract background noise from the bioluminescent images (process > 

math > subtract). Subsequently, the remaining pixels were used to calculate mean-grey values 

for each plant-derived ROI. Thus, the final measurement gives a metric of Pst-Lux 

bioluminescence intensity above background levels, which is normalised to plant size, as 

determined by the BF-derived ROI (Furci et al., 2021).   

Hyaloperonospora arabidopsidis isolate Waco9 (Hpa) was maintained on 

hypersusceptible NahG-expressing Arabidopsis plants of the ecotype Wassilewskija (Ws) 

(Molina et al., 1998). To collect conidiospores, infected leaves from host plants were washed 

with deionised water, filtered through miracloth, and quantified using a hemocytometer 

(Improved Neubauer, Hawksley, UK; Depth 0.1 mm, 1/400 mm2). Spore density was adjusted 

to 1x105 conidiospores/mL and sprayed onto the surface of leaves until droplets covered all 

leaves (Asai et al., 2014; Schwarzenbacher et al., 2020). Trays were covered transparent lids 

and wrapped in parafilm to ensure 100% RH. For pathogen propagation, the spore suspension 

was sprayed onto fresh Ws NahG plants, and left for 7 days before collecting conidiospores. 

For pathogen bioassays, the spore suspension was sprayed onto the plants and left for 5-6 

days before harvesting shoot material in 100% ethanol for Hpa colonisation scoring. Plant 

material was stained with 1 volume lactophenol-trypan blue solution (100 mg trypan blue, 50 

mg phenol, 50 mL lactic acid, 50 mL glycerol, dissolved in 100 mL deionised water) and 2 

volumes of 100% ethanol (300 ml) in falcon tubes (Koch and Slusarenko, 1990; Stassen et 

al., 2018). Falcon tubes were incubated for 60 seconds at 100°C. Immediately after, caps of 

falcon tubes were temporarily loosened to initiate a change in pressure and so aid the staining 

process. After 5 minutes, this was repeated but with a 40 second incubation at 100°C. Samples 

were left at room temperature for 4 hours before replacing the trypan blue solution with 60% 

w/v chloral hydrate. After ~16 h, this was replaced with fresh 60% w/v chloral hydrate. 

Individual leaves (no less than 50 per treatment) were microscopically analysed (Optika Italy 

Lab-20 binocular stereozoom microscope), based on previously reported hallmarks of Hpa 

colonisation and pathogenesis (Schwarzenbacher et al. 2020). Briefly, leaves were assigned 

to four Hpa colonisation classes: I: no hyphal colonisation; II: limited hyphal colonisation with 

8 or less conidiophores; III: extensive hyphal colonisation with more than 8 conidiophores; and 
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class IV: extensive hyphal colonisation with conidiophores and oospore(s), as illustrated in 

Figure 2.2.  

 
Figure 2.1 Quantification of bioluminescence by Pst-Lux in Arabidopsis. 
(a) Examples of manual-touch ups following thresholding in imageJ. Disconnected leaves are rejoined, 
and connected plants are separated. Pot edges are removed. (b) Shown are all regions of interest 
(ROIs) corresponding to all plants in the image stack. The five yellow-contoured square ROIs (labelled 
292 to 296) were used to measure and subtract background levels. (c) Selection of a single plant ROI 
(indicated by yellow contours), which contains white pixels corresponding to background-corrected Pst-
Lux bioluminescence.  
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Figure 2.2 Representative trypan-blue stained leaves for each Hpa colonisation class.  
The Hpa colonisation scoring is based on Schwarzenbacher et al (2020). (I) Class I: no hyphal 
colonisation. (II) Class II: limited hyphal colonisation, ≤ 8 conidiophores. (III) Class III extensive hyphal 
colonisation, > 8 conidiophores. (IV) Class IV: extensive hyphal colonisation with conidiophores and ≥ 
1 oospore. 
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3.1 Abstract 

Plants recovering from severe biotic stress typically develop long-term immune 

memory, which can persist across generations and manifest itself as long-term and even 

heritable induced resistance (h-IR). DNA methylation, an epigenetic mark that can be 

maintained across mitosis and meiosis, has been implicated in the regulation of h-IR. 

Nonetheless, the epigenetic loci underpinning h-IR remain elusive. In this Chapter, I first 

examine the changes in DNA methylation that are associated with h-IR in Arabidopsis against 

the biotrophic pathogen Hyaloperonospora arabidopsidis (Hpa), following parental disease 

with Pseudomonas syringae (Pst). Using whole-genome bisulfite sequencing, the DNA 

methylome between progeny from healthy and Pst-infected plants were compared in wild-type 

plants (Col-0) and the hypermethylated mutant ros1-4, which is impaired in h-IR. Although 

wild-type plants displayed a statistically significant h-IR response to Hpa, which was absent in 

ros1-4, the impacts of h-IR on global DNA methylation were highly variable, making it 

challenging to pinpoint h-IR-related epigenetic loci. Therefore, to study how ROS1-dependent 

DNA demethylation mediates epigenetic immune memory, Arabidopsis plants were 

transformed with an estradiol-inducible XVE:ROS1-YFP construct and tested for IR upon 

ROS1-YFP induction. Two successive estradiol treatments of independent XVE:ROS1-YFP 

lines resulted in significant IR against Pst and Hpa. However, the progeny of induced 

XVE:ROS1-YFP plants did not display h-IR against Hpa, indicating that the immune memory 

by ROS1-dependent DNA methylation is lost during the life of the parental plants and/or over 

meiosis. Thus, the estradiol-inducible XVE:ROS1-YFP construct serves as valuable tool for 

studying the establishment, maintenance, and often-overlooked erasure of immune memory.  
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3.2 Introduction 

More than forty years ago, Roberts (1983) reported that progeny from tobacco mosaic 

virus-infected tobacco shows increased resistance to the same virus. Since then, heritable 

induced resistance (h-IR; De Kesel et al., 2021) phenotypes have been reported in at least 13 

different plant species and 17 different types of biotic stress (Furci et al., 2023) (Supplementary 

Data 3.1). Molecular characterisation of h-IR responses has revealed that it typically involves 

the priming of defence genes (Kathiria et al., 2010; Luna et al., 2012; Rasmann et al., 2012; 

Slaughter et al., 2012). Furthermore, a recent study has shown that this immune memory can 

be stress-specific, with h-IR phenotypes only manifesting when the pathogens that established 

immune memory in the parental generation share similar lifestyles with those used to infect 

their progeny (López Sánchez et al., 2021). This holds similarity to IR phenotypes which have 

been reported within a generation, several weeks after a biotic stress stimulus has been 

applied (Bozarth and Ross, 1964; Luna et al., 2014; Wilkinson et al., 2022, 2023; Catoni et al., 

2022). Hence, the establishment of immune memory upon exposure to biotic stress can be 

maintained into newly formed cell lines and tissues and, in some cases, even be transmitted 

to following generations.  

A growing body of evidence highlights the significant role of epigenetic mechanisms in 

the regulation immune memory and associated IR phenotypes (Hannan Parker et al., 2022). 

Among these marks, DNA methylation has emerged as a key candidate, as it can be stably 

inherited through both mitotic and meiotic cell divisions (Hofmeister et al., 2017, 2020; Long 

et al., 2021). In support, numerous studies have reported that disrupting core regulators of 

DNA methylation in Arabidopsis are impacted in their ability to mount an effective IR response, 

both within a generation (Luna et al., 2014; Wilkinson et al., 2023), and across a generation 

(Luna et al., 2012; López Sánchez et al., 2016). Further evidence comes from studies using 

epigenetic recombinant inbred lines (epiRILs), which are derived from crosses of plants with 

identical genetic backgrounds, except for a mutation in one parent that causes severe losses 

in levels DNA methylation (Reinders et al., 2009; Johannes et al., 2009). The resulting 

populations exhibit a mosaic distribution of reduced DNA methylation (hypomethylation) 

across their chromosomes and show differential responses to phytohormones and varied 

susceptibility to plant pathogens (Latzel et al., 2012; Furci et al., 2019). Thus, variation in DNA 

methylation alone can determine plant defence phenotypes. Finally, several studies have 

shown that exposure to biotic stress is associated with genome-wide losses in DNA 

methylation, which can remain stable for several weeks, demonstrating that biotic stress has 

a direct influence on DNA methylation (Wilkinson et al., 2019; Hannan Parker et al., 2022; 

Catoni et al., 2022). However, few studies have directly investigated the impact of parental 
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biotic stress on DNA methylation in the progeny of these plants (Stassen et al., 2018), a gap 

that is addressed in this Chapter.  

To establish immune memory, Arabidopsis plants were repeatedly infected with the 

bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pst), a method previously 

shown to trigger h-IR against other (hemi-)biotrophic pathogens in the progeny (Luna et al., 

2012; López Sánchez et al., 2016, 2021; Stassen et al., 2018; Furci et al., 2023). To test for 

h-IR, progeny were subsequently infected with the oomycete pathogen Hyaloperonospora 

arabidopsidis strain Waco9 (Hpa). While Hpa and Pst are taxonomically distinct pathogens 

with unique infection strategies (Slusarenko and Schlaich, 2003; Xin et al., 2016; Hu et al., 

2022), both suppress defence responses associated with the phytohormone salicylic acid (SA), 

highlighting a critical role of SA in counteracting their infections (Brooks et al., 2005; Geng et 

al., 2012; Asai et al., 2014). As a result, exogenous application of SA effectively supresses 

infection of both Hpa and Pst (van Wees et al., 2000; Ton et al., 2002; Asai et al., 2014; Furci 

et al., 2021). SA-induced immunity is expected to occur through action of the SA-binding 

protein NONEXPRESSOR OF PATHOGENESIS-RELATED GENE 1 (NPR1), which 

associates with genic promoters to reprogram the expression of defence genes and other 

transcriptional regulators (Fan and Dong, 2002; Jin et al., 2018; Kumar et al., 2022). 

Highlighting the key role of SA and NPR1 in IR phenotypes, the Arabidopsis npr1-1 mutant is 

unable to mount systemic acquired resistance (SAR) or h-IR responses to biotrophic 

pathogens (Cao et al., 1994, 1997; Luna et al., 2012).  

Given the key role of SA-dependent defences and DNA methylation in regulating h-IR 

in Arabidopsis (Luna et al., 2012; López Sánchez et al., 2016), this Chapter first independently 

tests the importance of NPR1 and ROS1 in establishing immune memory and/or mounting h-

IR responses against biotrophic pathogens by utilising the mutant lines npr1-1 and ros1-4, 

respectively. Whole-genome DNA methylation sequencing was then performed on the 

progeny of Col-0 and ros1-4 plants, which were capable and incapable of mounting h-IR 

responses, respectively. Upon failing to identify distinct regions of altered DNA methylation 

that could explain these phenotypes, I discuss the challenges of studying the molecular-

epigenetic basis of variable h-IR responses in pooled progeny populations. Finally, I outline 

the development and validation of a novel molecular-genetic tool designed to study ROS1-

dependent IR in Arabidopsis.   

 

 



60 
 

3.3 Materials and Methods 

3.3.1 Plant Materials, Growth Conditions, and Chemical Treatments  

For h-IR experiments (Figures 3.1, 3.2, 3.3), plants were grown in short-day conditions 

during parental treatments after which they were transferred to long-day conditions to trigger 

flowering. Growth conditions are detailed in Section 2.2. Arabidopsis genotypes Col-0, ros1-4 

(SALK_135293) (Tang et al., 2016), and npr1-1 (Cao et al., 1994) were used. For details on 

the generation and selection of XVE:ROS1-YFP plants, see Section 2.4. Lines 5 and 7 (L5 

and L7) were selected for further study as they displayed 3:1 segregation of kanamycin 

resistance and YFP fluorescence following 17β-estradiol (estradiol or E2; Sigma-Aldrich; 

E8875) treatment in the T2 generation, indicating the presence of a single XVE:ROS1-YFP 

construct.  

For experiments with hydroponically grown plants (Figure 3.4c, 3.4d), seedlings were 

grown in long-day conditions (section 2.1) under sterile conditions. Seeds were vapour-phase 

sterilised (Lindsey et al., 2017) before sowing into 12-well plates. Each well contained ~5 

seeds and 2 mL of ½ strength Murashige and Skoog (MS) basal salt mixture (Murashige and 

Skoog, 1962) without vitamins (MS; Sigma-Aldrich M5524) supplemented with 0.5% sucrose 

(pH = 5.7). Seeds in plates were stratified at 4°C in the dark for 2-4 days, after which the plates 

were moved to long-day conditions to trigger growth. After 7 days of growth, the MS media in 

the wells were replaced with fresh medium. The following day, 10 mM filter-sterilised (0.22 μm 

pore size) E2, dissolved in DMSO, was added to the wells at the desired concentration. An 

equivalent volume/volume percentage (v/v %) of DMSO was added in control wells. Further 

details about the preparation and storage of the E2 stocks are detailed in Section 2.3.  

Plant cultivation for experiments with soil-grown XVE:ROS1-YFP plants (Figure 3.4e, 

3.4f, 3.5) occurred under short-day conditions in 70 mL-pots containing a 2:1 soil:sand mixture, 

as detailed in Section 2.1. For the XVE:ROS1-YFP h-IR assay (Figure 3.5), plants were 

transferred to long-day conditions 28 DAS. Induction of the XVE:ROS1:YFP construct was 

performed by spraying 2-week old plants with 25 uM E2 or 0.05% DMSO supplemented with 

0.015% (v/v) silwet L-77 (LEHLE SEEDS, VIS-30) (silwet) onto aerial tissue as described in 

Section 2.3. To standardise the dose, each tray containing 18 pots was sprayed with a total 

volume of 20 mL DMSO solution or E2 solution.  

3.3.2 Pathogen Cultivation and Inoculation  

Elicitation of h-IR in parental plants by Pst (pPst) (Figure 3.1) was performed by 3 

spray-inoculations at 21, 28, and 35 days after sowing (DAS) using GFP tagged Pseudomonas 
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syringae pv. tomato DC3000 (Pst-GFP) (Yu et al., 2013). This strain was stored in the form of 

1 mL 20% glycerol stocks at -80°C, each derived from a single fluorescent colony. One day 

prior to inoculation, a glycerol stock was thawed on ice and then added to a sterile 100 mL 

Lysogeny Broth (LB) culture. The culture was left overnight (O/N) in an orbital shaker at 28°C 

and 200 rpm. Pst-GFP cells were harvested by spinning the O/N culture at 4000 x g for 8 mins 

at room temperature in two 50 mL falcon tubes. Cells were resuspended in an arbitrary volume 

of 10mM MgSO4, after which the optical density was measured at 595 nm (OD595) and adjusted 

to OD595 = 0.1 (~ 1 x 108 cells/mL). The final inoculum was supplemented with 0.01% (v/v) 

silwet and sprayed onto the shoots until saturated. Parental mock treatments (pMock) were 

performed using a solution of 10 mM MgSO4 supplemented with 0.01% (v/v) silwet only. After 

each spray-treatment of Pst-GFP or mock, plants were maintained at 100% relative humidity 

(RH) for 2 days in sealed trays. At the end of the treatment course, plants were left to flower 

and seeds collected from 4 individual plants per treatment per genotype.  

To quantify h-IR, 2-week-old generation 1 (G1) seedlings from Pst- and mock-

inoculated parents (G0) were challenged with Hyaloperonospora arabidopsidis strain Waco9 

(Hpa) at a spore density of 1 x 105 spores/mL in dH2O and maintained at 100% RH in sealed 

trays. At 5 dpi, leaves were collected, stained with trypan blue, and assessed microscopically 

for Hpa colonisation. For details on propagation, maintenance, inoculation, staining, and 

scoring see Section 2.5.  

To quantify pathogen colonisation in the XVE:ROS1-YFP bioassays (Figure 3.5), 

plants were either inoculated with Pseudomonas syringae pv. tomato DC3000 luxCDABE (Pst-

Lux) (Fan, Crooks, and Lamb 2008) at an OD600 = 0.2, or inoculated with Hpa at a spore 

density of 1 x 105 spores/mL as described in Section 2.5. Pst-Lux colonisation was quantified 

non-destructively over multiple days by measuring Pst-Lux bioluminescence (Furci et al., 

2021), as described in Section 2.5. Pathogen inoculations with Hpa and Pst-Lux in the 

XVE:ROS1-YFP lines were performed 48 hours after E2 treatment, and quantified, at earliest, 

7 or 4 days after E2 treatment, respectively, which is much later than the ROS1 induction peak 

(Figure 3.4d) and time point at which ROS1-YFP protein is cleared from the nucleus (Figure 

3.4f).  

3.3.3 Sequencing and Analysis of DNA Methylation  

To determine impacts of parental disease by Pst on the DNA methylome of Col-0 and 

ros1-4 seedlings, seeds from 4 individual parents per genotype-treatment combination were 

sown and grown for 2-3 weeks in in long-day conditions (section 2.1). Between 20 and 35 

seedlings of similar age were harvested, snap frozen in liquid nitrogen, and used to extract 

Genomic DNA with the GenElute Plant Genomic DNA Miniprep Kit (Sigma-Aldrich G2N350). 
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DNA quality and quantity were assessed using a Nanodrop 8000 spectrophotometer and a 

Qubit 3.0 Fluorometer. BGI Genomics performed the bisulfite conversion, library preparation, 

and 150 bp paired-end sequencing on a HiSeq X Ten System (Illumina). Read statistics of the 

whole-genome bisulfite sequencing (WGBS) are provided in Supplementary Data 3.2.  

Reads were quality-assessed, using FastQC v0.12.1 and MuiltiQC v1.21 (Ewels et al., 

2016). Adapters and poor-quality sequences were trimmed with Trimmomatic v0.39 (Bolger et 

al., 2014) (options: SLIDINGWINOW:4:25, HEADCROP:6, MINLEN:36). Quality-assessed 

trimmed reads then were aligned to the TAIR10 Arabidopsis genome using Bismark v0.24.1 

(function: bismark; options: default parameters) (Krueger and Andrews, 2011), which utilises 

Bowtie2 v2.5.1 (Langmead and Salzberg, 2012). Using these default parameters, any reads 

which align ambiguously to the genome were excluded from downstream analyses of DNA 

methylation. While this carries the risk of reducing coverage at highly repetitive sequences 

(eg., TEs), it ensures that all methylation calls are of high confidence. PCR duplicate reads 

were removed using Bismark (function: deduplicate_bismark; options: default parameters). 

Binary scores for methylated cytosines (1) and unmethylated cytosines (0) in all contexts were 

generated and summarised for each position using Bismark (function: 

bismark_methylation_extractor; options: --paired-end, --no_overlap, --multicore 2, --

comprehensive, --ignore_r2 2, --bedGraph, --CX). Bisulfite treatment non-conversion rates 

were calculated, using the unmethylated plastid genome as a control, and all samples passed 

the accepted threshold of <2%, with an average non-conversion rate of 0.54 % (Stuart et al., 

2018) (Supplementary Data 3.2).  

Principal component analysis (PCA) and hierarchical clustering analysis (HCA) were 

performed on all cytosine positions (allC) to investigate global shifts in DNA methylation. 

Positions with fewer than 5 mapped reads in any sample were discarded from the analysis. 

Levels of cytosine methylation were calculated for all remaining positions (Schultz et al., 2012). 

Sites which had a standard deviation less than or equal to the median of the standard 

deviations across all cytosine positions were removed to focus the computational analysis on 

the most variable positions. The PCA was conducted using base R v4.2.1 (function: prcomp; 

options: scale = FALSE, center = TRUE). A Euclidean distance matrix was generated in base 

R (function: dist; options: method = "euclidean") and HCA performed using base R (function: 

hclust; options: method = “ward.D2”). Plots were generated using the R package ggplot2 

v3.5.0 and dendextend v1.17.1 (Galili, 2015).  

To call differentially methylated regions (DMRs) of variable sizes, the R package DSS 

v2.46.0 was used (H. Feng et al., 2014; Park and Wu, 2016). As DSS accounts for read 

coverage, no filtering was performed on the data. Differentially methylated cytosines were first 
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called using DSS (function: DMLtest; options: equal.disp = FALSE, smoothing = FALSE) which 

were then used to call DMRs with DSS (function: callDMR; options: minlen = 25, dis.merge = 

50, minCG = 3, p.threshold = 0.05, delta = 0.1, pct.sig = 0.5). This pipeline was performed on 

cytosines in all (allC), CG, CHG, or CHH contexts to generate context specific DMRs. 

Annotation of DMRs was based on Araport11 (Cheng et al., 2017) and the TAIR10 

transposable element annotation file (downloaded from arabidopsis.org; accessed December 

2023). The analysis was performed using the R packages genomation v1.34.0 and 

GenomicRanges v1.54.1 (Lawrence et al., 2013; Akalin et al., 2015). In the case where a DMR 

overlapped multiple features, a single annotation was assigned in the following order of 

preference: gene body > promoter > intergenic. 

ROS1-dependent h-IR-associated DMRs were defined as DMRs that were 

hypermethylated in the ros1-4 (pMock) vs Col-0 (pMock) comparison (ros1-4 pMock hyper-

DMRs), and hypomethylated in the Col-0 (pPst) vs Col-0 (pMock) comparison (Col-0 pPst 

hypo-DMRs) (Figure 3b). For a chosen set of DMRs, all hyper- or hypomethylated DMRs from 

all contexts were pooled. If DMRs overlapped between contexts, they were merged to form a 

single larger DMR using the R package GenomicRanges (function: reduce; options: default 

parameters). All hypomethylated DMRs linked to parental Pst stress in Col-0 from previously 

published independent experiments (Stassen et al., 2018) were pooled and merged to form a 

large DMR set called ‘Col-0 pPst hypo-DMR (Stassen et al 2018)’ (Figure 3.3b). Overlapping 

ranges for these various comparisons were identified using GenomicRanges (function: 

findOverlaps; options: select = "all", maxgap = 0).  

3.3.4 Epifluorescence Microscopy and Imaging Analysis of ROS1-YFP Accumulation  

Epi-fluorescence microscopy to quantify accumulation of ROS1-YFP in living plants 

was performed using a Leica M165 FC fluorescent stereo microscope (Objective: 1x/0.06; ET-

GFP filter set: 470/40 nm excitation, 495 nm dichroic and 525/50 nm emission) with a CoolLED 

pE-300 illumination system, controlled by Leica LAS X software v3.7.4.23463.  

To quantify ROS1-YFP fluorescence intensity in hydroponically grown seedlings 

(Figures 3.4c, Figure 3.4d), bright field (BF) and YFP images were taken for each well 

separately. In addition, 10 wells containing only media were imaged using the same YFP and 

BF settings. Regions of interest were defined within a well using the oval tool in Fiji/imageJ. 

The background YFP signal across all images was removed (process > math > subtract) by 

calculating the average mean-grey value (Analyze > Analyze Particles) plus three times the 

standard deviation of the mean-grey value in the ten empty wells. The YFP intensity was then 

normalised by plant area within the well. To account for autofluorescence, ROS1-YFP signal 

was calculated as a relative fold change compared to DMSO-treated plants.  
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To validate nuclear localisation of ROS1-YFP signal, leaves were detached from soil-

grown plants 24 h after spraying with 25 µM E2 and vacuum infiltrated with DAPI solution (2 

µg/ml) for 2-3 minutes. Leaves were mounted on slides and imaged using a Leica DM6B 

epifluorescence microscope (light source: CoolLED pE-2; Objective: HC PL Fluotar 40x/0.80; 

ET-DAPI filter set: 350/50 nm excitation, 400 nm dichroic, and 460/50 nm emission; ET-GFP 

filter set: 470/40 nm excitation, 495 nm dichroic, and 525/50 nm emission) controlled by Leica 

LAS X v3.7.3.23245 software. Using Fiji/ImageJ (Rueden et al., 2017), the brightness and 

contrast were increased for the BF images (20% and 10%, respectively), DAPI images (60% 

and 70%, respectively), and YFP images (40% and 70%, respectively). DAPI and YFP images 

were then pseudo-coloured cyan and yellow, respectively, using Fiji/ImageJ.  

3.3.5 Reverse Transcriptase-Quantitative Polymerase Chain Reactions (RT-qPCR) 

ROS1 gene expression in soil grown Col-0, L5, and L7 seedlings spray-treated with 

0.015% DMSO or 25 µM E2 (as described above) was quantified using RT-qPCR. For each 

biological replicate (n=4), 24 hours after chemical induction, aerial tissue of ~8 seedlings were 

harvested together, flash frozen in liquid nitrogen, and stored at -80°C. Subsequently, tissue 

was ground to a fine powder using a pestle and mortar with liquid nitrogen. 100 mg of ground 

tissue was used for RNA extractions using the RNeasy plant mini kit (Qiagen, #74904). RNA 

concentration was measured using a Nanodrop 8000 spectrophotometer, and 800 ng of RNA 

was used for cDNA synthesis using the ‘Maxima First Strand cDNA Synthesis Kit for RT-qPCR, 

with dsDNase’ kit (Thermo Scientific, K1672). Upon completion of cDNA synthesis, samples 

were diluted 1:5 using nuclease free water. Subsequently, qPCR was performed using 

SsoAdvanced SYRB Green Supermix (BioRad, 1725270), ROS1-specific primers (Table 3.1) 

(Duan et al., 2015), and a Rotor-Gene Q (Qiagen) real-time PCR cycler. Cycle conditions are 

as follows: 1 cycle of 30 seconds at 95°C, 40 cycles of 10 seconds at 95°C and 30 seconds 

at 60°C. Relative expression values were calculated as described in Wilkinson et al (2023), 

using MON1 (AT2G28390) and UBC21 (AT5G25760) as reference genes (Czechowski et al., 

2005), and using a DMSO-treated Col-0 sample as a calibrator sample.  
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Table 3.1 Primers used for RT-qPCR of ROS1. 

 Name Nucleotide sequence 

RT-qPCR of ROS1  
ROS1-F1 AAAACTACCCCTCATCGCTG 

ROS1-R2 GTTAGTACGTGCATATTCCAAGC 

RT-qPCR of reference gene 
UBC21  

UBC21-F1 CTGCGACTCAGGGAATCTTCTAA 

UBC21-R1 TTGTGCCATTGAATTGAACCC 

RT-qPCR of reference gene 
MON1 from RNA 

MON1-F1 AACTCTATGCAGCATTTGATCCACT 

MON1-R1 TGATTGCATATCTTTATCGCCATC 
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3.4 Results and Discussion 

3.4.1 ROS1 and NPR1 are Key for Basal Resistance and Heritable Induced Resistance 
Against Hpa 

To investigate the roles of NPR1 and ROS1 in basal resistance and long-term heritable 

induced resistance in Arabidopsis, a standard heritable induced resistance (h-IR) assay was 

performed (Furci et al., 2023) using the wild-type ecotype Col-0 and the mutants ros1-4 (Tang 

et al., 2016) and npr1-1 (Cao et al., 1994). Parental stress was induced by spray-inoculating 

parental plants three times with GFP-tagged Pseudomonas syringae pv. tomato DC3000 (Pst-

GFP) (Yu et al., 2013) or a mock solution. Progeny (generation 1; G1) from four parental plants 

(G0) per treatment-genotype combination were challenged with Hyaloperonospora 

arabidopsidis strain Waco9 (Hpa) (Figure 3.1a). Hpa colonisation was more severe in ros1-4 

and npr1-1 mutant plants compared to Col-0 (Figure 3.1b) (padj < 0.05). Disease by Pst-GFP 

in the previous generation had no influence on Hpa resistance in either mutant line. In contrast, 

wild-type Col-0 plants derived from Pst-GFP-infected parents were more resistant to Hpa 

compared to those that experienced no stress in the previous generation (Figure 3.1b). This 

indicates that both ROS1 and NPR1 are required for the establishment, maintenance and/or 

activation of h-IR against Hpa following parental Pst infection, supporting previous findings 

from this h-IR model system (Luna et al., 2012; López Sánchez et al., 2016; Furci et al., 2023). 
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Figure 3.1 Heritable induced resistance (h-IR) phenotypes in Col-0, ros1-4, and npr1-1. 
(a) Schematic outlining the heritable induced resistance (h-IR) assay. Four parental plants (G0) from a 
single genotype were subject to 3 spray-inoculations of GFP-tagged Pseudomonas syringae pv. tomato 
DC3000 (Pst-GFP) (Yu et al., 2013) (OD600 = 0.1) or a 10 mM MgSO4 mock treatment, supplemented 
with 0.01% silwet-L77. After flowering, the seeds from these plants (G1) were collected, sown, and 
grown for 3 weeks before spray inoculation with Hyaloperonospora arabidopsidis (Hpa) at a spore 
density of 1x105 condiospores ml-1. Parental Pst-GFP treatment = pPst; parental mock treatment = 
pMock. (b) Levels of h-IR to Hpa in Col-0, ros1-4, and npr1-1, following parental Pst-GFP treatment 
(pPst), or parental mock treatment (pMock). Five days post infection (dpi), seedlings were pooled per 
parental treatment, and stained with trypan blue. Individual leaves (n = 35-54) were microscopically 
assigned to four different Hpa colonisation classes: I: no hyphal colonisation; II: limited hyphal 
colonisation, ≤ 8 conidiophores; III: extensive hyphal colonisation, > 8 conidiophores; class IV: extensive 
hyphal colonisation with conidiophores and oospore(s), as described in Section 2.5 (Schwarzenbacher 
et al., 2020). Shown are the proportion of leaves assigned to each colonisation class. Treatments with 
the same letter are not significantly different (Fisher’s exact test; q-value > 0.05; FDR correction). 

 
 

3.4.2 Exposure to Pst in the Previous Generation Limited but Detectable Impact on 
DNA Methylation 

The DNA demethylase ROS1 of Arabidopsis reduces DNA methylation and is 

particularly active at transposon-gene boundaries (Tang et al., 2016). Consequently, this 

chromatin re-modeller enzyme has been implicated in the transcriptional regulation of 

environmentally responsive genes (Halter et al., 2021). Since the mutations in ROS1 reduce 

basal resistance to biotrophic pathogens (Yu et al., 2013; López Sánchez et al., 2016) and 

affect to h-IR against Hpa (López Sánchez et al., 2016; Figure 3.1b), the ROS1-dependent 

contribution to the DNA methylome of h-IR was investigated by whole-genome bisulfite 

sequencing (WGBS) of seedlings from the same pool of G1 seeds that had been used for the 

Hpa bioassay (Figure 3.1a). For each sample, 20-35 seedlings were pooled for DNA 
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extractions and sequencing (n=4). Principal component analysis (PCA; Figure 3.2a) and 

hierarchical cluster analysis (HCA; Figure 3.2b) of DNA methylation at a single cytosine 

resolution revealed that parental treatment had limited impact on the methylome of seedlings, 

and most of the variation in the dataset is driven by the ros1-4 mutation. Nonetheless, the 

HCA analysis grouped seedlings of pPst-treated Col-0 parents separately from seedlings of 

pMock-treated Col-0 parents (Figure 3.2b), which was not apparent for ros1-4. This indicates 

that Col-0 seedlings have subtle infection-dependent changes in DNA methylation that do not 

occur in ROS1-deficient plants, which aligns with the findings of a previous DNA methylome 

analysis of h-IR (Stassen et al., 2018). 

To identify methylation patterns associated with h-IR, differentially methylated regions 

(DMRs) across the genome were searched using DSS (Park and Wu, 2016). The analysis 

was performed for all cytosine contexts (allC) as well as distinct cytosine contexts (CG, CHG, 

and CHH). The comparison between ros1-4 seedlings (pMock) and Col-0 seedlings (pMock) 

yielded thousands of DMRs with a significant bias towards hyper-methylated DMRs (two-sided 

exact binomial test, p < 0.001), corroborating previous results and validating the WGBS 

analysis (Figure 3.2c) (Tang et al. 2016). In contrast, for both Col-0 and ros1-4, only a marginal 

number of DMRs (228 and 248, respectively) could be detected between progeny from Pst-

GFP-treated plants and mock-treated plants (Figure 3.2c). Hence, exposure to Pst in the 

previous generation has only a marginal impact on DNA methylation as detected in our dataset.  
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Figure 3.2 Global DNA methylation patterns in progeny from Col-0 and ros1-4 progeny of mock- and 
Pseudomonas syringae pv. tomato DC300 (Pst)-inoculated plants. 
(a) PCA plot displaying variation in global cytosine methylation (all cytosine contexts) for Col-0 (circle) 
and ros1-4 (triangle) seedlings, derived from parental plants treated with mock (pMock; blue) or Pst 
(pPst; red) as illustrated in Figure 3.1a. A total of 20-35 seedlings from a single parent were pooled to 
form one biologically replicated sample (n=4). (b) Hierarchical clustering (Euclidean distance, Ward) of 
global cytosine methylation (all cytosine contexts) for genotypes Col-0 and ros1-4, and parental 
treatments (pMock: blue and pPst: red). (c) Frequency of differentially methylated regions (DMRs) for 
the following comparisons: Col-0 pPst vs Col-0 pMock (left panel), npr1-4 pPst vs. ros1-4 pMock (middle 
panel), and Col-0 pMock vs. pMock ros1-4. Hyper- and hypomethylated DMRs are shown above and 
below the x-axis in light and dark grey shades, respectively.  
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3.4.3 The Variability of ROS1-Dependent h-IR and Associated DMRs Pose an Obstacle 
to Study the Underpinning Mechanisms 

To better understand the genomic context in which h-IR-related DMRs occur, the 

association of DMRs with gene bodies, gene promoters, intergenic regions, and transposable 

elements (TEs) was determined (Supplementary Data 3.3) (Figure 3.3a). DMRs between 

progeny from Pst-and Mock-treated Col-0 occurred predominantly in allC and CHH contexts 

and were largely associated with intergenic TEs (Figure 3.3a). Interestingly, in the ros1-4 

background, the same comparison revealed fewer DMRs in the allC and CHH contexts but an 

increase in DMRs within the CG and CHG contexts (Figure 3.3a).This difference is potentially 

relevant as loss of DNA methylation in TE-rich pericentromeric regions is linked to heritable 

quantitative resistance against Hpa (Furci et al., 2019). However, more pPst-associated DMRs 

in Col-0 were hypermethylated than hypomethylated (Figure 3.3a), and the DMRs were 

relatively small, averaging ~40 bp in width (Supplementary Data 3.3).  

Many of the hypermethylated DMRs in ros1-4 occurred within gene bodies or gene 

promoters (Figure 3.3a). As DNA methylation can prevent efficient binding of immune-

responsive transcription factors (O’Malley et al., 2016; Charvin et al., 2023), the enhanced 

susceptibility of ros1-4 to Hpa (Figure 3.1a) may be caused by DMRs repressing defence 

genes in cis. For instance, a hypermethylated DMR has been reported in the promoter of 

RLP43 in the ros1-3 mutant, which affects basal immunity against Pst (Halter et al., 2021). 

This same DMR has been detected in our dataset for the ros1-4 mutant (Supplementary Data 

3.3). Cis-regulatory DMRs like these could play a role in immunity against Hpa, making them 

promising candidates for involvement in ROS1-dependent h-IR. Therefore, to search for 

candidate hypomethylated DMRs contributing to h-IR, hypermethylated DMRs in ros1-4 (ros1-

4 pMock hyper-DMRs) were overlapped with hypomethylated DMRs from the progeny of Pst-

treated Col-0 plants (Col-0 pPst hypo-DMRs). Additionally, hypomethylated DMRs from the 

progeny of Pst-treated ros1-4 plants, which could not establish h-IR, were overlapped as a 

negative control (ros1-4 pPst hypo-DMRs) (Figure 3.3b). Lastly, hypomethylated DMRs from 

the progeny of Pst-treated Col-0 plants which were associated with h-IR to Hpa in a previous 

study (Stassen et al., 2018) (Col-0 pPst hypo-DMRs Stassen et al. 2018) were included in the 

analysis. In all 4 of these DMR sets, DMRs were merged across all cytosine contexts for 

simplicity, and are summarised in Supplementary Data 3.4. This analysis revealed only 4 

hypermethylated DMRs in ros1-4 that mapped to the same location as hypomethylated DMRs 

in the progeny of Pst-treated Col-0 (Figure 3.3b). Of these, 3 mapped to TEs, and 1 mapped 

to the second intron of the gene locus AT4G10603 (Figure 3.3c), which is predicted to encode 

a defensin-like protein (Silverstein et al., 2005). Interestingly, this same h-IR-associated DMR 

was identified in Stassen et al. (2018). However, AT4G10603 is exclusively expressed in flower 
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buds (Klepikova et al., 2016) (Supplementary Figure 3.1) and has been identified as a pollen 

coat protein (L. Wang et al., 2023). Therefore, while this DMR correlates well with h-IR, it is 

unlikely to have a role in defence against Hpa in leaf tissues. Beyond this single DMR, no 

other h-IR-associated DMRs were consistent with those identified by Stassen et al. (2018) 

(Figure 3.3b).  
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Figure 3.3 Annotated counts of differentially methylated regions (DMRs) between progenies of Pst 
(pPst)- or mock- (pMock)-inoculated Col-0 and ros1-4 plants.  
(a) Number of DMRs annotated as overlapping with gene promoters (< 1 kb upstream of gene 
transcriptional start site - TSS), gene body (TSS to transcriptional termination site - TTS), or intergenic 
(> 1 kb upstream of gene TSS) for each comparison. DMRs that also overlap with a transposable 
element (TE) within each region are indicated by dark gray shading. pPst and pMock: progeny of Pst- 
or mock-inoculated parents, respectively (see Figure 3.1). (b) Venn diagram overlapping context-
merged hypomethylated DMRs (hypo-DMRs) or hypermethylated DMRs (hypo-DMRs) for the following 
comparisons: hyper-DMRs from ros1-4 pMock vs Col-0 pMock (yellow), hypo-DMRs from Col-0 pPst 
vs Col-0 pMock (red), hypo-DMRs from previously published Col-0 pPst vs Col-0 pMock (Stassen et 
al., 2018; any of 3 described experiments) (green), and hypo-DMRs from ros1-4 pPst vs ros1-4 pMock 
(grey). (c) Integrative Genomics Viewer snapshot of AT4G10603 showing methylation percentage (limits: 
0-100%) for Col-0 pMock (track 1; blue), Col-0 pPst (track 2; red), and ros1-4 pMock (track 3; yellow). 
Bottom track shows annotation of genes (grey) and TEs (dark grey). Methylation tracks contain 4 
overlayed tracks from 4 biological replicates.  
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3.4.4 Technical Challenges Associated With the Identification of Stress-Induced 
Heritable Changes in DNA Methylation 

A plausible explanation for the failure of the WGBS analysis to identify consistent 

candidate DMRs underlying h-IR lies in the experimental design. Firstly, stress-induced 

changes in DNA methylation likely vary among individuals in the parental generation. For 

example, when exposed to jasmonic acid, Arabidopsis plants generally exhibit a reduction in 

DNA methylation at TEs in the ATREP2 family, but the specific TEs affected differ among plants 

(Wilkinson et al. 2023). Secondly, during reproduction, there is significant reprogramming of 

the epigenetic landscape, with only some epigenetic marks being faithfully transmitted to the 

next generation (Calarco et al., 2012; Long et al., 2021; Tirot and Jullien, 2022). As a result, 

plants derived from a single parent and grown in identical conditions will diverge and fluctuate 

in their DNA methylation patterns over successive generations (Becker et al., 2011; Johannes 

and Schmitz, 2019; Zhang et al., 2021; Briffa et al., 2023). Interestingly, a recent study has 

shown that biotic stress elevates the frequency of spontaneous epimutations, resulting in 

increased divergence in DNA methylation patterns over time in stressed plants (Zhang et al., 

2024).Therefore, comparing the methylome of 20-35 pooled seedlings from 4 parental plants 

introduces multiple layers of variability that are extremely challenging to disentangle. One way 

to overcome this would involve harvesting leaves of individual plants for DNA methylation 

sequencing and subsequently phenotyping the same plants for h-IR responses. However, 

harvesting material could trigger wound-associated defence responses, potentially influencing 

the resistance of the plants to pathogens. It would also be challenging to harvest enough 

material from a single plant to extract enough DNA for next-generation sequencing. 

Furthermore, the increased sensitivity of this approach would incur substantial financial costs, 

as many plants would need to be sequenced for DNA methylation to characterise h-IR-

associated DMRs.   

Alternatively, the use of mutant lines that are compromised in DNA methylation 

machinery, such as the ros1-4 mutant, can generate more consistent and pronounced 

changes in DNA methylation (as evidenced in Figures 3.2 and 3.3), making them valuable 

tools for understanding the functional roles of the associated proteins. To further dissect the 

role of ros1 in establishing or maintaining h-IR, crosses between wild-type plants and ros1 

mutants could be created. The segregating F1 population would then be subjected to a 

standard h-IR assay (Figure 3.1a) (Furci et al., 2023). If h-IR phenotypes co-segregate with 

the presence/absence of ROS1 in the F2 population, this would indicate a critical role of ROS1 

in maintaining h-IR-associated epialleles over reproduction. However, if h-IR phenotypes did 

not co-segregate with the ros1 mutation, and all progeny displayed h-IR phenotypes, it would 

indicate that ROS1 is important for the establishment of immune memory in the parental 
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generation, but not necessarily the maintenance of these h-IR epialleles over reproduction. 

However, permanent changes caused by genetic mutation do not reflect the reversable nature 

of stress-induced epigenetic changes and often become progressively more severe over 

generations, sometimes rendering plants inviable (Jeddeloh et al., 1998; Mathieu et al., 2007; 

Saze et al., 2008; Williams and Gehring, 2017; Zhang et al., 2021). Furthermore, dysfunction 

of one protein can lead to hyperactivity of another gene/protein through feedback mechanisms. 

For example, mutants in RNA-directed DNA methylation (RdDM) machinery, which exhibit 

lower levels of DNA methylation, have an approximately 10-fold decrease in ROS1 transcript 

abundance, resulting in compensatory accumulation of DNA methylation (Williams et al., 2015; 

Tang et al., 2016). Similarly, plants lacking METHYLTRANSFERASE 1 (MET1) have drastic 

reductions in CG DNA methylation but exhibit ectopic accumulation of non-CG methylation 

and H3K9me2 marks due to reduced expression of IBM1 (Rigal et al., 2012; Yinwen Zhang et 

al., 2024) (see Figure 1.2 in Chapter 1).  

Therefore, the use of an inducible system that allows for controlled introduction of 

ROS1-dependent DNA demethylation is proposed and characterised below. This system is 

expected to mimic a transient epigenetic shock more closely, where DNA methylation is lost 

in response to natural stress (Dowen et al., 2012; López Sánchez et al., 2016; Geng et al., 

2019; Atighi et al., 2020; Annacondia et al., 2021; Wilkinson et al., 2023; Lee et al., 2023), 

compared to the use of a genetic mutation lines such as ros1-4, which harbour permanent and 

non-reversible changes. Furthermore, since ROS1 has distinct targets (Tang et al., 2016), the 

induced changes in DNA methylation are expected to be less variable than those caused by 

pathogens. Altogether, this tool could provide a more sensitive and robust system to 

characterise regions of DNA methylation that contribute to basal immunity and/or long-term 

induced resistance.  

3.4.5 The XVE Inducible System Enables Controlled Activation of ROS1 in 
Arabidopsis 

To address the challenges associated with the inherent variability of h-IR, a system 

allowing for controlled induction of DNA demethylation was developed. The results from the 

h-IR experiment (Figure 3.1b), along with findings from previous studies (López Sánchez et 

al., 2016; Halter et al., 2021), highlight the importance of the DNA demethylase ROS1 in 

regulating innate and induced immunity. Therefore, transgenic Arabidopsis lines were 

generated carrying an inducible ROS1 construct using the XVE transactivating system (Zuo 

et al., 2000; Siligato et al., 2016) (Figure 3.4a). XVE is a chimeric protein formed of a DNA-

binding domain for the bacterial repressor LexA (X), the acidic transactivating domain of VP16 

(V), and the carboxyl region of the human estrogen receptor (E) (Zuo et al., 2000). When the 
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human hormone 17β-estradiol (E2) binds to the E domain of XVE, the protein undergoes a 

conformational change which facilitates its binding to LexA operator sequences, which are 

fused to a minimal 35S promoter (Benfey et al., 1990; Zuo et al., 2000). In this construct, the 

E2-induced binding of XVE to the LexA operator sequences induces transcription of the ROS1 

gene fused with YFP (ROS1-YFP). This plasmid was named pR-XVE-gROS1-YFP and was 

transformed into Col-0 Arabidopsis plants to form transgenic XVE:ROS1-YFP plants (for 

details on the construction and transformation of this plasmid see Section 2.4) (Figures 3.4a, 

3.4b).  

To validate the functionality of the XVE:ROS1-YFP construct, the accumulation of the 

ROS1-YFP protein was quantified by epi-fluorescence microscopy imaging in hydroponically 

grown Col-0 seedlings (serving as the negative control) and two independent XVE:ROS1-YFP 

lines, designated as line 5 (L5) and line 7 (L7), 24 hours after supplementing the medium with 

increasing concentrations of E2 (Figure 3.4c). Pairwise t-tests with a false discovery rate (FDR) 

correction on the p-values (resulting in q-values) revealed that the relative YFP signal in L5 

and L7 was significantly higher than the background level in Col-0 at E2 concentrations ≥1 µM 

(q < 0.05). Moreover, the relative YFP signal showed a dose-dependent increase in both 

XVE:ROS1-YFP lines until saturation at approximately 25 µM E2 (Figure 3.4c). 

A time-course analysis was then performed at two E2 doses, 5 µM and 25 µM (Figure 

3.4d), using hydroponically grown Col-0, L5, and L7 seedlings (Figure 3.4d). There was no 

significant effect of the interaction between genotype, E2 dose, and time on relative YFP signal 

(F = 0.1; df = 4, 36; p > 0.05). However, the interaction between time and genotype, 

irrespective of dose, had a highly significant effect on relative YFP signal (F = 6.4; df = 4, 36; 

p < 0.001). For both 5 µM and 25 µM treatments, relative YFP signal in L5, but not L7, was 

significantly higher than Col-0 as early as 6 hours post-treatment (q < 0.05) (Figure 3.4d). At 

24 hours post treatment, both XVE:ROS1-YFP lines exhibited a significantly increased YFP 

signal compared to Col-0 (q < 0.01), which disappeared by 48 hours post-E2 treatment (q > 

0.05) (Figure 3.4d). Therefore, E2 induces transient accumulation of ROS1-YFP, indicating 

that the recombinant protein is no longer expressed and/or is degraded 24 hours after E2 

treatment, regardless of the dose. 

The induction of the construct in soil-grown plants was tested by spraying 2-week-old 

seedlings with 25 µM E2 or 0.05% DMSO, supplemented with 0.015% Silwet L-77 (silwet). As 

a surfactant, silwet ensures a more homogeneous distribution of the chemical solution on a 

the hydrophobic surface of leaves (Chengara et al., 2007). Relative accumulation of ROS1 

transcripts increased approximately 200-fold in L5 and L7 24 hours after E2 treatment, 

compared to native ROS1 expression in Col-0 (Figure 3.4e). Furthermore, no changes in 
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ROS1 expression or YFP signal were detected in Col-0 plants in response to E2 (Figures 3.4e, 

3.4f). DAPI staining showed that the enhanced ROS1-YFP fluorescence in L5 and L7 treated 

with 25 µM E2 predominantly co-localised with nuclear DAPI fluorescence, confirming nuclear 

localisation of the recombinant protein (Figure 3.4f). While DMSO-treated L5 and L7 had a 

mild but significant increase in ROS1 transcript abundance (1.7x and 2.3x, respectively) 

compared to DMSO-treated Col-0 (t-test, p <0.05), there was no detectable increase in ROS1-

YFP signal (Figures 3.4e, 3.4f). Therefore, even with mild ‘leakiness’ of the construct, the 

XVE:ROS1-YFP system is tightly controlled by E2 induction (Zuo et al., 2000), allowing for 

high levels of transient ROS1-YFP accumulation in the nucleus of plants.  
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Figure 3.4 Characterisation of XVE:ROS1-YFP lines.  
(a) Plasmid map of estradiol (E2)-inducible XVE:ROS1-YFP construct used to transform Col-0. (b) 
Schematic demonstrating the XVE E2-inducible system. See main text for details. (c) ROS1-YFP 
protein accumulation upon treatment with increasing E2 concentrations of hydroponically grown Col-0, 
XVE:ROS1-YFP (L5) and XVE:ROS1-YFP (L7) seedlings at 24 hours after treatment of 7-day-old 
seedlings. Data points represent relative YFP fluorescence intensities from biologically replicated 
seedlings (n = 6), normalised against the mean relative YFP fluorescence intensity in DMSO-treated 
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control seedlings. Asterisks indicate a statistically significant difference in YFP fluorescence intensity 
compared to Col-0 plants (t-test; * p < 0.05, ** p < 0.01, *** p < 0.001). (d) ROS1-YFP protein 
accumulation at 6, 24, and 48 hours after treatment with 5 μM or 25 μM E2 to 7-day-old hydroponically 
grown seedlings, measured as relative light units (RLU) per plant area (mm2). Data points represent 
YFP fluorescence intensities from biological replicates (n = 4) relative to the mean YFP fluorescence 
intensity value of DMSO-treated controls for a given genotype. For each time-point, pairwise t-tests 
against Col-0 were performed and p-values adjusted for using the FDR correction (q; * q < 0.05, ** 
q < 0.01, *** q < 0.001). (e) Quantification of ROS1 transcripts by RT-qPCR at 24 hours after spraying 
2-week-old soil-grown Col-0, L5, and L7 seedlings with 25 μM E2 or 0.05% DMSO, supplemented with 
0.015% silwet. Data points represent expression values of individual biological replicates (n=4) relative 
to the mean relative expression value of DMSO-treated Col-0 seedlings. Asterisks indicate a statistically 
significant difference between treatments within a genotype (t-test; ** p < 0.01, *** p < 0.001). (f) ROS1-
YFP protein accumulation was imaged at 24 hours after the same treatment as (e) by epi-fluorescence 
microscopy. Brightness and contrast of all raw images were increased for the bright field (BF) images 
(20% and 10%, respectively), DAPI images (60% and 70%, respectively), and YFP images (40% and 
70%). DAPI and YFP images were pseudo-coloured cyan and yellow, respectively. Scale bars = 50 µm.  
 
 

3.4.6 Transient Induction of ROS1 Induces Resistance Against Biotrophic pathogens.  

The ros1-4 mutant is more susceptible to the biotrophic oomycete Hpa and the hemi-

biotrophic bacterium Pst (Figure 3.1b) (Halter et al., 2021). To investigate how transient 

overexpression of ROS1 influences resistance against Hpa and Pst, Col-0, L5, and L7 

seedlings were treated twice with E2 prior to infection (Figure 3.5a). The first induction was 

performed 14 days after sowing (14 DAS), using a concentration of 10 µM E2. A second 

induction treatment was performed 4 days later (18 DAS) using a concentration of 25 µM E2 

(Figure 3.5a). The equivalent volume/volume percentage (v/v %) of DMSO was used as a 

control treatment and all solutions were supplemented with 0.015% silwet. Two days after the 

final E2 treatment, plants were spray-inoculated with either Hpa (1 x 105 spores ml-1 in dH2O) 

or the bioluminescent Pst luxCDABE (Pst-Lux) strain (Fan et al., 2008) (OD600 = 0.2 in 10 mM 

MgSO4 with 0.015% silwet) (Figure 3.5a). This dual E2 treatment was chosen based on the 

hypothesis that it would more accurately mimic the escalating stress encountered during 

infection by a virulent pathogen which proliferates within plant tissues. In agreement, data 

presented in Chapter 6 of this thesis highlight that multiple treatments of E2 are required to 

establish resistance against Pst (Figure 6.2).  

Colonisation by Hpa was microscopically analysed in trypan blue-stained leaves at 5 

days post inoculation (dpi), and individual leaves (n = 72-80) were assigned to Hpa 

colonisation classes, ranging from I (no colonisation) to IV (severe colonisation and sporulation) 

(see Section 2.5) (Figure 3.5b). Pairwise statistical comparisons of the distribution of leaves 

across the four colonisation classes were performed using Fisher’s exact test with FDR-

corrected p-values (q-values). Wild-type Col-0 plants treated with DMSO or E2 showed no 
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difference in susceptibility to Hpa (q > 0.05). However, E2-treated lines harbouring the 

XVE:ROS1-YFP construct (L5 and L7) were more resistant compared to those treated with 

DMSO (L5: q < 0.001; L7: q < 0.001) (Figure 3.5b). Hpa colonisation in L5 and L7 showed no 

statistically significant difference within either the DMSO-treated or E2-treated groups (q > 

0.05). Furthermore, DMSO-treated XVE:ROS1-YFP lines were as susceptible as DMSO-

treated Col-0 and E2-treated Col-0 seedlings (q > 0.05) (Figure 3.5b). It can thus be concluded 

that E2 has no impact on Hpa resistance in Col-0 and that the transient accumulation of ROS1-

YFP upon E2 treatment in XVE:ROS1-YFP-harbouring lines induces resistance against Hpa.  

Colonisation by Pst-Lux was non-destructively monitored from 1 to 4 dpi using 

bioluminescence as a quantitative measure of disease (Fan et al., 2008; Furci et al., 2021) 

(Figures 3.5c, 3.5d). A linear mixed-effects model, which accounted for the random effects of 

dpi and pot, was fitted to the square-root transformed data from 2-4 dpi. The omission of data 

from 1 dpi was necessary to comply with the assumption of normality, as most plants exhibited 

little to no Pst-Lux bioluminescence at this time point. Using likelihood ratio tests (LRTs) 

between the full model and reduced models, significant effects of genotype (Col-0, L5, L7) (Χ 
2 = 46.0, df = 4, p < 0.001), treatment (DMSO, E2) (Χ 2 = 31.3, df = 3, p < 0.001), and the 

interaction between genotype and treatment (Χ 2 = 15.7, df = 2, p < 0.001) were detected. 

Post-hoc pairwise comparisons revealed that both lines harbouring the XVE:ROS1-YFP 

construct significantly supressed the progression of Pst-Lux when treated with E2 (multiple 

comparisons using estimated marginal means and a Tukey p value adjustment < 0.05) (Figure 

3.5c). All DMSO-treated and E2-treated Col-0 seedlings displayed similar progression of Pst-

Lux colonisation (p > 0.05) (Figures 3.5c, 3.5d). Therefore, E2 does not influence the 

progression of Pst-Lux colonisation in Col-0. By contrast, transient induction of ROS1-YFP by 

E2 in L5 and L7 effectively induces resistance against Pst-Lux.  
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Figure 3.5 Impacts of estradiol treatment on resistance to Hpa and Pseudomonas syringae pv. tomato 
DC3000 luxCDABE (Pst-Lux) in wild-type Col-0 and two XVE:ROS1-YFP lines (L5 and L7). 
(a) Experimental setup to analyse the impacts of E2-induced ROS1 on resistance to (hemi)biotrophic 
pathogens Hpa and Pst-Lux. Col-0, L5, and L7 plants were treated twice with E2 or DMSO at 14 days 
after sowing (DAS) (10 uM E2 or 0.02% DMSO) and 18 DAS (25 uM E2 or 0.05% DMSO). 2 days after 
treatment 2, seedlings were inoculated with Hpa or Pst-Lux. (b) At 5 dpi with Hpa, individual leaves (n 
= 72-80) were microscopically assigned to 4 different Hpa colonisation classes (details in Figure 3.4 
legend and Section 2.5). The relative frequency of leaves assigned to each Hpa colonisation class is 
shown. Treatments with the same letter are not significantly different (Fisher’s exact test; FDR-
correction; q > 0.05). (c) Colonisation by Pst-Lux was quantified 1-4 dpi using bioluminescence intensity 
(section 2.5), reported as plant area-normalised relative light units (RLU/mm2). Points with error bars 
represent mean Pst-Lux bioluminescence values (n = 31-41) ± standard error of the mean. Treatments 
with the same letter are not significantly different in their progression of disease between 2-4 dpi (linear 
mixed effects model; estimated marginal means post-hoc; Tukey padj < 0.05). (d) Visualisation of Pst-
Lux bioluminescence in inoculated seedlings of Col-0, L5, and L7. Shown are representative pots for 
each genotype-treatment combination. Bright field (BF) images are used to define plant regions. Long-
exposure images taken in the dark (4 mins) are used to quantify Pst-Lux bioluminescence (section 2.5). 
Inoculation and quantification of Pst-Lux and Hpa are detailed in Section 2.5.  
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3.4.7 Transient Induction of ROS1 in the Parental Generation Does not Enable 
Heritable Induced Resistance (h-IR) to Hpa in the Progeny 

The results presented above confirm that ROS1 is required for the establishment, 

maintenance, and/or activation of h-IR against Hpa following parental Pst infection (Figure 3.1) 

(López Sánchez et al., 2016). Furthermore, ectopic induction of ROS1 conferes induced 

resistance against (hemi-)biotrophic pathogens (Figure 3.5), providing further evidence that 

ROS1 is a positive regulator of SA-dependent defences (Yu et al., 2013; López Sánchez et 

al., 2016; Halter et al., 2021). Therefore, to determine whether ROS1 activity alone can drive 

the establishment of long-term immune memory preceding h-IR, Col-0, L5, and L7 seedlings 

were treated twice with DMSO or E2, as previously described (Figure 3.5), and their 3-week-

old progeny were tested for resistance against Hpa (Figure 3.6a). Parental E2 treatment (pE2) 

was not associated with heightened immunity compared to parental DMSO (pDMSO) 

treatment in any of the tested genotypes (Fisher’s exact test, q > 0.05). Therefore, while 

ectopic induction of ROS1 can provide short-term immune memory (48 hours) against Pst and 

Hpa, this memory is not stable across a generation, and as a result, no h-IR is observed in the 

progeny. Having observed that this memory is initially established, but subsequently lost, this 

XVE:ROS1-YFP system acts as an excellent tool to study the establishment, maintenance, 

and erasure of immune memory. Thus, in the following Chapters of this thesis, I first 

characterise molecular changes associated with the establishment of this immune memory 

(Chapter 4), and subsequently investigate the within-generation durability (i.e., the erasure) of 

this memory (Chapter 5).  
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Figure 3.6 Resistance of progeny to Hyaloperonospora arabidopsidis from DMSO- or E2-treated Col-
0, L5, and L7 seedlings. 
(a) Col-0, L5, and L7 plants (generation 0; G0) were treated twice with E2 or DMSO at 14 and 18 DAS, 
as described in Figure 3.5a. Seeds (G1) were collected from three individual plants per genotype for 
each treatment and infected with Hpa 21 DAS. (b) At 5 dpi with Hpa, seedlings were stained with trypan 
blue. Individual leaves from 8 plants per parental line (3 parental plants per genotype per treatment) 
were microscopically assigned to four different Hpa colonisation classes as detailed in the legend of 
Figure 3.1b and in Section 2.5. Shown are the relative frequencies of leaves assigned to each Hpa 
colonisation class, pooled by parental treatment and genotype (n = 123–132). Treatments with the same 
letter are not significantly different (Fisher’s exact test; FDR-correction; q > 0.05). 
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3.5 Supplementary Figures 

 
Supplementary Figure 3.1 Snapshot of the Klepikova Arabidopsis Atlas for the Arabidopsis gene locus 
AT4G10603. 
Screenshot from from ePlant (Waese et al., 2017) (http://bar.utoronto.ca/eplant; accessed 12/10/2024). 
Figure shows RNA sequencing derived expression values of the gene in different tissues, with grey 
indicating no expression and red indicating high expression. This Figure demonstrates that the gene is 
exclusively expressed in flower buds and the onset of flower opening.  
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4.1 Abstract 

Plants can retain memory from past stress events, which enables a more efficient 

defence response to recurrent stress exposures. Genome-wide reductions in DNA methylation 

occur in response to biotic stress and can persist long after recovery from the stress. Mutations 

in genes controlling DNA methylation have been shown to disrupt this ability, rendering plants 

'forgetful' and preventing them to maintain induced resistance (IR). In the previous Chapter, I 

demonstrated that transient induction of the DNA demethylase ROS1 in estradiol-treated 

XVE:ROS1-YFP plants results in IR against (hemi-)biotrophic pathogens. In this Chapter, I 

have combined whole-genome bisulfite sequencing, whole-transcriptome sequencing, and 

small RNA (sRNA) sequencing to characterise the epigenetic and transcriptomic changes 

during the onset of ROS1-dependent immune memory. This integrated analysis firstly revealed 

that transient induction of ROS1 reduces DNA methylation and 23-24 nucleotide (nt) sRNAs 

at the boundaries between transposable elements (TEs) and protein-coding genes in the 

chromosome arms. By contrast, intergenic DNA demethylation in the (peri)centromeric regions 

was less pronounced, which correlated with a dramatic increase in sRNA accumulation. 

Functional analysis of all protein-coding genes induced by ROS1 revealed an enrichment of 

gene ontology terms related to salicylic acid (SA)-dependent defence. Moreover, integrating 

all sequencing data to identify protein-coding genes that are antagonistically cis-regulated by 

ROS1-induced DNA-demethylation and RNA-directed DNA methylation (RdDM) identified key 

regulators of salicylic acid (SA)-dependent defences and DNA damage responses. This 

included a locus in the promoter of NPR1 – a master regulator of SA-dependent defences and 

systemic immune memory. Collectively, this Chapter provides new insights into the epigenetic 

and transcriptomic changes occurring during the establishment of epigenetic immune memory. 

The results not only reveal novel functions of ROS1 and RdDM in epigenomic homeostasis 

but also identify potential targets for the epigenetic engineering of stress memory in plants. 
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4.2 Introduction 

After recovering from an infection or infestation by pathogens or pests, plants possess 

the ability to remember the stress, which enables them to respond more effectively to a similar 

stress later in life (Wilkinson et al., 2019; Hannan Parker et al., 2022). A common response of 

plants to biotic stress is genome-wide DNA de-methylation. This epigenetic change influences 

the expression of genes and transposable elements (TEs) and can be maintained over cell 

divisions (Wilkinson et al., 2019, 2023; Hannan Parker et al., 2022; Catoni et al., 2022). 

Several studies have shown that genetic mutations disrupting DNA (de)methylation in 

Arabidopsis de-regulate the ability of plants to remember stress and/or mount an induced 

resistance (IR) response (Luna et al., 2014; López Sánchez et al., 2016; Wilkinson et al., 

2023). Notably, mutants impaired in the DNA demethylase ROS1 fail to express heritable 

induced resistance (h-IR) against biotrophic pathogens (López Sánchez et al., 2016), whereas 

plants affected in non-CG DNA methylation mimic the priming of salicylic acid-dependent 

defences that drives h-IR upon parental disease stress and long-term IR by chemical priming 

agent BABA (Luna et al., 2012, 2014). These results have led to the hypothesis that transient 

disease stress induces an ‘epigenetic shock’ via ROS1-dependent DNA demethylation, which 

results in the establishment and long-term maintenance of immune memory (López Sánchez 

et al., 2016; Wilkinson et al., 2019, 2023; Hannan Parker et al., 2022). 

Despite the evidence from genetic mutations affecting DNA methylation homeostasis, 

it remains challenging to separate cause and effect of DNA demethylation during the 

establishment of immune memory. For instance, mutations affecting DNA (de)methylation 

have a permanent impact on the epigenetic machinery in the plant, which contrasts the 

transient changes occurring during stress-induced immune memory. Consequently, it remains 

unclear whether transient changes in the activity of DNA (de)methylation machinery are merely 

a byproduct of the immune response, or whether they serve as a critical signal in the 

establishment of immune memory. To address this question, the study presented in this 

Chapter has taken advantage of the transgenic XVE:ROS1-YFP lines described in Chapter 3 

(Figure 3.4). These plants develop IR against the (hemi-)biotrophic pathogens 

Hyaloperonospora arabidopsidis (Hpa) and Pseudomonas syringae pv. tomato DC3000 (Pst) 

upon two successive applications of estradiol (E2; Figure 3.5), which supports the notion that 

the epigenetic shock by transient ROS1-induced DNA demethylation is causal to the 

establishment of epigenetic immune memory against biotrophic pathogens.  

To characterise the epigenetic and transcriptomic changes associated with this ROS1-

dependent immune memory, this Chapter describes the DNA methylome and transcriptome 

of two independent XVE:ROS1-YFP lines and wild-type Col-0 plants as controls after two 
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resistance-inducing treatments with E2. These results not only confirm that the recombinant 

ROS1-YFP protein functions as an active DNA demethylase enzyme but also reveal gene 

expression patterns consistent with enhanced SA-dependent defences that explain the IR 

responses observed in Chapter 3 (Figure 3.5). Furthermore, the patterns of global DNA 

demethylation and small RNA distribution induced by ROS1 highlight a notable difference in 

the response between chromosome arms and pericentromeric regions, suggesting a 

difference in the regulation of DNA (de)methylation in these genomic regions. 
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4.3 Materials and Methods 

4.3.1 Plant Materials, Growth Conditions, Chemical Treatments, and Material Harvest  

Three Arabidopsis genotypes were used in this Chapter: wild-type Col-0 and two 

XVE:ROS1-YFP lines, line 5 (L5) and line 7 (L7). For details on the generation of XVE:ROS1-

YFP plants, see Section 2.4 and for characterisation of L5 and L7 see Figures 3.4, and 3.5. 

Plants were cultivated in short-day conditions using 70 mL pots containing a 2:1 soil:sand 

mixture following a 4 day stratification period, as detailed in Section 2.1. Ten seeds were sown 

per pot, and 6 pots per genotype were grown within a single tray. Plants were watered from 

the bottom 2-3 times per week.  

Aerial parts of seedlings were sprayed twice with E2 or DMSO. The first spray was 

performed at 14 days after sowing (DAS) with 10 μM E2 or 0.02% (v/v) DMSO; the second 

spray was performed at 18 DAS with 25 μM E2 or 0.05% DMSO (v/v). Control treatments were 

based on equivalent DMSO sprays without E2. All solutions were prepared in dH2O and were 

supplemented with 0.015% (v/v) silwet L-77 (LEHLE SEEDS, VIS-30) (silwet). Each tray of 18 

pots was sprayed with a total volume of 20 mL E2 solution or DMSO solution. Further details 

about the preparation and storage of E2 stocks are detailed in Section 2.3.  

Green leaf area (GLA) (Supplementary Figure 4.2) was calculated from the previous 

Pst-Lux assay in Chapter 3 (Figure 3.5), using the plant area regions of interest (ROIs) from 

bright field images as a measure of GLA. The effect of genotype and treatment, and the 

interaction between the two, on GLA was tested using a two-way ANOVA. GLA was log 

transformed to meet the assumptions of normality and homogeneity of variance. Tukey post-

hoc tests were performed using the R package agricolae v1.3-7 (function: HSD.test). 

For each biological replicate (n=3), two days after the final E2 or DMSO treatment (20 

DAS), aerial tissues from approximately 60 seedlings per genotype per treatment were 

collected from a single tray, snap frozen in liquid nitrogen, and stored at -80°C. The material 

was then ground to fine powder in a pre-cooled pestle and mortar and split between several 

~100 mg aliquots in pre-cooled 2 mL Eppendorf tubes. These aliquots were placed back in 

liquid nitrogen and stored at -80°C. Individual aliquots, derived from the same pool of ground 

up tissue, were used for DNA and RNA extractions.  
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4.3.2 Whole Genome Bisulfite Sequencing (WGBS) Analysis  

4.3.2.1 DNA Extraction and WGBS  

Genomic DNA was extracted from biologically replicated (n = 3) E2- or DMSO-treated Col-0, 

L5, and L7 seedlings (18 samples in total) using the DNeasy Plant Mini Kit (Qiagen 69104). 

DNA quality and quantity were assessed using a Nanodrop 8000 spectrophotometer and a 

Qubit 3.0 Fluorometer. In cases where total DNA yield was low, a second extraction was 

performed and the eluate from the first extraction was used to elute the second extraction, 

thereby increasing both concentration and yield. The bisulfite conversion, library preparation, 

and 100 bp paired-end sequencing was performed by BGI Genomics using their DNA nanoball 

(DNB) sequencing (DNBSEQ) platform with standard protocols.  

Raw sequencing data were filtered by BGI Genomics using SOAPnuke (Y. Chen et al., 

2018) with the following parameters: ‘-n 0.001’, ‘-l 20’, ‘-q 0.4, ‘--adaMR 0.25’, ‘--minReadLen 

100’. This filtering process was conducted to remove adapter sequences and low-quality reads. 

Subsequently, the absence of adapters and the overall quality of the provided filtered 

sequencing data were independently verified in-house using FastQC v0.12.1 and MultiQC 

v1.21 (Ewels et al., 2016). Reads were then aligned to the TAIR10 Arabidopsis genome, using 

Bismark v0.24.1 (function: bismark; options: default parameters) (Krueger and Andrews, 2011), 

which utilises Bowtie2 v2.5.1 (Langmead and Salzberg, 2012). Using these default 

parameters, any reads which align ambiguously to the genome were excluded from 

downstream analyses of DNA methylation. While this carries the risk of reducing coverage at 

highly repetitive sequences (eg., TEs), it ensures that all methylation calls are of high 

confidence. PCR duplicate reads were removed (function: deduplicate_bismark; options: 

default parameters) and Bismark was used to generate and summarise binary scores for 

methylated cytosines (1) and unmethylated cytosines (0) in all contexts for each position 

(function: bismark_methylation_extractor; options: --comprehensive --bedGraph --CX --

cytosine_report --ignore_r2 4). The unmethylated plastid genome was used to calculate non-

conversion rates, and all samples passed the accepted threshold of <2%, with an average 

non-conversion rate of 0.42 % (Stuart et al., 2018) (Supplementary Data 4.1). 

4.3.2.2 Principal Component Analysis (PCA) 

PCA was performed using positional cytosine methylation levels (%) in any context (all 

cytosines; allC). Cytosines with <5 mapped reads were dropped from the analysis. 

Furthermore, to focus the computational analysis on the most variable regions, cytosines with 

standard deviations that were less than the median of the standard deviation across all 

cytosines were removed from the analysis. PCA was conducted in base R v4.2.1 (function: 



90 
 

prcomp; options: scale = FALSE, center = TRUE) and plots were generated using the R 

package ggplot2 v3.5.0. 

4.3.2.3 Chromosome Metaplots  

Plots are based on average levels of cytosine DNA methylation in 100 kb bins of the 

TAIR10 genome. Bins were created using bedtools v2.31.0 (function: makewindows; options: 

-w 100000 -s 100000) (Quinlan and Hall, 2010). Only cytosines with ≥ 5 mapped reads were 

included in the analysis, after which bins with at least 60% of the expected number of sites for 

a given context based on averages of the nuclear TAIR10 genome, rounded to the nearest 

thousand, were retained. This resulted in the following selection: bins must contain ≥ 3000 

sites for CG and CHG contexts, ≥ 16000 sites for CHH context, and ≥ 22000 sites for allC, all 

with sufficient coverage (≥ 5 reads). To define chromosome arms and (peri)centromeric 

regions, the 100 kb windows with TE densities > protein coding gene densities were identified. 

For each nuclear chromosome, the start of the pericentromere was defined as the midpoint of 

the first bin in a string of at least 5 neighbouring bins for which TE density > gene density. The 

end of the pericentromere was defined as the midpoint of the last bin in a string of at least 5 

neighbouring bins where TE density > gene density (Chr1: 12450000-17650000, Chr2: 

1250000-7050000, Chr3: 10450000-16250000, Chr4: 1650000-6350000, Chr5: 9750000-

14650000). The pericentromeric midpoint for each chromosome was defined as the midpoint 

between the start and end of the associated pericentromeric coordinates. Metaplots of 

chromosomes plot the coordinates of the 100 kb window relative to the pericentromeric 

midpoint along the x-axis and average cytosine methylation of windows on the y axis. The 

pericentromeric region in the metaplots was defined as the maximum absolute relative 

distance for any pericentromeric window (as defined above) for both the start and end points.  

4.3.2.4 Gene, Transposable Element (TE), and miRNA Metaplots  

Plots are based on 20 equally sized bins across protein-coding (transcriptional start 

site to transcriptional termination site; TSS to TTS), TE, or miRNA regions, as defined by the 

Araport11 (Cheng et al., 2017) and TAIR10 TE annotation (https://www.arabidopsis.org; 

accessed 10/02/2024) files. Similarly, the 1 kb region upstream and downstream of the feature 

were divided into 20 equally sized bins, equating to 50 bp per bin. Average allC methylation 

was calculated for each bin using bedtools (function: map; options -o mean,count) (Quinlan 

and Hall, 2010). Only cytosines with ≥ 5 mapped reads were included in the analysis.   

4.3.2.5 Analysis of Differentially Methylated Regions (DMRs)  

The R package DSS v2.46.0 (H. Feng et al., 2014; Park and Wu, 2016) was used to 

calculate DMRs. As DSS accounts for read coverage, no prior data filtering was performed. 

https://www.arabidopsis.org/
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Differentially methylated cytosines were first called using DSS (function: DMLtest; options: 

equal.disp = FALSE, smoothing = FALSE) which were then used to call DMRs with DSS 

(function: callDMR; options: minlen = 25, dis.merge = 50, minCG = 3, p.threshold = 0.05, delta 

= 0.1, pct.sig = 0.5). This pipeline was performed on cytosines in allC, CG, CHG, and CHH 

sequence contexts to generate context specific DMRs. Annotation of DMRs were based on 

Araport11 (Cheng et al., 2017) and TAIR10 transposable element annotation 

(https://www.arabidopsis.org; accessed 10/02/2024) files using the R packages genomation 

v1.34.0 (Akalin et al., 2015) and GenomicRanges v1.54.1 (Lawrence et al., 2013). In cases 

where a DMR overlapped with multiple features, a single annotation was assigned in the 

following order of preference: exon > intron > promoter > downstream > non-coding RNA > 

intergenic. Promoters were defined as 1 kb regions upstream of the transcriptional start site 

(TSS) of protein-coding genes. Downstream gene sequences were defined as 1 kb regions 

from the transcriptional termination site (TTS) of protein-coding genes. Non-coding RNA 

included any defined transcribed locus in Araport11 that is not a protein-coding gene. 

Intergenic regions were defined as regions that do not overlap any of these above defined 

features. DMRs were annotated as overlapping/not overlapping with a TE using the TAIR10 

TE annotation file.  

4.3.2.6 DMR Enrichment Plots  

ROS1-hypomethylated DMRs (hypo-DMRs) were merged across contexts in E2-

treated L5 and L7 plants to form set of non-duplicate hypo-DMRs. These merged DMRs were 

then cross-referenced between both lines and overlapping DMRs were extended such that 

the start coordinate was the minimum value between L5 and L7, and the end coordinate was 

the maximum value between L5 and L7. These so-called ‘consistent DMRs’ were then 

annotated using the Araport11 and TAIR10 TE annotations, as described above. Consistent 

DMRs were generated using the functions ‘reduce’ and ‘findOverlaps’ with default parameters 

from the R package GenomicRanges v1.54.1. 

Based on the consistent DMRs, four random control sets of DMRs of equal size and 

number were generated by randomly selecting a chromosome start coordinate in the TAIR10 

genome. To account for the varying size of chromosomes, proportional probability weights 

were assigned to each randomly selected chromosome. Annotation was performed exactly as 

done for the set of consistent DMRs. Counts of real DMRs mapping to a given annotation type 

was tested for enrichment using a two-sided Fisher's exact test with false discovery rate (FDR) 

correction, taking the counts from a single random DMR set as the expected count value. Four 

rounds of tests were performed (using a different random DMR set each time) and averages 

were taken for the test statistics (fold change, q-value). Standard errors of the mean were 

https://www.arabidopsis.org/
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calculated for the fold change and q-value and plotted as error bars. Random DMRs were 

generated using a custom R script which uses functions from base R v4.3.2 for selecting 

chromosomes (function: sample; options: prob = chr_size_proportion) and coordinates 

(function: runif; options: n = 1, min = 1, max = max_chr_size). Fisher’s exact test was 

performed using the R package rstatix v0.7.2 (function: pairwise_fisher_test; options: 

alternative = “two.sided”, p.adjust.method = “fdr”) and plots were generated using the R 

package ggplot2 v3.5.0. 

4.3.3 Ribosome-Depleted Whole Transcriptome RNA Sequencing Analysis 

4.3.3.1 Total RNA Extraction and Whole Transcriptome Sequencing  

Total RNA was extracted from biologically replicated (n = 3) E2- or DMSO-treated Col-

0, L5, and L7 seedlings (18 samples in total) using ~100 mg aliquots of ground material and 

1 mL of TRIzol Reagent (Thermo Fisher Scientific 15596026), as per manufacturer guidelines. 

Following chloroform-phenol separation, precipitation of RNA from the aqueous phase was 

performed using 0.8 M sodium citrate and isopropanol at a ratio of 2:1:1, respectively. 

Following centrifugation for 15 minutes at 12,000 × g at 4°C, the pellet was washed twice with 

70% ethanol and resuspended in 50 µL nuclease-free water. To aid resuspension of the pellet, 

tubes were vortexed for 10-15 seconds, incubated in a heat block for 10 minutes at 60°C, and 

then kept on ice. The quality of the extracted RNA was first assessed using a Nanodrop 8000 

spectrophotometer. In cases where samples had low 260/280 ratios (< 1.7), RNA was 

reprecipitated overnight at -20°C by adding 0.1x volume of 3 M sodium acetate (pH 5.2-5.5 

prepared in nuclease-free H2O) and 2.5x volume pre-cooled 100% ethanol. Centrifugation, 

wash steps, and resuspension were then repeated as before. Final RNA extracts were 

checked for quality and quantity using a Nanodrop 8000 spectrophotometer and an Agilent 

2200 TapeStation (Analysis type: Eukaryotic Total RNA QC). All samples had an RNA integrity 

number (RIN) of at least 6.7. A ribosomal RNA-depleted stranded library was constructed 

using BGI Genomics' standard protocol, and 150 bp paired-end reads were sequenced on 

their DNBSEQ platform. Raw sequencing data were filtered by BGI Genomics using 

SOAPnuke (Chen et al. 2018) with the following parameters: ‘-n 0.001’, ‘-l 20’, ‘-q 0.4, ‘--

adaMR 0.25’, ‘--polyX 50’, ‘--minReadLen 150’. This filtering process was conducted to 

remove adapter sequences and low-quality reads. Subsequently, the absence of adapters and 

the overall quality of the provided filtered sequencing data were independently verified in-

house using FastQC v0.12.1 and MultiQC v1.21 (Ewels et al., 2016). Read statistics are 

provided in Supplementary Data 4.2.  
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4.3.3.2 Read Alignment and Counting  

An index of the TAIR10 genome was generated using STAR v2.7.9a (function: STAR; 

options: --runMode genomeGenerate --genomeSAindexNbases 12) (Dobin et al., 2013) using 

a custom annotation file that merged Araport11 annotations (Cheng et al., 2017) and a gene-

like annotation file of transposable elements (TEs) (Panda and Slotkin, 2020). TE loci from 

Araport11 were excluded from the merged file if they were also annotated by Panda and 

Slotkin (2020) to prevent multiple annotations of the same locus. Reads were aligned and 

numbers of reads mapping to each annotated gene were counted using STAR v2.7.9a 

(function: STAR; options: --quantMode GeneCounts --alignIntronMin 60 --alignIntronMax 6000 

--outMultimapperOrder Random). Since this is a reverse-stranded library, read counts from 

the fourth column of the output file were used, which represent the counts where the reverse 

strand aligned with the annotated locus. 

4.3.3.3 Library Normalisation  

Count tables were loaded into R v4.3.2 and filtered to retain only features where ≥6 

samples had ≥10 read counts at the given locus. Counts were initially normalised using the 

default median-of-ratios method implemented by the R package DESeq2 v1.42.1 (function: 

DESeq) (Anders and Huber, 2010; Love et al., 2014). This normalisation method assumes 

that most genes are not differentially expressed, leading to a normalisation factor, or size factor, 

that typically centres around 1. However, as discussed by Love et al. (2014), there exists a 

potential "pathological case" where size factors are confounded with experimental conditions. 

In such cases, features that are truly unchanged in expression between conditions could be 

incorrectly identified as differentially expressed due to artifacts introduced during library 

normalisation. To investigate this, size factors were extracted in R using DEseq2 v1.42.1 

(function: sizeFactors) and plotted with the R package ggplot2 v3.5.0. This revealed noticeably 

larger size factors of E2-treated XVE:ROS1-YFP lines compared to all other sample groups 

(Figure 4.1a). To address issues where size factor is confounded with treatment, DESeq2 

implemented the ability for users to generate size factors from a set of features that should 

not be changing with respect to the treatment conditions (Love et al., 2014). This is also 

discussed in the DESeq2 user guide on Bioconductor (Love et al. 2023, guide version 1.42.0). 

These features can be either external spike-in controls or internal reference genes, which, in 

some cases, facilitate more representative library normalisation (Bullard et al. 2010; Robinson 

and Oshlack 2010; Jiang et al. 2011; Lovén et al. 2012; Risso et al. 2014; Berghoff et al. 2017; 

Laosuntisuk et al., 2024). Therefore, size factors were regenerated using 15 of the most stably 

expressed genes in Arabidopsis (Czechowski et al., 2005; Hong et al., 2010) using the R 

package DESeq2 (function: estimateSizeFactors; options: controlGenes = 

`stableGenes_Czec_and_Hong`). These 15 genes were selected based on the following 
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criteria: (i) the genes were among the 22 most stably expressed genes identified from a 

dataset covering 323 experimental conditions (Czechowski et al. 2005); and (ii) the genes 

were consistently experimentally verified as stably expressed in 3 independent biological 

replicates under at least 2 different experimental conditions out of the 6 tested by Hong et al. 

(2010). The experimental conditions tested by Hong et al. (2010) included seedling age, 

photoperiod, ambient temperature, diurnal expression, distinct tissue types, and defined 

developmental stages. The 15 genes used for normalisation are listed in Supplementary Data 

4.3. This normalisation technique reduced the size factors of E2-treated XVE:ROS1-YFP lines, 

and visually, all samples better cantered around 1 (Figure 4.1a). Plotting the mean relative 

expression of these 15 stably expressed genes, based on the change in normalised counts 

relative to DMSO-treated Col-0 seedlings, revealed statistically significant differences 

between treatment groups under the default DESeq2 normalisation method (H = 30.6, df = 5, 

p < 0.001) (Figure 4.1b). Specifically, E2-treated XVE:ROS1-YFP lines exhibited a significant 

reduction in the relative expression of these genes compared to all other treatment groups 

(Conover-Iman test, p < 0.05) (Figure 4.1b). This suggests that the size factors derived from 

the default normalisation technique may be inflated (Figure 4.1a), leading to overcorrection of 

gene expression data and resulting in artificially reduced normalised count values. As 

comparison, no significant differences in relative expression were detected for these genes 

following the reference-guided normalisation technique (H = 1.1, df = 5, p > 0.05). Therefore, 

the control gene normalisation method was used instead. Kruskal-Wallis tests and Conover-

Iman tests were performed using base R v4.3.2 (function: kruskal.test) and the R package 

DescTools v0.99.54 (function: ConoverTest). All plots were generated using the R package 

ggplot2 v3.5.0.  

 



95 
 

 
Figure 4.1 Comparison of transcriptome library normalisation techniques in the R package DESeq2. 
(a) Library normalisation weightings (“size factors”) assigned to each sample and treatment under the 
default median-of-ratios method (“default normalisation”) or after defining a set of 15 stably expressed 
genes in Arabidopsis (“control gene normalisation”) in DESeq2 (see text for details). E2-treated 
XVE:ROS1-YFP lines (L5 and L7) are highlighted in red. (b) Relative normalised read counts of 15 
stably expressed genes in Arabidopsis for each treatment group. Each point represents the mean 
normalised read count of a single gene, relative to the mean of DMSO-treated Col-0 samples. Conover-
Iman post-hoc tests performed only upon detecting a significant effect of treatment group on relative 
expression (Kruskal Wallis test, p < 0.05). Treatment groups with the same letter do not have 
significantly different relative expression values (Conover-Iman, q < 0.05).  

 

4.3.3.4 Principal Component Analysis (PCA) 

 Normalised read counts were transformed with a regularised logarithm transformation 

using the R package DESeq2 v1.42.1 (function: rlog; options: blind=FALSE) (Love et al., 2014). 

PCA of the transformed data was conducted using base R v4.3.2 (function: prcomp; options: 

default parameters) and plotted with the R package ggplot2 v3.5.0.  

4.3.3.5 Identification and Clustering of Differentially Expressed Features 

Differentially expressed features (i.e., coding, and noncoding loci) associated with E2 

treatment were identified by comparing DMSO-treated and E2-treated seedlings in Col-0, L5, 
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and L7 using the R package DESeq2 v1.42.1 (model: ~ Genotype + Treatment + 

Genotype:Treatment) (all DEGs are listed in Supplementary Data 4.4). For simplicity, 
differentially expressed features were broadly defined as differentially expressed genes 

(DEGs). A locus was considered differentially expressed if it exhibited a log2 fold-change 

greater than 0 and an adjusted p-value (padj) less than 0.05 in the E2 vs DMSO comparison 

within a given genotype. The rlog-transformed expression values of all identified DEGs across 

all samples were visualised in a gene-wise and sample-wise clustered heatmap using the R 

package pheatmap v1.0.12 (function: pheatmap; options: cluster_rows=TRUE, 

cluster_cols=TRUE, clustering_distance_cols = "correlation", clustering_distance_rows = 

"correlation", clustering_method = "ward.D2"). Two distinct gene clusters emerged: one 

containing DEGs upregulated in E2-treated XVE:ROS1-YFP lines (the 'up' cluster), and 

another containing DEGs downregulated in these lines (the 'down' cluster). The DEGs 

associated with these clusters were isolated using the “cutree” function from base R v4.3.2.  

4.3.3.6 Statistical Enrichment of Gene Ontology (GO) Terms 

Enrichment of biological process GO terms was performed using R packages 

clusterProfiler v4.10.1 (Wu et al. 2021; Yu et al. 2012) and org.At.tair.db v3.18.0. GO term 

enrichment of protein-coding genes associated with the ‘up’ and ‘down’ cluster were identified 

using clusterProfiler 4.10.1 (function: enrichGO; options: pvalueCutoff = 0.05, qvalueCutoff = 

0.05, OrgDb = "org.At.tair.db", keyType = "TAIR", ont="BP", minGSSize = 10, maxGSSize = 

500, universe = all_proteinGenes_≥10counts_≥6samples). Biological process GO terms were 

classed as enriched if they had padj-values < 0.05 (Benjamini and Hochberg correction). GO 

semantic similarity analysis was performed using the R package GOSemSim v2.28.1 (Yu 2020) 

(function: godata; options: OrgDb = "org.At.tair.db", ont = "BP"). The object resulting from this 

analysis was used in conjunction with clusterProfiler v4.10.1 to create a simplified GO term 

list (function: simplify; options: cutoff=0.7, measure="Jiang", 

semData=SemSimAnalysis_object, by="p.adjust", select_fun=min). Bar charts of -log10-

transformed padj values were plotted for selected GO terms using ggplot2 v3.5.0. Significantly 

enriched GO terms, both pre- and post-simplification, are provided in Supplementary Data 4.5. 

4.3.3.7 Identification of Differential Transcript Usage 

Protein-coding genes with differential transcript usage in E2-treated plants vs DMSO-

treated plants within a given genotype were investigated using Salmon v1.10.0 (Patro et al., 

2017) and the web-based 3D RNA-Seq analysis application (Guo et al., 2021) 

(https://3drnaseq.hutton.ac.uk/app_direct/3DRNAseq/). Firstly, a protein-coding transcript 

reference was built using Salmon (function: index; options: default parameters) and the 

TAIR10 cDNA reference transcriptome (EnsemblPlants release version 58). Estimates of 

https://3drnaseq.hutton.ac.uk/app_direct/3DRNAseq/
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reads mapping to each transcript were aligned and quantified using Salmon v1.10.0 (function: 

quant; options: --validateMappings --seqBias --gcBias). Read counts were then uploaded onto 

the 3D RNA-Seq platform using default settings and the following optional parameters: only 

transcripts with ≥3 counts per million (CPM) in ≥3 samples were considered; the ‘TMM’ method 

was used to normalise read counts (Bullard et al., 2010); and the ‘RUVr’ method was selected 

to remove batch effects due to time of harvest (Risso et al., 2014) (see Figure 4.1). A protein-

coding gene was considered differentially alternatively spliced (DAS) if it had an associated 

transcript with a log2 fold-change > 0 and a padj < 0.05 in the E2 vs DMSO comparison within 

a given genotype.  

4.3.3.8 Analysis of 35S:TET1 Arabidopsis Lines 

Raw RNA sequencing data from two 35S:TET1 lines and three corresponding Col-0 

wild-type controls were obtained from Ji et al., (2018) under GEO accession GSE93024. 

Adapters and poor quality sequences were removed from reads using trimmomatic v0.39 

(options: SLIDINGWINDOW:4:25, MINLEN:36, ILLUMINACLIP:adapters/TruSeq3-

SE.fa:2:30:10) (Bolger et al., 2014). The absence of adapters and the overall quality of the 

trimmed reads were assessed using FastQC v0.12.1 and MultiQC v1.21 (Ewels et al., 2016). 

Read alignment, read counting, library normalisation, calling of DEGs (35S:TET1 vs Col-0), 

and GO term analysis were performed exactly as described above. Sequencing read statistics, 

DEGs, and GO terms are presented in Supplementary Data 4.2, 4.4, and 4.5, respectively.  

4.3.3.9 Transcription Factor Enrichment Analysis of Upregulated DEGs 

 Protein-coding DEGs associated with upregulation in E2-treated XVE:ROS1-YFP 

lines (‘up’ cluster) were scanned for motif enrichments using PlantRegMap 

(https://plantregmap.gao-lab.org/tf_enrichment.php; accessed 10/10/2024) with the following 

options: ‘species: Arabidopsis thaliana’, ‘methods: all’ and ‘Threshold p-value ≤ 0.05’. This 

scans a list of genes for TFs that have previously identified in the literature from genome-wide 

scan data such as ChIP-sequencing data or inferred by combining TF binding motifs with 

regulatory elements data (Tian et al., 2020). 

4.3.4 Small RNA Sequencing Analysis  

4.3.4.1 Small RNA Library Preparation, Sequencing, and Read Filtering 

Small RNA sequencing was performed for 3 biologically replicated samples of each 

DMSO and E2 treated Col-0, L5, and L7 using RNA from the same extract that was prepared 

for the whole transcriptome sequencing. Details on material harvesting and total RNA 

extraction are outlined above. A standard unique molecular identifier (UMI) small RNA (sRNA) 

library was prepared by BGI Genomics following a gel size selection of reads 18-30 nt in size. 

https://plantregmap.gao-lab.org/tf_enrichment.php
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Sequencing of 50 bp single-end reads was performed on the BGI Genomics DNBSEQ 

platform. Raw sequencing data were filtered by BGI Genomics using SOAPnuke (Y. Chen et 

al., 2018) with the following parameters: ‘-n 0.001’, ‘-l 13’, ‘-q 0.1’, ‘--highA 1’, ‘--minReadLen 

15’, ‘-- maxReadLen 44’ ‘--ada_trim’. This filtering process was conducted to remove adapter 

sequences, low-quality reads, reads with 100% adenosine nucleotides, and any reads outside 

of the range of 15-44 nt. The absence of adapters and the overall quality of the provided 

filtered sequencing data were independently verified in-house using FastQC v0.12.1 and 

MultiQC v1.21 (Ewels et al., 2016). To match the original gel size selection, reads were further 

filtered for size using TrimGalore v0.6.10 (function: trim_galore; options: --quality 0 --length 18 

--max_length 30 -a X), retaining only those between 18-30 nt. To remove rRNA reads from the 

data, reads were mapped to all known Arabidopsis thaliana rRNA sequences deposited on 

RNAcentral (accessed: 23/01/2024) (RNAcentral Consortium, 2021) using Bowtie v1.3.1 

(function: bowtie; options: -q --un $1.unmapped_reads.fq --best -v 0). Reads that perfectly 

matched known rRNA sequences were removed and all unmapped reads were retained for 

further downstream analyses. All read statistics are provided in Supplementary Data 4.6.  

4.3.4.2 Read Alignment, sRNA Cluster Identification, and Read Quantification 

ShortStack v4.0.3 software was used to align reads to the TAIR10 genome, identify 

and characterise de novo sRNA clusters, and quantify the number of reads in each sample 

mapping to these clusters (Axtell, 2013; Shahid and Axtell, 2014; Johnson et al., 2016). 

ShortStack uses Bowtie v1.3.1 (Langmead et al., 2009) for genome indexing and read 

alignment. Known Arabidopsis miRNAs sequences were downloaded from miRBase 

(accessed 26/01/2024) (Kozomara et al., 2019) and ShortStack v4.0.3 was run with the 

following parameters: ‘--genomefile TAIR10.fa’, ‘--known_miRNAs miRBase_ 

ath_known_miRNAs.fasta’, ‘--mmap u’, ‘--dicermin 20’, ‘--dicermax 24’, ‘--pad 200’, ‘--mincov 

2’. Using these parameters, ShortStack first identified all predicted and/or known miRNA 

clusters. It then defined additional clusters based on the dominant read size, only considering 

those where ≥80% of the reads were of a single size, ranging from 20 to 24 nucleotides (nt). 

Clusters that did not meet these criteria were classified as "not defined" (ND) clusters. 

4.3.4.3 Count Normalisation, Principal component analysis (PCA), and Identification of 

Differentially Expressed sRNA Clusters 

Count tables produced by ShortStack were loaded into R v4.3.2 and clusters which 

had ≥10 read counts in ≥6 samples were kept. Counts were normalised using the default 

median-of-ratios method implemented by the R package DESeq2 v1.42.1 (function: DESeq) 

(Anders and Huber 2010; Love, Huber, and Anders 2014). A control-gene normalisation is not 

possible as, unlike protein-coding genes, which have well-defined stably expressed genes 
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(Czechowski et al., 2005; Hong et al., 2010), equivalent stably expressed sRNA clusters have 

not been described in Arabidopsis. Normalised read counts were then transformed with a 

regularised logarithm (rlog) transformation using the R package DESeq2 v1.42.1 (function: 

rlog; options: blind=FALSE) (Love et al., 2014). PCA of the transformed data was conducted 

using base R v4.3.2 (function: prcomp; options: default parameters) and plotted with the R 

package ggplot2 v3.5.0.  

Differentially expressed sRNA clusters (DECs) associated with E2 treatment were 

identified by comparing DMSO-treated and E2-treated seedlings in Col-0, L5, and L7 using 

the R package DESeq2 v1.42.1 (model: ~ Genotype + Treatment + Genotype:Treatment) 

(Supplementary Data 4.9). A cluster was considered differentially expressed if it exhibited a 

log2 fold-change greater than 0 and a padj ≤ 0.05 in the E2 vs DMSO comparison within a given 

genotype. The rlog-transformed count values of all identified DECs across all samples were 

visualised in a cluster-wise and sample-wise clustered heatmap using the R package 

pheatmap v1.0.12 (function: pheatmap; options: cluster_rows=TRUE, cluster_cols=TRUE, 

clustering_distance_cols = "correlation", clustering_distance_rows = "correlation", 

clustering_method = "ward.D2"). Two distinct DEC clusters emerged: one containing DECs 

upregulated in E2-treated XVE:ROS1-YFP lines (the 'up' cluster), and another containing 

DECs downregulated in XVE:ROS1-YFP lines (the 'down' cluster). The DECs associated with 

these clusters were isolated using the “cutree” function from base R v4.3.2.  

4.3.4.4 Identification of miRNA Targets 

The predicted targets of miRNAs that were identified in the ‘up’ DEC cluster were 

identified using targetFinder v1.7 (Fahlgren et al., 2007; Srivastava et al., 2014) and the 

TAIR10 cDNA reference transcriptome (EnsemblPlants release version 58) with a prediction 

score cutoff of 3 (function: targetfinder.pl; options: -c 3, -d 

Arabidopsis_thaliana.TAIR10.cdna.all.fa). Biological process GO enrichments associated with 

the targeted protein-coding genes were identified as described above. All targets and GO 

terms are listed in Supplementary Data 4.7. Network plots to visualise the targets of each 

upregulated miRNA were created using the R packages igraph v2.0.3 and ggraph v2.2.1.  

4.3.4.5 sRNA Read Length Distributions 

For each sample, the total number of 18-30 nt, non-rRNA sRNA reads which were 

successfully aligned to the nuclear TAIR10 genome by ShortStack were calculated from “.bam” 

files using Samtools v1.3.1 (Danecek et al., 2021) (function: view). The percentage of reads 

for each size, relative to all mapped reads within a sample, were plotted using the R package 

using the R package ggplot2 v3.5.0. 
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4.3.4.6 DEC Annotation and Chromosome Plots 

As above, annotation of DECs was based on Araport11 and the TAIR10 TE annotation 

file using the R packages genomation v1.34.0 and GenomicRanges v1.54.1. In cases where 

a DEC overlapped with multiple features, a single annotation was assigned in the following 

order of preference: miRNA > gene body (exon or intron) > promoter > tRNA > snRNA > 

snoRNA > lncRNA > other ncRNA > downstream > intergenic. Promoters were defined as 1 

kb regions upstream of the transcriptional start site of protein-coding genes and downstream 

regions were defined as 1 kb regions downstream of the transcriptional termination site. Other 

ncRNA included any defined transcribed locus in Araport11 that was not a miRNA, snRNA, 

snoRNA, or lncRNA (e.g, rRNA). Intergenic regions were defined as regions that do not 

overlap any of the above defined features. For each annotation type, DECs were also 

annotated as overlapping/not overlapping with a TEs using the TAIR10 TE annotation file. 

Plots were generated using the R package ggplot2 v3.5.0. 

To visualise the position of each DEC along the 5 nuclear chromosomes of Arabidopsis, 

the R packages karyoploteR v1.28.0 (Gel and Serra, 2017) and GenomicRanges v1.54.1 

(Lawrence et al., 2013) were used.  

 

4.3.5 Identification of Protein-coding Genes Cis-regulated by RdDM and ROS1. 

4.3.5.1 Genome-wide Scan of Cis-regulated Targets  

Cis-regulated targets in this Chapter refer to genes which are negatively regulated by 

DNA methylation in their promoter region, as has been described for known ROS1 targets 

(Tang et al., 2016; Halter et al., 2021) (Chapter 1, Figure 1.4a). Furthermore, in chromosome 

arms, DNA methylation is antagonistically regulated by Pol IV-dependent RNA directed DNA 

methylation (RdDM), which is associated with 23-24 nt sRNAs, and ROS1-dependent DNA 

demethylation (Tang et al., 2016; Erdmann and Picard, 2020; Harris et al., 2024). As Pol IV-

dependent RdDM requires DNA methylation to be present for its targeting (Erdmann and 

Picard, 2020; Sigman et al., 2021), loss of DNA methylation is expected to reduce Pol IV-

dependent RdDM. To test this, hypomethylated DMRs merged across all contexts were 

overlapped with downregulated 23-24 nt DECs using the R package GenomicRanges v1.54.1 

(Lawrence et al., 2013) (function: findOverlaps; options: select = “all”). In L5 and L7, 65.6% 

and 69.5% of the downregulated DECs overlapped with a hypomethylated DMR in the same 

line, respectively. Thus, downregulation of 23-24 nt sRNAs is associated with a loss of DNA 

methylation. As a result, cis-regulated genes were defined as protein-coding genes that were 
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significantly upregulated in E2-treated plants and were associated with a hypomethylated 

DMR in the promoter region and/or a downregulated 23-24 nt DEC in the promoter region.  

4.3.5.2 Verification of NPR1 cis Regulation Using qPCR  

Verification of the NPR1 cis-regulated locus (Supplementary Figure 4.5) was 

performed using quantitative qPCR techniques in an independent experiment using 

XVE:ROS1-YFP (L5). Seedlings were grown, treated with DMSO or E2, aerial tissue 

harvested, and DNA extracted exactly as described above. RNA was also extracted from the 

same pool of material but using the RNeasy plant mini kit (Qiagen, #74904). RNA and DNA 

concentrations were quantified using a Nanodrop 8000 spectrophotometer. To measure DNA 

methylation, 500 ng of gDNA was subject to McrBC (New England Biolabs, M0272) digestion 

for 16 hours at 37 °C, as described by Rausch and Laubinger (2016). Mock digestions were 

performed using all reagents minus McrBC enzyme. After 16 hours, reactions were terminated 

by treating samples at 65°C for 20 minutes. Subsequently, 2 µL was used from each sample 

(digested and mock-digested) for quantitative PCR (qPCR) using SsoAdvanced SYRB Green 

Supermix (BioRad, 1725270), target-specific primers (Table 4.1), and a Rotor-Gene Q (Qiagen) 

real-time PCR cycler. Cycle conditions are as follows: 1 cycle of 3 minutes at 98°C, 40 cycles 

of 10 seconds at 95°C and 30 seconds at 60°C. To determine relative methylation levels, the 

following equation was used (Rausch and Laubinger, 2016): 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐷𝐷𝐷𝐷𝐷𝐷 𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (%) = �1 − 𝐸𝐸(𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)� ∙ 100 

Where ‘E’ is the mean estimated amplification efficiency across the assay, and ‘Ctmock’ 

and ‘CtMcrBC’ are the ‘take-off’ values of mock- and McrBC-digested samples, respectively, as 

calculated by the Rotor-Gene Q 2.3.5 software.  

To measure gene expression from RNA samples, genomic DNA removal and cDNA 

synthesis were performed using ‘Maxima First Strand cDNA Synthesis Kit for RT-qPCR, with 

dsDNase’ (Thermo Scientific, K1672) using 800 ng of RNA. Upon completion of cDNA 

synthesis, samples were diluted 1:5 using nuclease free water. Subsequently, qPCR was 

performed using SsoAdvanced SYRB Green Supermix (BioRad, 1725270), gene-specific 

primers (Table 4.1), and a Rotor-Gene Q (Qiagen) real-time PCR cycler. Cycle conditions are 

as follows: 1 cycle of 30 seconds at 95°C, 40 cycles of 10 seconds at 95°C and 30 seconds 

at 60°C. Relative expression values were calculated as described in Wilkinson et al (2023), 

using MON1 (AT2G28390) and UBC21 (AT5G25760) as reference genes (Czechowski et al., 

2005), and using a DMSO-treated L5 sample as a calibrator sample.  
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Table 4. 1 Primers used for McrBC-qPCR and RT-qPCR for NPR1. 

 Name Nucleotide sequence 

McrBC-qPCR of NPR1 promoter 
region from genomic DNA. 

pNPR1-F1 ATTGGTGTTTTCCGGACTCG 

pNPR1-R1 ACGTTGTTGTATTCATAGGCATC 

RT-qPCR of NPR1 
NPR1-F1 GGTGGATTTCATGTTGGAGGT 

NPR1-R2 CGTCCAATAAGTGCCTCTGATAG 

RT-qPCR of reference gene 
UBC21 

UBC21-F1 CTGCGACTCAGGGAATCTTCTAA 

UBC21-R1 TTGTGCCATTGAATTGAACCC 

RT-qPCR of reference gene 
MON1 

MON1-F1 AACTCTATGCAGCATTTGATCCACT 

MON1-R1 TGATTGCATATCTTTATCGCCATC 
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4.4 Results 

4.4.1 Ectopic Induction of ROS1 Induces Genome-Wide Shifts in DNA Methylation and 
Transcription of Coding- and Non-Coding RNAs 

The previous Chapter has shown that ectopic induction of ROS1-YFP by two 

successive E2 treatments in XVE:ROS1-YFP lines leads to significant reductions in Pst and 

Hpa colonisation (Chapter 3, Figure 3.5). To investigate the molecular mechanisms 

underpinning the establishment of ROS1-dependent IR, seedlings from Col-0, L5, and L7 

genotypes were subjected to an identical dual treatment course of E2 or DMSO before 

harvesting material for DNA and RNA extractions (Figure 4.2a). Material was harvested 48 

hours after the final E2/DMSO treatment (20 DAS), which coincided with the same time point 

of inoculation with Pst and Hpa in Chapter 3 (Figure 3.5). For each treatment group, DNA and 

RNA extractions were performed from the same pool of tissues (n=3). Changes in DNA 

methylation were analysed by whole genome bisulfite sequencing (WGBS). Transcriptional 

changes, both coding and non-coding, were examined by ribosome-depleted RNA sequencing 

(whole transcriptome sequencing; WTS), while changes in small RNA (sRNA) abundance 

were determined by sRNA sequencing (sRNA-seq). 

PCA of DNA methylation revealed a clear separation along the first principle 

component (PC1) between E2-treated XVE:ROS1-YFP seedlings (L5 and L7) and all other 

treatment groups (Figure 4.2b). No separation was observed between DMSO-treated and E2-

treated Col-0 seedlings, indicating that E2 treatment of wild type plants does not have a global 

impact on DNA methylation. Some separation by genotype was apparent along PC2, but this 

only explained about 6% of the overall variation in the data (Figure 4.2b) and can be explained 

by spontaneous drifts in DNA methylation as reported previously (Becker et al., 2011; Stassen 

et al., 2018). It can thus be concluded E2-treatment of two independent XVE:ROS1-YFP lines 

(L5 and L7) causes a consistent global change in DNA methylation, which is not related to 

direct chemical effects by E2.  

PCA of normalised transcriptomic (Figure 4.2c) and sRNA (Figure 4.3d) read counts 

also revealed a clear separation along PC1 between E2-treated XVE:ROS1-YFP seedlings 

and all other samples. Unlike the DNA methylome PCA, no clear genotypic separation was 

observed between DMSO-treated L5, L7 and Col-0 for either transcriptomic or sRNA read 

counts. Thus, the minor drift observed for ROS1-independent methylome changes between 

lines does not correspond to transcriptional differences. In contrast, the transcriptome 

exhibited more substantial separation along PC2 (~20% of the variation) compared to the DNA 

methylome and sRNAome, with this variation correlating to the time of sample harvesting over 
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a 2.5-hour period, suggesting the effect is driven by diurnal variations in gene expression. 

Together these global analyses indicate that ectopic induction of ROS1-YFP in L5 and L7 has 

a major global impact on DNA methylation, the transcriptome, and the sRNAome, whilst having 

no effect on Col-0. 

 

 
Figure 4.2 Profiling global patterns of DNA methylation, the whole transcriptome, and the expression 
of small RNAs in Col-0, and two XVE:ROS1-YFP lines (L5 and L7) following two successive treatments 
with estradiol (E2) or DMSO. 
(a) Experimental setup to analyse the molecular changes following E2-induced ROS1, exactly as was 
done in Chapter 3 (Figure 3.5). Col-0, L5, and L7 seedlings were treated twice with E2 (green) or DMSO 
(grey) at 14 days after sowing (DAS) (10 uM E2 or 0.02% DMSO) and 18 DAS (25 uM E2 or 0.05% 
DMSO). All aerial tissues were collected for DNA and RNA extractions 48 hours after the second 
chemical treatment (20 DAS) for three biologically replicated samples per genotype-treatment 
combination. (b) PCA plot displaying variation in global cytosine DNA methylation for E2- and DMSO-
treated (green and grey, respectively) Col-0 (circle), L5 (square), and L7 (triangle) seedlings. 
(c, d) PCA plots displaying global variation in (a) the normalised expression of coding and non-coding 
transcripts (whole transcriptome), and (b) global variation in normalised expression of small RNA 
clusters (small RNAs) in Col-0 (circle), L5 (square), and L7 (triangle), treated with either DMSO (grey) 
or E2 (green).  
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4.4.2 Induction of ROS1 Leads to Global Reductions in DNA Methylation, Particularly 
at TE-Gene Boundaries in the Chromosome Arms 

DNA methylation in E2-treated seedlings was assessed at the chromosomal level by 

averaging DNA methylation over 100 kb windows and expressing these values relative to 

DMSO-treated seedlings. The relative DNA methylation was then plotted against their distance 

from the centre of the pericentromeric regions (see methods for details) (Figure 4.3a). This 

analysis revealed that for all cytosine contexts (allC), and distinct cytosine contexts (CG, CHG, 

CHH), there was a clear reduction in DNA methylation along the chromosome arms in E2-

treated L5 and L7, which was not apparent in E2-treated Col-0 seedlings (Figure 4.3a). 

Interestingly, loss of DNA methylation in E2-treated L5 and L7 was smaller in the 

pericentromeric regions, with some windows being hypermethylated towards the midpoint of 

the pericentromere, particularly in the CHG context (Figure 4.3a). Thus, ectopic induction of 

ROS1 in XVE:ROS1-YFP lines causes DNA demethylation in the chromosome arms.  

Next, DNA methylation at all cytosine contexts (allC) was assessed at protein coding 

genes, transposable elements (TEs), and the flanking regions (± 1 kb) of these features. While 

E2-treated Col-0 seedlings showed no changes in DNA methylation in any of these regions, 

the E2-treated L5 and L7 seedlings showed clear reductions in DNA methylation in both TE 

and genic regions (Figure 4.3b). Interestingly, the reduction in DNA methylation was more 

striking upstream and downstream of protein-coding genes (L5: -23.9% and -20.8% 

respectively; L7: -25.5% and -22.8% respectively) compared to the gene body itself (L5: -

14.4%; L7: -17.1%). This is in contrast with TEs, where the relative reduction in DNA 

methylation was greatest within the TE body (L5: -12.4%; L7: -14.2%), rather than the 

upstream and downstream regions of the TE (L5: -8.56% and -8.53% respectively; L7: -10.1% 

for both) (Figure 4.3b). Hence, E2-induced ROS1-YFP in L5 and L7 leads to a preferential 

reduction in DNA methylation in TE bodies and flanking regions of protein-coding genes.   

To further analyse the impacts of ROS1-YFP induction on DNA methylation, the R 

package DSS v2.46.0 (Park and Wu, 2016) was used to identify differentially methylated 

regions (DMRs). The analysis was performed for all cytosine contexts (allC) and the three 

distinct cytosine contexts (CG, CHG, and CHH). Few DMRs were identified in E2-treated Col-

0 seedlings, with only 22 hyper-methylated DMRs and 25 hypo-methylated identified across 

the four tested cytosine contexts (Figure 4.3c). By contrast, the E2-treated L5 and L7 seedlings 

had thousands of DMRs across the four cytosine contexts, with 11,067 hypo-methylated and 

18 hyper-methylated DMRs in L5, and 12,158 hypo-methylated and 30 hyper-methylated 

DMRs in L7. In E2-treated XVE:ROS1-YFP lines, the greatest number of DMRs occurred in 

CG contexts, most of which were not associated with TEs (Figure 4.3c). In contrast, in non-
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CG contexts, approximately half of ROS1-induced hypomethylated DMRs overlapped TEs 

(Figure 4.3c) (all DMRs listed in Supplementary Data 4.8).  

To better understand where changes in DNA methylation tend to occur in the genome, 

all hypomethylated DMRs (hypo-DMRs) were merged within a line, such that any overlapping 

hypo-DMRs from different contexts were combined to form a larger single DMR. This 

generated a merged and simplified set of 7,829 and 8,951 hypo-DMRs in L5 and L7, 

respectively, of which 4,971 were shared between L5 and L7. The latter set of consistent 

ROS1-associated hypo-DMRs (Figure 4.3d; Supplementary Data 4.8) was annotated using 

Araport11 gene annotations (Cheng et al., 2017) and TAIR10 TE annotations. Annotation 

enrichment was tested by comparing these hypo-DMRs against randomly selected and 

annotated sets of DMRs of equal size and number. The consistent hypo-DMRs were 

significantly enriched in gene-TE boundary regions (Figure 4.3e). The most significant 

enrichment was in gene promoters containing one or more TEs, occurring on average 5.1x 

more than in the random DMR sets (Figure 4.3e) (Fisher’s exact test, q < 0.001). Gene 

promoters lacking TEs were also significantly enriched, but only on average 1.6x more than in 

the random DMR sets (Fisher’s exact test, q < 0.001). All other TE-gene boundary annotations 

were also significantly enriched, namely downstream regions, exons, and introns that 

overlapped or shared a DMR with a TE (log2 fold change > 0; Fisher’s exact test q < 0.05) 

(Figure 4.3e). In contrast, except for promoters, all other genic regions that were not 

associated with TEs had no (under)enrichment (q > 0.05) or were significantly 

underrepresented for ROS1-dependent DNA demethylation (log2 fold change < 0; Fisher’s 

exact test q < 0.05). This pattern complements previous characterisations of ROS1-targeted 

loci in ros1 mutants, which propose ROS1 functions to prevent the spread of DNA methylation 

from TE regions to gene bodies (Tang et al., 2016). Interestingly, however, TEs occurring in 

intergenic regions were also underrepresented in the ROS1-associated hypo-DMR set, 

occurring on average 1.7x less than in the random DMR sets (Fisher Exact Test; q < 0.001) 

(Figure 4.3e). This may reflect the lack of DNA hypomethylation observed in pericentromeric 

regions (Figure 4.3a) which are TE-rich and gene-poor. Thus, two successive inductions of 

ROS1-YFP result in highly specific patterns of DNA demethylation, exhibiting distinct 

differences depending on the genomic region and loci. 
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Figure 4.3 Characterisation of global DNA methylation changes following two successive E2 treatments 
in Col-0, and two XVE:ROS1-YFP lines (L5 and L7). 
(a) Chromosome-level metaplots of DNA methylation in E2-treated plants are shown as a percentage 
relative to DMSO-treated plants in Col-0 (grey), L5 (light green), and L7 (dark green). For each 
chromosome, DNA methylation levels for all cytosine contexts (allC), CG, CHG, and CHH were binned 
into 100 kb windows and averaged based on their relative distance to the midpoint of the pericentromere. 
Dashed vertical lines indicate the minimum and maximum pericentromeric start and end positions 
relative to the pericentomeric midpoint. (b) Metaplots showing average allC DNA methylation in E2-
treated (green) and DMSO-treated (grey) Col-0, L5, and L7 seedlings within protein-coding genes (gene; 
left panel), and transposable elements (TEs; right panel). For each gene/TE, DNA methylation was 
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binned into 20 equal sized bins for the gene/TE body (for genes: transcription start site to transcription 
termination site; TSS to TTS), the upstream region (-1 kb) and the downstream region (+1 kb). (c) 
Counts of differentially methylated regions (DMRs) in E2-treated vs DMSO-treated Col-0, L5, and L7 
for allC, CG, CHG, and CHH contexts. Hypomethylated DMR (Hypo) counts (blue) are shown below 
the y=0 line, hypermethylated DMR (Hyper) counts (red) are shown above the y=0 line. Counts of DMRs 
overlapping TEs are shown in dark blue for hypomethylated DMRs, and dark red for hypermethylated 
DMRs. (d) Hypomethylated DMRs (hypo-DMRs) from all cytosine contexts (c) were merged and 
simplified for L5 and L7. A total of 4,971 of these merged hypo-DMRs were shared between L5 and L7, 
which were used as a single set of consistent hypo-DMRs for annotation and enrichment analysis (e). 
(e) Consistently hypomethylated DMRs by ROS1 (consistent hypo-DMRs) were annotated with 
Araport11 (Cheng et al., 2017). For each hypo-DMR overlapping with an assigned annotation feature 
(one of exon, intron, promoter, downstream, non-coding RNA, intergenic), DMRs were also analysed 
for overlaps with TEs (coloured orange if true), as determined by the TAIR10 TE annotation file 
(https://www.arabidopsis.org/). Four sets of random DMRs of equal size and number were generated 
and annotated for comparison. Two-sided Fisher Exact Test’s on the number of hypo-DMRs matching 
a given annotation feature were performed between selections of consistent hypo-DMRs and one of 
the four random DMR sets. The average FDR-adjusted p value (q-value) for these tests were plotted 
against the average fold change (real count / random count) on a -log10 and log2 scale, respectively. 
Error bars indicate the standard error of the mean, based on comparisons with four random DMR sets. 
The horizontal dashed line shows q = 0.05. Significantly under- or over-represented annotation features 
are labelled with the number of real hypo-DMRs mapping to the given annotation feature. 

 

4.4.3 Induction of ROS1 Leads to Transcriptional Activation of Genes Involved in DNA 
Repair and Plant Immune Responses  

Ribosome-depleted RNA sequencing was employed to investigate impacts of ROS1-

dependent DNA demethylation on the whole transcriptome, including coding and non-coding 

loci. Differentially expressed loci in response to E2 treatment, referred to as differentially 

expressed genes (DEGs), were identified in Col-0, L5, and L7 using DEseq2 (Love et al., 2014) 

(padj < 0.05). E2-treated L5 and L7 displayed 2,530 and 2,777 upregulated DEGs, respectively, 

whereas E2-treated Col-0 had only 1 upregulated DEG compared to the DMSO control. 

Furthermore, there were 1,108 downregulated DEGs in L5, 853 downregulated DEGs in L7, 

and 0 downregulated DEGs in Col-0 (Supplementary Data 4.4). AT3G07105 was the only 

DEG identified in Col-0, which encodes a noncoding natural antisense transcript to the protein 

coding gene MILDEW RESISTANCE LOCUS O 3 (MLO3). This long non-coding RNA (lncRNA) 

gene was also upregulated in E2-treated L7 plants but not in E2-treated L5 plants 

(Supplementary Figure 4.1). Importantly, however, the differential expression of his lncRNA 

gene did not affect MLO3 expression in Col-0. Thus, E2 has a negligible impact on the 

transcriptome in wild-type Col-0 plants, but induces drastic changes in the transcription of 

coding and non-coding RNA in XVE:ROS1-YFP lines (L5 and L7).  

Hierarchical clustering of all DEGs separated samples into two distinct clusters, E2-

treated XVE:ROS1-YFP lines, and all other treatment groups (E2-treated Col-0, DMSO-
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treated Col-0, and DMSO-treated XVE:ROS1 lines). There were no further subclusters 

associated with genotype or chemical treatment (Figure 4.4a). Clustering of genes split the 

DEGs into two clusters: upregulated in E2-treated XVE:ROS1-YFP lines (‘up’ cluster) and 

downregulated E2 XVE:ROS1-YFP lines (‘down’ cluster) (Figure 4.4a). The upregulated 

cluster comprised of 3,460 loci, of which 3,297 were protein-coding genes (mRNA), 88 were 

non-coding genes (ncRNA), and 75 were TEs. The downregulated cluster comprised of 1,264 

loci, of which 1,219, 29, and 16 were mRNA, lncRNA, and TE loci, respectively (Figure 4.4b). 

The proportion of each feature type in both clusters did not significantly differ from the 

expected distributions based on their relative proportions in the Araport11-annotated genome 

(Chi-squared test; p > 0.05). 

Protein-coding genes within the upregulated cluster were enriched with gene ontology 

(GO) terms related to DNA repair and immune responses, including “DNA damage response” 

and “systemic acquired resistance” (Figure 4.4c). Downregulated protein-coding genes were 

enriched with GO terms linked to photosynthetic processes, including “photosynthesis” and 

“plastid organisation” (Figure 4.4c) (all GO terms listed in Supplementary Data 4.5). This is 

associated with reduced green leaf areas in E2-treated L5 and L7 at the time of harvest 

(Supplementary Figure 4.2). Thus, activation of ROS1 in E2-treated XVE:ROS1-YFP 

generally leads to widespread transcriptional activation of defence responses with a 

concurrent suppression of photosynthetic pathways. 

Transcriptional changes of loci in L5 and L7 were positively correlated (r = 0.94, n = 

4724, p < 0.001). Of all DEGs in L5 or L7, 53.8% were shared in both lines in the same 

direction, called overlap DEGs (Figure 4.4d). An additional 45.5% were significantly 

differentially expressed in one line but not the other, although both had fold-changes in the 

same direction, called unique concordant DEGs (Figure 4.3d). No DEGs were significantly 

expressed in opposite directions in E2-treated L5 and E2-treated L7 (opposite DEGs) (Figure 

4.3d). However, a small proportion (0.66%) of DEGs were significantly differentially expressed 

in one line and, while not significantly differentially expressed in the other line, had a fold-

change in the opposite direction, which were referred to as unique discordant DEGs (Figure 

4.3d). Hence, activation of ROS1-YFP in the two independent XVE:ROS1-YFP lines by E2 

treatment causes a robust and highly consistent change in the transcription of coding and non-

coding RNA.  

In addition to identifying DEGs, protein-coding genes were tested for differences in the 

abundance of alternatively spliced or alternatively polyadenylated transcripts in response to 

E2 treatment, using the 3D RNA-seq analysis pipeline (Guo et al., 2021). For this analysis, 

differential transcript usage is referred to here as differentially alternatively spliced (DAS) 
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genes. In E2-treated Col-0, only one DAS gene was identified, whereas E2 treatment of L5 

and L7 yielded 15 and 12 DAS genes, respectively (Figure 4.4e). As these numbers were 

relatively low, no significant GO terms were associated with DAS genes in L5 and L7 (padj > 

0.05). However, it is noteworthy that the histone demethylase INCREASED IN BONSAI 

METHYLATION 1 (IBM1) was identified as a significant DAS gene in L5, which is a H3K9 

deacetylase implicated in the regulation of plant defences (Rigal et al., 2012; Chan and 

Zimmerli, 2019; Lv et al., 2022) (Chapter 1, Figure 1.2). E2 treatment promoted accumulation 

of the short and non-functional IBM1-S transcript variant and reduced accumulation of the long 

functional IBM1-L variant transcript (Figure 4.4f) (Rigal et al., 2012). While IBM1 was not 

statistically classified as a DAS gene in L7, the pattern of transcript usage in this line was 

similar to that in L5 (Figure 4.4f). Interestingly, the elevated expression of IBM1-S is associated 

with an intronic DMR at the alternative polyadenylation site following ROS1-YFP induction in 

both E2-treated L5 and L7 (Supplementary Figure 4.3a). 

In Arabidopsis, ROS1 and its homologues DEMETER (DME), DME-LIKE2 (DML2), 

and DML3, are plant-specific bifunctional enzymes that excise 5-methylcytosine (5mC) bases 

and cleave the DNA sugar-phosphate backbone via β- or δ-elimination (Zhang et al., 2022). 

Base-excision repair (BER) pathways then fill the nicked DNA with an unmodified cytosine, 

thereby removing DNA methylation (Gong et al., 2002; Agius et al., 2006; Ponferrada-Marín 

et al., 2010; Lee et al., 2014; Zhang et al., 2022; Du et al., 2023). In contrast, in animals, DNA 

demethylation is mediated by TEN-ELEVEN TRANSLOCATION (TET) family proteins (TETs) 

that convert 5mC to 5-hydroxymethyl-, 5-formyl- and 5-carboxyl-cytosine (5hmC, 5fC, 5caC, 

respectively). These oxidised products (5hmC, 5fC, and 5caC) are poor DNA 

METHYLTRASFERASE 1 (DNMT1) substrates, resulting in passive loss of DNA methylation 

during replication (Valinluck and Sowers, 2007; Ji et al., 2014; X. Zhang et al., 2023). 

Alternatively, 5fC and 5caC are recognised and excised by thymine-DNA glycosylate (TDG), 

returning the site to unmethylated status through BER (Zhang et al. 2023). In plants, there are 

no known orthologs of TET or TDG enzymes (Iyer et al., 2009; Grin et al., 2023) (OrthoDB 

v12.0; https://www.orthodb.org/). Therefore, plants and animals have evolved independent 

mechanisms to regulate cytosine DNA methylation.  

Despite this, In Arabidopsis, Ji et al. (2018) reported that constitutive expression of 

TET1 by a 35S promoter induces genome-wide reductions in DNA methylation. As plants are 

not expected to have enzymes that can recognise oxidised 5mC products to carry out active 

DNA demethylation, this loss is likely driven by a passive process, whereby DNA 

methyltransferases fail to recognise these marks, as occurs with DNMT1 in animals (Valinluck 

and Sowers, 2007; Ji et al., 2014; X. Zhang et al., 2023). Despite this different mechanism, 

TET1-dependent DNA demethylation activated the expression of thousands of genes (Ji et al., 

https://www.orthodb.org/
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2018) (Supplementary Data 4.4), similar to ROS1-dependent DNA demethylation in this study 

(Figures 4.4a, 4.4g). By comparing both datasets, 532 genes were commonly upregulated in 

35S:TET1 lines (35S:TET1-1 and 35S:TET1-2) and XVE:ROS1-YFP lines (L5 or L7) (Figure 

4.4g). Notably, the top 5 most significantly enriched GO terms for these commonly upregulated 

genes by TET and ROS1 were associated with salicylic acid (SA)-dependent defence 

responses. These terms included “response to salicylic acid”, “systemic acquired resistance”, 

and “response to molecule of bacterial origin” (Figure 4.4g). Genes uniquely upregulated in 

the XVE:ROS1-YFP lines were enriched for DNA-damage-associated GO terms such as “DNA 

damage response”, “response to ionizing radiation” and “chromatin organisation”. In contrast, 

genes uniquely upregulated in 35S:TET1 lines were linked to jasmonic acid (JA)-dependent 

pathways and photosynthesis. The significantly enriched GO term for these genes included 

“photosynthesis”, “jasmonic acid mediated signalling pathway”, and “defence response to 

insect” (all GO terms are presented in Supplementary Data 4.5) (Figure 4.4g). Therefore, loss 

of DNA methylation, independent of the mechanism driving it, is associated with the activation 

of SA-dependent defence pathways in Arabidopsis. 
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Figure 4.4 Transcriptional responses upon E2 treatment in Col-0, L5, and L7 (Figure 4.2a). 
(a) Heatmap presenting expression levels of all 4,724 differentially expressed loci/genes (DEGs) 
between E2- and DMSO-treated plants within one genotype using DESeq2 (Love et al., 2014). 
Heatmap-projected values represent per gene Z-scores of transformed normalised read counts from 3 
biological replicates for each genotype-treatment combination. Scores were clustered by DEG and 
sample (Pearson correlation, Ward). Two distinct gene clusters were identified, labelled “Down” and 
“Up”, reflecting their expression patterns in E2-treated L5 and L7 relative to all other genotype-treatment 
combinations. (b) Feature type counts of all DEGs identified in the “Up” and “Down” cluster from the 
heatmap in Figure 4.4a. Each DEG was annotated either as a protein-coding gene (mRNA; purple) or 
a transposable element (TE; yellow). All other features were assigned as a noncoding locus (ncRNA; 
blue). (c) Selected significant gene ontology (GO) terms for biological processes associated with mRNA 
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loci in the “Up” (red) and “Down” (blue) cluster from the heatmap in Figure 4.4a (padj < 0.05). All GO 
terms are listed in Supplementary Data 4.5. (d) Correlation between log2 fold-change (FC) values of 
DEGs identified in L5 or L7. Pearson correlation coefficient (r) = 0.94 (p < 0.001). Each point represents 
a DEG identified in E2-treated L5 or L7 classified as ‘overlap’ (both padj < 0.05; both log2FC > 0 or both 
log2FC < 0), ‘unique concordant’ (blue) (only one padj < 0.05; both log2FC > 0 or both log2FC < 0), ‘unique 
discordant’ (orange) (only one padj < 0.05; one log2FC < 0 and one log2FC > 0), or ‘opposite’ (red) (both 
padj < 0.05; one log2FC < 0 and one log2FC > 0). Coloured text (from top to bottom: ‘overlap’, ‘unique 
concordant, ‘unique discordant’, ‘opposite’) shows the sum of DEGs corresponding to these classes in 
each quadrant of the graph (centred around 0, 0). (e) Counts of protein-coding genes exhibiting 
differential transcript usage following E2-treatment in L5, L7 and Col-0, referred to as differentially 
alternatively spliced (DAS) genes. DAS genes were identified using the 3D RNA-seq pipeline (Guo et 
al., 2021). (f) Transcript per million (TPM) counts of short non-functional IBM1 transcripts (IBM1-S / 
AT3G07610.2) (blue) and long functional IBM1 transcripts (IBM1-L / AT3G07610.1) (purple) in Col-0, 
L5, and L7 upon two succesive treatments with DMSO or E2 (Figure 4.1a). Transcript models are shown 
to scale (black bar = 1 kb). (g) A Venn diagram showing the overlap of significantly upregulated DEGs 
(padj < 0.05) consistently identified in E2-treated XVE:ROS1-YFP lines (L5 and L7) and significantly 
upregulated DEGs (padj < 0.05) in 35S:TET1 lines (Ji et al., 2018). Top 5 GO enrichment terms (in order 
of statistical significance) for biological process in the overlapping DEG set (green), and the unique non-
overlapping DEG sets (yellow and blue for XVE:ROS1-YFP and 35S:TET1, respectively).  

 

4.4.4 Induction of ROS1 Alters Genome-Wide Distributions of 23-24 nt sRNAs 

Plant small RNAs (sRNAs) in the size range of 21-24 nucleotides (nt) are ubiquitous 

regulators of protein-coding genes and TE genes via post-transcriptional gene silencing 

(PTGS; Borges and Martienssen 2015; Zhan and Meyers 2023) and the RNA-directed DNA 

methylation (RdDM) pathways (Matzke and Mosher, 2014; Cuerda-Gil and Slotkin, 2016; 

Erdmann and Picard, 2020; Sigman et al., 2021). In response to stress, some sRNAs can 

even promote the expression of defence-related genes via the secondary nuclear function of 

the sRNA-binding protein ARGONAUTE 1 (AGO1) (Liu et al. 2018; Wilkinson et al. 2023). To 

investigate the link between ROS1-induced DNA demethylation and sRNAs, the same 

material that was subjected to WBGS and RNA-seq analysis (Figure 4.2a) was sequenced for 

sRNAs (18-30 nt).  

Differentially expressed sRNA clusters (DECs) were identified using ShortStack and 

DESeq2 (Axtell, 2013; Shahid and Axtell, 2014; Love et al., 2014). E2-treated L5 and L7 

seedlings had thousands of DECs compared to DMSO-treated seedlings, with 57.2% 

overlapping between the two lines (Figure 4.5a) (Supplementary Data 4.9). Of the DECs 

uniquely identified as significant in L5 or L7, 93.7% were concordantly expressed between the 

lines (at least one line with padj <0.05; and both log2 FC > 0 or both log2 FC < 0). E2-treated 

Col-0 had 17 DECs compared to DMSO-treated Col-0 seedlings (Figure 4.5a). Of these, only 

1 DEC was also identified in E2-treated XVE:ROS1-YFP lines (L5 or L7).  
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Hierarchical clustering of all DECs grouped samples into two distinct clusters: E2-

treated XVE:ROS1-YFP lines, and all other treatment groups (E2-treated Col-0, DMSO-

treated Col-0, and DMSO-treated XVE:ROS1 lines). No further subclusters were observed 

based on genotype or chemical treatment (Figure 4.5b). Two distinct clusters of DEC 

expression were identified: those upregulated in E2-treated XVE:ROS1-YFP lines (‘up’ cluster) 

and those downregulated E2 XVE:ROS1-YFP lines (‘down’ cluster) (Figure 4.5b). The number 

of DECs in the ‘up’ and ‘down’ cluster were almost balanced, with 2079 and 2449 DECs in 

each, respectively (Figure 4.5c). Most DECs were 24 nt in size (Figure 4.5c), comprising 96.8% 

of the ‘down’ cluster and 82.2% of the ‘up’ cluster, demonstrating that ROS1 has a large impact 

on the abundance of 24 nt sRNAs, which are associated with polymerase IV (Pol IV)-

dependent RdDM (Cuerda-Gil and Slotkin, 2016). Interestingly, the ‘up’ cluster showed greater 

diversity in DEC classes compared to the downregulated cluster (Fisher Exact Test, p < 0.001) 

(Figure 4.5c).  

Out of the entire DEC set associated with XVE:ROS1-YFP lines, only 31 predicted 

microRNAs (miRNAs) were identified, representing just 0.4% of identified DECs. Notably, all 

these miRNAs were upregulated in one or both of the E2-treated XVE:ROS1-YFP lines. 

MiRNAs are well characterised master regulators of gene expression with diverse roles in a 

variety of biological processes (Zhan and Meyers, 2023). For example, miRNAs can promote 

the posttranscriptional degradation of gene transcripts through associations with AGO1 (Zhan 

and Meyers, 2023). Interestingly, a small proportion (1.3%) of upregulated DECs were 

categorised as “not defined” (ND), indicating no dominant sRNA read size within the cluster 

and/or a majority of reads outside of the expected 20-24 nt range for siRNAs (Zhan and 

Meyers, 2023). These ND DECs, which often mapped to gene bodies (63.8% of all ND DECs), 

comprised a range of sRNA read sizes, which indicates they derive from degraded transcripts. 

To test whether this may be driven by miRNAs, the predicted targets of the upregulated 

miRNAs in E2-treated XVE:ROS1-YFP lines were identified using targetFinder (Fahlgren et 

al., 2007; Srivastava et al., 2014). However, none of the corresponding targets matched the 

ND DECs. Instead, 16 of these miRNAs had predicted protein-coding gene targets, which 

were enriched for GO terms related to development, including “meristem initiation”, “regulation 

of development, heterochronic”, and “regulation of auxin metabolic process” (Supplementary 

Figure 4.4a) (Supplementary Data 4.7). This enrichment could partially explain the observed 

growth reduction and down-regulation of development associated transcripts (Figure 4.3c) 

seen in E2-treated XVE:ROS1-YFP lines (Supplementary Figure 4.4). However, analysis of 

the gene bodies and flanking regions (± 1 kb TSS / TTS) of their associated MIR genes 

revealed low levels of DNA methylation, with no changes in E2-treated XVE:ROS1-YFP lines 

(two-sample t-tests, p > 0.05; Supplementary Figure 4.4c). This suggests that ROS1 does not 
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regulate MIR gene expression through local changes in DNA methylation. Instead, ROS1 may 

influence MIR expression through unknown trans-acting mechanisms. For example, ROS1-

mediated DNA demethylation might enhance the expression of certain transcription factors, 

which in turn could promote MIR transcription (Zhan and Meyers, 2023). Nevertheless, these 

findings suggest that miRNAs only play a minor role in the transcriptional changes associated 

with ROS1-dependent DNA demethylation.  

On a global level, E2-treated XVE:ROS1-YFP lines showed changes in the distribution 

of sRNA read-length distributions (Figure 4.5d). Conducting pairwise t-tests on the percent 

mapped reads for each read size between E2-treated and DMSO-treated plants within a 

genotype revealed no significant differences in Col-0 (t-test, p > 0.05). In L7, there were 

significant reductions in the proportion of 23 and 24 nt sRNAs mapping to the genome in E2 

treated seedlings (t-test, p < 0.05). Likewise, in L5, a significant reduction in the proportion of 

mapped 23 nt sRNAs was observed (t-test, p < 0.05), but the reduction for 24 nt sRNAs was 

not significant (t-test, p > 0.05) (Figure 4.5d). Pol IV-dependent RdDM, also known as 

canonical RdDM, results in the production of predominantly 23-24 nt sRNAs, and requires 

methylation to be present to be active (Erdmann and Picard, 2020; Sigman et al., 2021). In 

contrast, Pol II-dependent RdDM, which relies on the active transcription of loci such as TEs, 

is additionally guided by 21-22 nt sRNAs (Matzke and Mosher, 2014; Cuerda-Gil and Slotkin, 

2016; Sigman et al., 2021). Therefore, the relative proportion of 21-22 nt to 23-24 nt sRNAs in 

the genome provides a rough estimate of the respective contributions of Pol II-dependent and 

Pol IV-dependent RdDM, respectively. The average ratio of 21-22 nt to 23-24 nt sRNAs in 

DMSO-treated seedlings was 0.48 in Col-0, 0.65 in L5, and 0.64 in L7. In E2-treated seedlings, 

this ratio remained nearly identical in Col-0 at 0.49. However, in L5 and L7, the ratios increased 

to 0.96 and 0.82, representing relative increases of 48% and 28%, respectively. Despite an 

overall bigger difference between DMSO and E2 treated seedlings in L5, the shift was only 

detected as significantly different in L7 (t-test, p < 0.05). Nevertheless, the increased 

proportion of 21-22 nt sRNAs in E2-treated XVE:ROS1-YFP lines suggests an increase in Pol 

II-dependent RdDM and/or a decrease in Pol IV-dependent RdDM. This could, in part, be 

driven by the upregulation of TEs following DNA demethylation in E2-treated L5 and L7 

seedlings (Figure 4.3; Figure 4.4b) (Cuerda-Gil and Slotkin, 2016).   

To characterise the genomic location of all DECs, those in E2-treated L5 and L7 were 

annotated with Araport11 (Cheng et al., 2017) and examined for overlaps with TEs, as per the 

TAIR10 TE annotation file. Few DECs mapped to Araport11-defined non-coding sRNA loci, 

including miRNAs, tRNAs, snRNAs, and snoRNAs (Figure 4.5e). For both L5 and L7, >75% 

of all downregulated DECs occurred in protein-coding genic regions (gene body ± 1 kb), 

with >55% also overlapping with a TE (Figure 4.5e). Among all annotation classes, the 
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promoters of protein-coding genes containing TEs had the highest number of downregulated 

DECs for both lines, which is consistent with the previously observed enrichment of hypo-

DMRs at TE-gene boundaries in XVE:ROS1-YFP lines (Figure 4.3e). Indeed, in L5 and L7, 

65.6% and 69.5% of the downregulated DECs overlapped with a hypomethylated DMR in the 

same line, indicating a tight association between DNA hypomethylation and downregulation of 

sRNAs. In contrast, only 2.6% and 3.5% of the upregulated DECs in L5 and L7 overlapped 

with a DMR (hypermethylated or hypomethylated), respectively. Furthermore, the majority of 

upregulated DECs occurred in TE-containing intergenic regions which were significantly 

underrepresented for hypomethylated DMRs in E2-treated XVE:ROS1-YFP lines (Figure 4.3e).  

Plotting the genomic location of all DECs across the 5 nuclear chromosomes revealed 

a clear disparity in their distribution: downregulated DECs were predominantly located along 

chromosome arms, whereas upregulated DECs were mostly found in (peri)centromeric 

regions. This pattern aligns with the observation that E2-induced DNA demethylation in 

XVE:ROS1-YFP lines is most pronounced along chromosome arms (Figure 4.3a). This 

indicates that ROS1-mediated DNA demethylation supresses Pol IV-dependent RdDM in 

chromosome arms, as >97% of all DECs are associated with 23-24 nt sRNAs (Figure 4.5c) 

(Erdmann and Picard, 2020). In contrast, (peri)centromeric regions, which exhibit a lack of 

DNA demethylation and some evidence of DNA hypermethylation in E2-treated XVE:ROS1-

YFP lines (Figure 4.3a), demonstrate enhanced activity of Pol IV-dependent RdDM as most 

upregulated DECs are also associated with 24 nt sRNAs. Thus, ROS1-induced DNA 

demethylation leads to a genomic redistribution of sRNAs associated with Pol IV-dependent 

RdDM, which may specifically function to counteract DNA demethylation in TE-rich 

(peri)centromeric regions.   
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Figure 4.5 Characterisation of small RNA (sRNA) changes following E2 treatment in Col-0, and two 
XVE:ROS1-YFP lines (L5 and L7). 
(a) Differentially expressed sRNA clusters (DECs) between E2- and DMSO-treated seedlings L5 
(yellow), L7 (green), and Col-0 (grey) genotypes, identified using ShortStack and DESeq2 (Axtell, 2013; 
Shahid and Axtell, 2014; Love et al., 2014). (b) Heatmap projection of sRNA abundance of all 4,520 
DECs between E2- and DMSO-treated L5, L7, and Col-0 plants, using DESeq2 (Love et al., 2014). 
Heatmap-projected values represent per cluster Z-scores of transformed and normalised read counts 
from 3 biological replicates for each genotype-treatment combination. Scores were clustered by DEC 
and sample (Pearson correlation, Ward). Two distinct clusters were identified, labelled “Down” and “Up”, 
reflecting their expression pattern in E2-treated L5 and L7 relative to all other genotype-treatment 
combinations. (c) Cluster type counts, as defined by ShortStack, of all DECs identified in the “Up” and 
“Down” cluster from the heatmap (b). Clusters where >80% of reads were of a single size, ranging from 
20 to 24 nucleotides (nt), were assigned to that specific size category. Any clusters associated with 
predicted or known miRNAs were assigned as a miRNA cluster. Any other clusters with no dominant 
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read size, or a dominant read size outside of the 20-24 nt range, were classified as not defined (ND). 
Further characterisation of all DECs is shown in Figure 4.4e. (d) The distribution of mapped sRNA read 
lengths for each genotype-treatment combination, aligned to the TAIR10 Arabidopsis genome using 
ShortStack (Axtell 2013; Shahid and Axtell 2014). Lines represent the average percentage of mapped 
reads for each size in the 18-30 nt range from three biological replicates, which are depicted as points. 
E2-treated lines are coloured green, while DMSO-treated lines are coloured grey. (e) Annotation counts 
of DECs from E2-treated L5 and L7, as compared to DMSO-treated L5 and L7, respectively. DECs were 
annotated using Araport11 (Cheng et al., 2017), and the TAIR10 TE annotation file 
(https://www.arabidopsis.org/). See methods for details. Upregulated DECs are represented in red, 
while downregulated DECs are shown in blue. DECs overlapping TEs are depicted in dark red 
(upregulated) and dark blue (downregulated). Counts of upregulated and downregulated DECs are 
shown above and below the y = 0 line, respectively. (f) Distribution of DECs across the five nuclear 
chromosomes of Arabidopsis for L5 (left) and L7 (right). Chromosomes are depicted as rectangular 
horizontal boxes, with a scale bar representing 5 mega bases (Mb). Red and blue vertical rectangles 
superimposed on the chromosomes represent upregulated and downregulated DECs, respectively. 
Chromosomes are centred around their centromeres, with black lines above the chromosomes marking 
the pericentromeric regions.  

 

4.4.5 Identification of Novel Cis-Regulated Genes by RdDM and ROS1 in the 
Chromosome Arms 

The association between DNA hypomethylation and downregulated DECs in the gene-

rich chromosome arms, triggered by ROS1 induction in E2-treated XVE:ROS1-YFP lines, 

holds significant potential to impact gene expression. Indeed, changes in DNA methylation of 

promoters have been implicated to alter the expression and/or transcriptional responsiveness 

of nearby genes (Gong et al., 2002; Williams et al., 2015; Gallego-Bartolomé et al., 2018; Kim 

et al., 2019; Halter et al., 2021). For instance, DNA methylation in the promoter region of some 

defence-associated genes of Arabidopsis, such as RLP43, has been associated with reduced 

transcriptional activity of the gene (Halter et al., 2021). This mechanism, whereby changes in 

DNA methylation influence the transcriptional activity of proximal genes, are broadly defined 

as cis-regulatory mechanisms (Chapter 1, Figure 1.4) (Wilkinson et al., 2019; Hannan Parker 

et al., 2022).  

Notably, ROS1-YFP induction in L5 and L7 leads to thousands of hypomethylated 

DMRs in the promoters of protein-coding genes (Figure 4.6e), which coincided with reduced 

abundance of RdDM-associated 23-24 nt sRNAs (Figure 4.6b), and a general up-regulation 

of protein-coding genes (Figure 4.6c). Since RdDM-dependent DNA methylation and ROS1-

dependent DNA demethylation can negatively and positively affect gene transcription, 

respectively (Halter et al., 2021), a genome wide scan for novel cis-regulated gene targets 

(Figure 4.6d) was performed. Protein coding genes which contained a hypomethylated DMR 

or a downregulated 23-24 nt sRNA cluster and concomitantly showed enhanced expression 

(log2FC > 0, padj < 0.05) in E2-treated XVE:ROS1-YFP lines, as compared to DMSO treated 
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XVE:ROS1-YFP lines (Figure 4.1a) were defined as putative cis-regulated targets (Figure 

4.6d). For L5 and L7, 229 and 251 putative cis-regulated genes were identified, respectively, 

of which 156 loci were shared between both lines (Figure 4.6e) (Supplementary Data 4.10). 

Notably, this analysis pipeline identified the RLP43 gene, which had previously been reported 

to be cis-regulated by ROS1 (Halter et al., 2021), hence confirming the validity of the approach 

(Supplementary Figure 4.3d).  

In addition to transcriptional silencing by RdDM-mediated DNA methylation in the 

promoter of genes, the presence of 21 nt sRNAs have the potential to stimulate gene 

expression via association with nuclear-localised AGO1 in the promoter (Figure 1.3c) (Liu et 

al., 2018; Hannan Parker et al., 2022; Wilkinson et al., 2023). Therefore, up-regulated protein-

coding genes (log2FC > 0, padj < 0.05) with an up-regulated 21 nt DEC (log2FC > 0, padj < 0.05) 

in their promoter were identified. In total, only 2 and 1 gene(s) matched these criteria in L5 

(AT2G27402, AT1G66730) and L7 (AT1G66730), respectively. The single common gene, 

AT1G66730, is a DNA ligase involved in seed germination (Waterworth et al., 2010). No DMR 

was associated with this upregulated 21 nt DEC. Therefore, based on these results, further 

analyses in this Chapter were focussed on a typical cis regulatory model, whereby DNA 

methylation and sRNAs act to transcriptionally silence genes (Figure 4.6d). 
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Figure 4.6 Genome wide identification of genes cis regulated by RNA directed DNA methylation (RdDM) 
and ROS1 in the promoter region of protein coding genes using data derived from E2-treated vs. 
DMSO-treated Col-0, L5, and L7.  
(a) Count of differentially methylated regions (DMRs) within promoter regions (1 kb upstream of 
transcriptional start site). Hyper- and hypomethylated DMR counts are shown above and below the y = 
0 line, respectively. Dark colours indicate counts overlapping with transposable elements (TE). (b) 
Counts of differentially expressed clusters (DECs) within promoter regions, considering only those 
classed as 23 or 24 nt in size by ShortStack (Axtell, 2013; Shahid and Axtell, 2014). Upregulated and 
downregulated counts are shown above and below the y = 0 line, respectively. Dark colours indicate 
counts overlapping with TEs. (c) Counts of protein-coding DEGs. Upregulated and downregulated 
counts are shown are shown above and below the y = 0 line, respectively. Dark colours indicate genes 
containing one or more TEs within their promoter. (d) Schematic demonstrating cis-regulatory model 
under consideration. (1) ROS1 removes DNA methylation from the promoter region of a gene, (2) and/or 
antagonises RdDM in the region driven by 23-24 nt sRNAs, (3) which leads to increased transcriptional 
activity of the gene. Box defines what is considered a cis-regulated gene under this model. (e) Venn 
diagram showing numbers of cis-regulated genes by ROS1 in L5 and L7, as defined in (d).  
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4.4.6 ROS1 Targets the Promoters of NPR1 and TRXh5, Which is Associated With 
Transcriptional Activation of NPR1-Mediated Defence Responses 

No GO-term enrichment (padj > 0.05) was found for the 156 consistent cis-regulated 

loci, suggesting no preference for genes related to any biological processes. Therefore, the 

156 candidates were individually checked for functions related to plant immunity based on the 

observation of enhanced resistance to (hemi)biotrophic pathogens (Chapter 3, Figure 3.5) and 

GO-term enrichments related to immunity in E2-treated XVE:ROS1-YFP lines (Figure 4.4). Of 

note, NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES 1 (NPR1), which is a 

master regulator of SA-induced defence expression (Zavaliev and Dong, 2024), and 

THEOREDOXIN HOMOLOG 5 (TRXh5), which promotes the monomerization and 

subsequent nuclear translocation of NPR1 (Figure 4.7) (Tada et al., 2008; Kneeshaw et al., 

2014), were both identified as cis-targets in L5 and L7 (Supplementary Figures 4.3b, 4.3c). 

Using L5 in an independent experiment, the reduction of DNA methylation and increased 

expression of NPR1 by ROS1-YFP was validated using McrBC-mediated chop-qPCR and RT-

qPCR, respectively (Supplementary Figures 4.5b, 4.5c). Furthermore, using data from 

Chapter 3, this region is hypermethylated in the ROS1 mutant ros1-4 mutants and is 

hypomethylated in the Pol IV-dependent RdDM mutant nrpe1-11, further demonstrating that 

DNA methylation in the promoter of NPR1 is regulated antagonistically by ROS1 and RdDM 

(Supplementary Figure 4.5d).   

Interestingly, many well characterised downstream targets of NPR1 were upregulated 

in E2-treated XVE:ROS1-YFP lines including WRKY DNA-BINDING PROTEIN (WRKY) 

transcription factors (TFs) (Wang et al., 2006), PATHOGENESIS RELATED (PR) genes (Cao 

et al., 1994; Zhou et al., 2000; Li et al., 2018), and SAR DEFICIENT 1 (SARD1) (Ding et al., 

2018; Nomoto et al., 2021; Yun et al., 2024), which regulates the biosynthesis of SA and the 

systemic acquired resistance (SAR) signalling molecule N-hydroxy-pipecolic acid (NHP) (Sun 

et al., 2015; Hartmann et al., 2018) (Figure 4.6). NPR1 physically interacts with TGACG 

MOTIF-BINDING FACTOR (TGA) TFs to promote the expression of genes (Kumar et al., 2022; 

Zavaliev and Dong, 2024). While no TGA TFs were significantly upregulated in E2-treated L5 

or L7 (Figure 4.7) (Supplementary Data 4.4), the promoters of protein coding genes 

upregulated in E2-treated XVE:ROS1-YFP lines (Figure 4.4a) were significantly enriched for 

the binding motifs of 7 TGA TFs (padj < 0.05), as identified by the PlantRegMap TF enrichment 

tool (Tian et al., 2020) (Supplementary Data 4.11). These include the TGA TFs 2 through to 7, 

which have all been shown to interact with NPR1 to transcriptionally coactivate SA-associated 

defence genes (Zhou et al., 2000; Fan and Dong, 2002; Jin et al., 2018; Budimir et al., 2021; 

Kumar et al., 2022; Han et al., 2022; Yildiz et al., 2023). Furthermore, TGAs 2-7 are highly 

sensitive to DNA methylation, exhibiting an average of 9.8 times less binding affinity to 
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methylated DNA compared to unmethylated DNA (O’Malley et al., 2016). Therefore, ROS1 

DNA demethylation may facilitate SA-dependent defences threefold: (i) promoting the 

expression of NPR1 in cis (Supplementary Figures 4.3c, 4.5), (ii) promoting the expression of 

TRXh5 in cis (Supplementary Figure 4.3b), which facilitates the nuclear translocation of NPR1 

and subsequent interaction with TGA TFs (Tada et al., 2008; Kneeshaw et al., 2014), and (iii) 

removing DNA methylation from other regions of the genome to enhance DNA binding of TGA 

TFs that interact with NPR1 (O’Malley et al., 2016) (Figure 4.7).  
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Figure 4.7 Simplified schematic of NPR1 signalling pathway, partially adapted from Zavaliev and Dong 
(2024). 
Figure is showing colour/pattern-coded differential expression between E2-treated and DMSO-treated 
L5 and L7 seedlings. NPR1 and TRXh5 (marked with *) were identified as cis-regulated genes (Figure 
4.6; Supplementary Figure 4.5). For details about genes and pathways, see main text. Raw log2 fold 
change and padj values for each component are listed in Supplementary Data 4.12. 
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4.4.7 ROS1 Induction Activates the ATR-Dependent DNA Damage Response Pathway 

Upregulated genes in E2-treated XVE:ROS1-YFP lines were highly enriched for the 

GO term “DNA damage response” (Figure 4.4). Interestingly, two components of the DNA 

damage response were amongst the 156 cis-regulated targets (Supplementary Data 4.10), 

namely ATAXIA TELANGIECTASIA AND RAD3-RELATED (ATR) and the transcription factor 

E2FC (Figure 4.8). ATR is typically activated in response to single-stranded breaks (SSBs) 

and/or replicative stress and subsequently phosphorylates the transcription factor 

SUPPRESSOR OF GAMMA RADIATION 1 (SOG1), which was also upregulated in E2-treated 

XVE:ROS1-YFP lines (Figure 4.9) (Waterworth et al., 2011; Sjogren et al., 2015; Herbst et al., 

2024). SOG1 directly regulates the transcription of a plethora of other genes with roles in DNA 

repair, defence, and transcriptional regulation (Bourbousse et al., 2018; Herbst et al., 2024) 

(Figure 4.8). One direct target of SOG1, with critical roles in DNA damage-induced growth 

repression is WEE1, which was also upregulated in E2-treated L5 and L7 (De Schutter et al., 

2007; Bourbousse et al., 2018; Herbst et al., 2024). DNA damage caused by double stranded 

DNA breaks (DSBs) are recognised and repaired via the ATAXIA TELANGIECTASIA 

MUTATED (ATM) dependent pathway (Garcia et al., 2003; Waterworth et al., 2011; Herbst et 

al., 2024). However, no genes in this pathway were consistently upregulated in both E2-treated 

XVE:ROS1-YFP lines (Figure 4.8), which is consistent with the ROS1 mode of action inducing 

SSBs (Gong et al., 2002). E2FC forms part of a larger protein complex known as the DREAM 

complex, which negatively regulates cell cycle progression in response to DNA damage, 

thereby reducing further SSB DNA damage associated with DNA replication (Lang et al., 2021). 

Furthermore, the DREAM complex has important roles in regulating genome-wide levels of 

DNA methylation by negatively regulating the expression of ROS1 and other genes associated 

in the regulation of DNA methylation including MET1, CMT3, DDM1, and KYP (Ning et al., 

2020). Thus, the observed impact of ROS1 induction on the ATR-dependent DNA damage 

pathway likely represents a protective mechanism, whereby cis-regulated induction of the ATR 

and E2FC genes rapidly activates ATR and E2FC to increase capacity for SSB DNA repair 

and thus, reduce ROS1-dependent DNA damage (Figure 4.5). 
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Figure 4.8 Simplified schematic of the DNA damage response, adapted from Herbst et al. (2024). 
Figure is showing colour/pattern-coded differential expression between E2-treated and DMSO-treated 
L5 and L7 seedlings (Figure 4.2a). ATR and E2FC (marked with *) were identified as cis-regulated 
genes by ROS1 (Figure 4.6). Single stranded breaks (SSBs) (left) and double stranded breaks (DSBs) 
(right) are detected and transduced by different proteins, as demonstrated by dashed line. Raw log2 
fold change and padj values for each component are listed in Supplementary Data 4.12. 

 

 

 

 

 

RAD9

HUS1RAD1RAD17
RPA

ATR *

P

RAD50

NBS1

MRE11

ATMATRIP

WEE1
E2FA E2FB E2FC *

No change in expression

Up-DEG only in one line, log2FC > 0, padj < 0.05

Up-DEG, both lines, log2FC > 0.5 and padj < 0.05

Up-DEG, both lines, log2FC > 0.5 and padj < 0.01

Up-DEG, both lines, log2FC > 1 or padj < 0.001

R
ec

og
ni

tio
n

Tr
an

sd
uc

tio
n

R
es

po
ns

e
Replication stress / SSBs DSBs

SOG1



126 
 

4.5 Discussion 

4.5.1 Characterising ROS1 Targets Using an Inducible Construct 

Over the last two decades, numerous studies have demonstrated the importance of 

ROS1 in regulating transcriptional responses to environmental stress in Arabidopsis (Gong et 

al., 2002; Yu et al., 2013; López Sánchez et al., 2016; Liu et al., 2021; Halter et al., 2021; 

Yang et al., 2022; Wilkinson et al., 2023). However, all reports investigating the link between 

ROS1-dependent DNA demethylation and plant stress responses have relied on the use of T-

DNA insertion lines that knockout or knockdown ROS1 expression and thus generated DNA 

hypermethylated plants. Whilst this has provided the community with very valuable insights 

into the predicted targeting of ROS1 (Tang et al., 2016; Halter et al., 2021), it fails to resolve 

some targets of ROS1. For instance, loci with maximal levels of DNA methylation in wild-type 

Col-0 plants, that are still targeted by ROS1 for DNA demethylation under certain conditions, 

would not be identified as hypermethylated regions in ros1 mutants, and thus, would not be 

identified as ROS1 targets. Furthermore, the permanent nature of the mutations poorly reflects 

the responsive and reversible nature of epigenetic marks and may lead to the activation of 

other compensatory epigenetic mechanisms, as discussed in Chapter 3. In this Chapter, the 

use of the XVE:ROS1-YFP system has enabled detailed characterisation of genome-wide 

changes in cytosine DNA methylation, small RNA abundance, and transcriptomic changes in 

response to transient increases in ROS1 expression. Furthermore, as the ROS1 induction 

course was effective in activating immunity against (hemi-)biotrophic pathogens (Chapter 3; 

Figure 3.5), the data are directly relevant to the onset of ROS1-dependent immune memory 

in Arabidopsis.  

4.5.2 ROS1-Cis-Regulated Genes 

As reported before, removal of DNA methylation by ROS1 is enriched at TEs located 

near protein-coding genes (Figure 4.3e) (Tang et al., 2016). However, only 156 of the 1,846 

genes consistently upregulated in E2-treated XVE:ROS1-YFP lines exhibited hypomethylated 

DMRs or reduced sRNA abundance within their promoters (Figure 4.6). This suggests that the 

vast majority of these genes are not directly cis-regulated by ROS1. However, of the 156 cis-

regulated genes, many had roles in plant immune responses and DNA damage responses 

(Supplementary Data 4.10). Interestingly, two core components of the SA signalling pathway, 

namely NPR1 and TRXh5 (Kneeshaw et al., 2014; Zavaliev and Dong, 2024; Spoel and Dong, 

2024), were both identified as cis-regulated targets. NPR1 activates a cascade of 

transcriptional responses related to defence as it promotes the expression of many 

transcription factors, which have multiple gene targets themselves (Yun et al. 2024; Wang, 
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Amornsiripanitch, and Dong 2006). Overexpression of Arabidopsis’ NPR1 has been shown to 

promote resistance to pathogens in many plant species (Zavaliev and Dong, 2024), even with 

relative increases in protein levels as low as 1.4x (Cao, Li, and Dong 1998), demonstrating its 

potent effect on plant immune responses. Therefore, the observed ~1.3x increase in NPR1 

expression following ROS1 induction in E2-treated XVE:ROS1-YFP lines (Supplementary 

Data 4.12; Supplementary Figure 4.5; Figure 4.7) could certainly still influence plant immune 

responses to (hemi)biotrophic pathogens. Furthermore, in order to translocate into the nucleus 

and coactivate the expression of genes with TGA TFs, NPR1 must first be reduced from its 

oligomer form, a process that involves TRXh5-mediated denitrosylation (Tada et al., 2008; 

Kneeshaw et al., 2014). Thus, TRXh5 also has crucial roles in promoting plant immunity 

against pathogens in Arabidopsis and is upregulated in response to salicylic acid, pathogen 

infection, and other environmental stresses (Laloi et al., 2004; Tada et al., 2008; Kneeshaw et 

al., 2014; Arnaiz et al., 2023). Interestingly, TRXh5 had an approximately 2 fold increase in 

expression (Supplementary Data 4.12; Figure 4.7) in E2-treated XVE:ROS1-YFP lines and 

was also identified as a cis-regulated gene. Finally, while TGA transcription factors (TFs), 

which are essential for NPR1-mediated activation of defence genes were not upregulated in 

E2-treated XVE:ROS1-YFP lines, upregulated protein-coding genes in E2-treated 

XVE:ROS1-YFP lines were enriched for 7 out of 10 TGA TF binding sites (Jakoby et al., 2002) 

(Supplementary Data 4.11). These include all TGAs known to constitutively interact with NPR1 

(TGA2, TGA3, TGA5, TGA6, and TGA7) (Després et al., 2000; Zhou et al., 2000; Fan and 

Dong, 2002), as well as TGA4, which only interacts with NPR1 in SA-induced leaves (Després 

et al., 2003; Kesarwani et al., 2007; Budimir et al., 2021). Since the association between NPR1 

and TGA TFs is essential for NPR1-mediated activation of SA defences and systemic acquired 

resistance (SAR) (Zhang et al., 2003; Yildiz et al., 2023), this enrichment further highlights a 

central role of NPR1 in the transcriptomic response of E2-treated XVE:ROS1-YFP lines. 

Therefore, while most upregulated genes in E2-treated XVE:ROS1-YFP were not identified as 

cis-regulated loci, the significant association with biological processes such as “response to 

salicylic acid”, “systemic acquired resistance”, and “response to molecule of bacterial origin” 

(Figure 4.3c), could be a result of a transcriptional cascade following cis-regulation of a few 

key activators such as NPR1 and TRXh5 (Figure 4.7).  

4.5.3 Relationship Between ROS1 and the DNA Damage Response 

As well as plant immune responses, many genes related to the DNA damage response 

were upregulated following ROS1 induction in XVE:ROS1-YFP lines (Figure 4.4c). ROS1 

inherently causes single stranded breaks as it removes DNA methylation via a base-excision 

repair pathway (Gong et al., 2002; Agius et al., 2006; Ponferrada-Marín et al., 2010; Lee et 
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al., 2014; Zhang et al., 2022; Du et al., 2023). Many of the genes encoding proteins involved 

in repairing these single stranded breaks, were upregulated in E2-treated XVE:ROS1-YFP 

lines (Figure 4.8). Strikingly, ATR, which encodes a kinase that activates the master 

transcription factor SOG1 in response to DNA damage (Herbst et al., 2024), was identified as 

a cis-regulated gene (Figure 4.8; Supplementary Data 4.10). This hints to a protective 

mechanism whereby increased ROS1 activity boosts the expression of ATR by removing DNA 

methylation from its promoter, subsequently enhancing the DNA damage capacity required for 

repairing single-stranded breaks caused by ROS1. Future studies should establish whether 

increased expression of ATR would enhance tolerance to genotoxic stress, by running 

bioassays with chemicals that induce single-stranded breaks (e.g., Zeocin) (Povirk et al., 1977; 

Vladejić et al., 2024) in ATR overexpressing lines.  

4.5.4 ROS1-Driven DNA Damage and its Potential Role in Plant Immunity 

Activation of the DNA damage response following active DNA demethylation by ROS1 

may also have a secondary role in promoting plant immune responses. Pathogenic infections 

can induce DNA damage in Arabidopsis (Lucht et al., 2002; Song and Bent, 2014), and the 

DNA damage response pathway is known to transduce and amplify SA-dependent defence 

pathways (Durrant et al., 2007; Wang et al., 2010; Yan et al., 2013; Vega-Muñoz et al., 2023; 

Jeong et al., 2023). To distinguish transcriptomic changes caused by DNA hypomethylation 

from those triggered by the DNA damage response, transcriptomic changes caused by ROS1-

dependent DNA hypomethylation were compared with those induced by TET1-dependent 

DNA hypomethylation (Ji et al., 2018) (Figure 4.4g). None of the genes consistently 

upregulated in XVE:ROS1-YFP lines, associated with ATR-mediated repair of single stranded 

breaks - such as RAD17, RAD9, RPA, ATR, SOG1, and WEE1 (Figure 4.8) - were upregulated 

in 35S:TET1 lines (Supplementary Data 4.4). In contrast, every gene consistently upregulated 

in XVE:ROS1-YFP lines in the NPR1-dependent signalling pathway (marked in Figure 4.7) 

was also upregulated in 35S:TET1 lines, with the exception of ALD1 (Supplementary Data 

4.4). This aligns with the observation that the most enriched GO terms for upregulated genes 

in both 35S:TET1 lines and E2-treated XVE:ROS1-YFP lines were associated with SA-

dependent immunity (Figure 4.4g). Meanwhile, upregulated genes unique to E2-treated 

XVE:ROS1-YFP lines were enriched with DNA damage response pathways. Therefore, whilst 

DNA damage responses may contribute to the enhanced defence phenotype of E2-treated 

XVE:ROS1-YFP plants, DNA (de)methylation alone is a crucial regulator of defence 

responses against pathogens. This is in line with previous findings that hypomethylated 

Arabidopsis mutants tend to be more resistant to (hemi)biotrophic pathogens, whereas 
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hypermethylated mutants, such as ros1, tend to be more susceptible (Luna et al., 2012; Yu et 

al., 2013; López Sánchez et al., 2016; Furci et al., 2019; Halter et al., 2021).  

4.5.5 ROS1-Mediated DNA Demethylation and its Impact on IBM1 Splicing and 
Epigenetic Regulation  

Few genes were found to be alternatively spliced following ROS1-dependent DNA 

demethylation. Of these few genes, the H3K9 demethylase IBM1 was identified as a locus 

that had differential transcript usage in E2-treated XVE:ROS1-YFP lines. E2-treated L5 and 

L7 had reduced methylation in the 7th intron of IBM1 and increased production of the short 

prematurely polyadenylated transcripts (IBM1-S) (Rigal et al., 2012; Lei et al., 2014). This 

methylated region in IBM1 has been proposed to act as a sensing locus for epigenetic marks, 

as occurs in the promoter region of ROS1 (discussed in Chapter 1; Figure 1.2) (Yinwen Zhang 

et al., 2024). Under basal conditions, the 7th intron of IBM1 contains DNA methylation in all 

contexts. DNA methylation in CHG contexts promotes binding of KRYPTONITE (KYP), which 

deposits H3K9me2 thus creating a heterochromatic environment within the intron (Chapter 1; 

Figure 1.2). This promotes the maintenance of DNA methylation in the region as the CHG DNA 

methyltransferase CHROMOMETHYLASE 3 (CMT3) is recruited by H3K9me2 in plants (Fang 

et al., 2022). The resultant heterochromatic environment is recognised by the INCREASE IN 

BONSAI METHYLATION2/ASI1-IMMUNOPRECIPITATED PROTEIN1/ENHANCED DOWNY 

MILDEW2 (IBM2/AIPP1/EDM2) protein complex, which promotes distal polyadenylation and 

production of functional IBM1-L transcripts. As a result, the functional IBM1 enzyme 

antagonises the silencing H3K9me2 mark and CHG formation in gene-rich euchromatic 

regions (Rigal et al. 2012; Saze et al. 2013; Wang et al. 2013; Saze et al. 2008; Miura et al. 

2009), thus acting in a negative feedback loop as a heterochromatin-sensing locus to ensure 

epigenome homeostasis (Yinwen Zhang et al., 2024) (Chapter 1; Figure 1.2). The activity of 

this feedback loop is exemplified by the fact that hypomethylated mutants, such as cmt3, kyp, 

and met1 mutants, have reduced production of IBM1-L transcripts and ectopic accumulation 

of CHG DNA methylation, particularly in chromosome arms (Rigal et al., 2012). Furthermore, 

intronic methylation in IBM1 is prevalent in orthologous genes in flowering plants, despite the 

underlying DNA sequence exhibiting dynamic evolution, and there appears to be an 

evolutionary link between natural reductions/losses in CMT3 expression and functional IBM1 

expression (Yinwen Zhang et al., 2024). The data presented in this Chapter demonstrate that 

this 7th intron is a target of active DNA demethylation by ROS1 (Figure 4.4f; Supplementary 

Figure 4.3a), indicating that this sensing locus also detects ROS1-dependent DNA 

demethylation to ensure epigenetic homeostasis in Arabidopsis. However, no ectopic 

accumulation of CHG DNA methylation was observed along the chromosome arms or in gene 
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bodies of E2-treated XVE:ROS1-YFP lines (Figure 4.2). Instead, ectopic accumulation of CHG 

DNA methylation was observed in pericentromeric regions (Figure 4.3a), which is not a 

canonical target of IBM1-mediated demethylation of H3K9me2 (Rigal et al., 2012). The lack 

of CHG hypermethylation in chromosome arms indicates that ROS1-mediated DNA 

methylation counteracts the accumulation of repressive marks in IBM1-S-expessing plants. 

Thus, ROS1 and IBM1 may form a larger epigenetic homeostatic pathway that enables plants 

to self-regulate DNA methylation and H3K9me2 across the genome. Chromatin 

immunoprecipitation (ChIP) sequencing studies need to be performed to confirm ROS1 

localisation at the 7th intron of IBM1 and subsequently, the genomic distribution of IBM1 under 

different environmental stress conditions.  

4.5.6 ROS1 Activity and its Differential Impact on Chromosome Arms Versus 
(Peri)centromeric Regions. 

An interesting observation from the data presented above is that ROS1-dependent 

loss of DNA methylation in E2-treated XVE:ROS1-YFP lines was more pronounced in the 

chromosome arms compared to the pericentromeric regions (Figure 4.3a). Notably, 

hypomethylated DMRs in E2-treated L5 and L7 were significantly underrepresented in 

intergenic TE regions (Figure 4.3e), which are predominantly located within pericentromeric 

regions. A simple explanation for this could be that ROS1-YFP is not targeted and/or cannot 

access pericentromeric regions for active DNA demethylation. However, the specific regions 

of the genome accessible to ROS1 remain unclear due to the lack of direct mechanistic 

evidence, such as high-throughput sequencing data of ROS1 DNA binding sites (e.g., ChIP-

seq). Current understanding is instead based on previous evidence of epigenetic marks 

associated with ROS1-dependent DNA demethylation, mostly using mutant lines. For instance, 

Tang et al (2016) found that the hypermethylated DMRs in ros1 mutant lines were enriched 

with the histone marks H3K18ac and H3K27me3 and depleted of H3K27me1 and H3K9me2. 

H3K27me1 and H3K9me2 are known to be enriched in pericentromeric regions (Sequeira-

Mendes et al., 2014) and might therefore repel ROS1. However, in vitro binding of ROS1 to 

H3 was unaffected by the methylation status of H3K (Parrilla-Doblas et al., 2022). Thus, it is 

unlikely that these marks explain the contrasting effects of ROS1-YFP between chromosome 

arms and pericentromeric regions.  

Furthermore, under basal conditions, some ROS1-targeted loci are regulated by a 

protein complex containing INCREASE IN DNA METHYLATION 1 (IDM1) and the methyl-

CpG-binding protein MBD7 (Nie et al. 2019; Zhang, Gong, and Zhu 2022). IDM1 and MBD7 

both have methyl binding domains that preferentially bind to highly methylated, CG-dense 

regions of the genome (Zhang, Gong, and Zhu 2022; Lang et al. 2015). IDM1 catalyses the 
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acetylation of H3 residues K14, K18, and K23, which promotes H2A.Z deposition and 

subsequently recruits ROS1 for DNA demethylation (Nie et al. 2019; Lang et al. 2015; Qian et 

al. 2012; Li et al. 2015; Qian et al. 2014). This explains why H3K18ac marks are enriched at 

ros1 hypermethylated DMRs (Tang et al., 2016). Therefore, pericentromeric regions may lack 

permissive marks required for ROS1 activity, rather than contain antagonistic marks that repel 

ROS1. Supporting this, it was discovered that the histone deacetylase HDA6 maintains 

heterochromatin in pericentromeric regions by preventing IDM1-dependent accumulation of 

H3K18ac, thus inhibiting active DNA demethylation by ROS1 and related DNA demethylases 

(Wang et al. 2021). However, IDM1 regulates only about one-third of ROS1 targets (Nie et al. 

2019; Zhang, Gong, and Zhu 2022) and ROS1 has been shown to effectively remove DNA 

methylation at sites lacking H3K18ac and H2A.Z entirely (Liu et al. 2021). In these cases, 

ROS1-dependent DNA demethylation is achieved through association via a different protein 

complex that includes ROS1-ASSOCIATED WD40 DOMAIN-CONTAINING PROTEIN 

(RWD40), the DNA methylation binding protein ROS1-ASSOCIATED METHYL-DNA BINDING 

PROTEIN 1 (RMB1), and ROS1-ASSOCIATED HOMEODOMAIN PROTEIN 1 (RHD1) (Liu et 

al. 2021). While the genome-wide binding of the ROS1-RWD40-RMB1-RHD1 complex has 

not been fully characterized, it has been shown to target distinct loci including the promoter of 

ROS1 itself (Liu et al. 2021). Interestingly, RMB1 can bind to DNA methylation in all cytosine 

contexts, differing from the CG-dense preference of MBD9 in the IDM1-containing complex 

(Liu et al. 2021). Thus, ROS1-dependent DNA demethylation could occur in pericentromeric 

regions through IDM1-independent mechanisms, potentially mediated by alternative protein 

interactions, such as the RWD40-containing complex. Therefore, ROS1 access to the 

pericentromeric regions cannot be ruled out. Instead, the reduced level of DNA demethylation 

in the pericentromeric regions of E2-treated XVE:ROS1-YFP lines (Figure 4.2a) may reflect a 

rapid remethylation response in these regions that does not occur in chromosome arms.  

4.5.7 ROS1 Activity and its Influence on Pol IV-Dependent RdDM 

Interestingly, downregulated sRNA clusters primarily occurred along chromosome 

arms, whilst upregulated sRNA clusters were mainly found within pericentromeric regions 

(Figure 4.4e). Furthermore, over 90% of all DECs were 23-24 nt in size (Figure 4.5c), which 

is characteristic of Pol IV-dependent RdDM (Matzke and Mosher, 2014; Cuerda-Gil and Slotkin, 

2016; Erdmann and Picard, 2020). Therefore, ROS1 appears to have a significant influence 

on the distribution and activity of Pol IV-dependent RdDM. The Pol IV complex is recruited by 

the H3K9me reader SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1) at approximately 50% 

of Pol IV-associated 24 nt sRNA sites through its association with CLASSY1 (CLSY1) and 

CLSY2 (Law et al. 2013; Matzke and Mosher 2014; Cuerda-Gil and Slotkin 2016; Zhou, 
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Palanca, and Law 2018). Since H3K9me marks are mechanistically linked to DNA methylation 

(Soppe et al. 2002; Law et al. 2013; Johnson, Cao, and Jacobsen 2002; Fang et al. 2022), the 

removal of DNA methylation by ROS1 at these sites would likely lead to a passive loss of 

H3K9me. Furthermore, Pol V, which produces scaffold transcripts to associate with Pol IV-

derived 23-24 nt sRNAs, is continually recruited to sites with DNA methylation by association 

with the proteins SUVH2 and SUVH9 (Liu et al., 2014; Johnson et al., 2014). Therefore, ROS1-

dependent DNA demethylation is expected to result in fewer viable sites for Pol IV recruitment, 

transcription, and subsequent 23-24 nt sRNA production. Indeed, on average, 68% of the 

downregulated 23-24 nt DECs overlapped with a hypomethylated DMR in E2-treated 

XVE:ROS1-YFP lines. Notably, there were no changes in the expression of the largest 

subunits of Pol IV (NRPD1), Pol V (NRPE1), or genes that guide Pol IV-dependent RdDM 

(SHH1, CLSY1, and CLSY2) (Supplementary Data 4.4). Therefore, the capacity for Pol IV-

dependent RdDM is the same in DMSO- and E2-treated XVE:ROS1-YFP lines, but the 

number of viable sites in chromosome arms are significantly reduced in E2-treated 

XVE:ROS1-YFP lines as ROS1 preferentially targets gene-TE boundaries (Tang et al., 2016) 

(Figure 4.3e). As a result, the proteins associated with Pol IV-dependent RdDM would likely 

be forced to shift to alternative, non-canonical sites, such as those in the pericentromeric 

regions which have an abundance of methylated DNA. This, in turn, would drive excessive 

RdDM in pericentromeric regions, resulting in the hyperaccumulation of DNA in these regions, 

as observed in Figure 4.3a. Future analyses should more thoroughly characterise the 

subcontext in which cytosines in the pericentromeric regions become hypermethylated after 

ROS1-YFP induction. If there are no obvious biases, it would provide an early indication that 

this indeed is occurring via the RdDM pathway rather than by CMT2/3 methyltransferases 

(Gouil and Baulcombe, 2016). Interestingly, the gene encoding CLSY3, which facilitates 

pericentromeric Pol IV recruitment independently of SHH1 and H3K9me (Zhou, Palanca, and 

Law 2018), was also strongly upregulated in E2-treated XVE:ROS1-YFP lines, with an 

average 7.3-fold increase in expression relative to DMSO-treated seedlings (Supplementary 

Data 4.4). Therefore, in addition to the passive redistribution of Pol IV-dependent RdDM driven 

by changes in DNA methylation, the loss of DNA methylation by ROS1 may promote the 

expression of genes, like CLSY3, that actively recruit Pol IV-dependent RdDM to TE-rich 

pericentromeric regions.  

Therefore, the lack of DNA demethylation in pericentromeric regions in E2-treated 

XVE:ROS1-YFP lines may not result from reduced ROS1-YFP accessibility, but rather from 

the rapid re-methylation of these TE-rich regions by RdDM following ROS1-induced DNA 

demethylation. It is plausible that this mechanism serves to safeguard genome stability under 

severe epigenetic shock, by preventing TE mobilisation and ectopic recombination events in 
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(peri)centromeric regions (Hannan Parker, Wilkinson, and Ton 2022; Underwood et al. 2018; 

Wilkinson et al. 2019). The potential biological implications of this mechanism, particularly in 

relation to long-term immune memory to pathogens, are explored in Chapter 5 of this thesis.  
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4.6 Supplementary Figures 

 
Supplementary Figure 4.1 Overlaps of differentially expressed loci/genes (DEGs) from whole 
transcriptome sequencing.  
(a) Treatment course used to treat Col-0, L5, and L7 seedlings, as in Figure 4.2. (b) Venn diagram 
overlapping significantly upregulated DEGs (fold change > 0; padj < 0.05) (left) and significantly 
downregulated DEGs (fold change < 0; padj < 0.05) (right) in E2-treated Col-0, L5, and L7, as compared 
to DMSO controls.  

 

 

 
Supplementary Figure 4.2 Green leaf area (GLA) of Col-0 and XVE:ROS1-YFP lines (L5 and L7) after 
treating twice E2 or DMSO. 
(a) Treatment course used to treat Col-0, L5, and L7 seedlings, as in Figure 4.2. (b) GLA of individual 
plants (32-42) calculated from the Pst assay in Chapter 3 (Figure 3.5). The effect of genotype and 
treatment, and the interaction between the two, on log transformed GLA was tested using a two-way 
ANOVA. Following identification of significant interaction effect, Tukey post-hoc analysis was performed. 
Treatments with the same letter are not significantly different (padj > 0.05).  
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Supplementary Figure 4.3 Genome browser snapshots of cis-regulated loci.  
Genome browser snapshots showing DNA methylation (scale = 0-100%) and small RNAs (scale 
variable, read counts) in DMSO- and E2-treated Col-0, L5, and L7. Annotations are from Araport11 and 
TAIR10 TE annotation files. Each track is an overlay of all three biological replicates. Figures created 
from Integrative Genomics Viewer (IGV) (Thorvaldsdóttir et al., 2013). Red bars highlight DMRs and/or 
DECs. (a) IBM1 intronic DMR identified E2-treated XVE:ROS1-YFP lines (L5, L7). Small RNA count 
limits = 0-10. (b) TRXh1 promoter DMR and DEC overlapping a TE in E2-treated XVE:ROS1-YFP lines 
(L5, L7). Small RNA count limits = 0-300. (c) NPR1 promoter DMR and DEC overlapping a TE in E2-
treated XVE:ROS1-YFP lines (L5, L7). Small RNA count limits = 0-3. (d) RLP43 promoter DMR and 
DEC in E2-treated XVE:ROS1-YFP lines (L5, L7). Small RNA count limits = 0-125.  
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Supplementary Figure 4.4 Characterisation of the protein-coding gene targets of upregulated miRNAs 
in E2-treated XVE:ROS1-YFP lines (L5 and L7). 
(a) Network plot showing each upregulated miRNA identified in L5 or L7 (green box) and all their 
predicted protein-coding gene targets (blue dots). Targets were predicted using targetFinder v1.7 
(Fahlgren et al., 2007; Srivastava et al., 2014). (b) GO enrichment for biological process of all predicted 
protein-coding targets identified in (a). (c) Average DNA methylation (allC) 1 kb upstream, 1 kb 
downstream, and across the body (transcriptional start site to transcriptional termination site) of all 
upregulated miRNAs in E2-treated XVE:ROS1-YFP lines. ns = not significantly different in E2-treated 
plants compared to DMSO-treated plants within a genotype (t-test, p > 0.05).  
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Supplementary Figure 4.5 Verification of antagonistic cis-regulation in the promoter of NPR1 by ROS1 
and RdDM. 
(a) Genome browser snapshots showing WGBS DNA methylation (scale = 0-100%) in DMSO- and E2-
treated Col-0, L5, and L7 at the NPR1 locus, and the approximate location of designed primers for 
McrBC-qPCR and RT-qPCR (Table 4.1). Annotations are from Araport11 and TAIR10 TE annotation 
files. Each track is an overlay of all three biological replicates. Figures created from Integrative 
Genomics Viewer (IGV) (Thorvaldsdóttir et al., 2013). Red bar highlights DMR detected in E2-treated 
XVE:ROS1-YFP lines in the WGBS data. (b and c) qPCR results from an independent repeat 
experiment using DMSO- and E2-treated XVE:ROS1-YFP L5 seedlings (as illustrated in Figure 4.2a). 
(b) Relative DNA methylation in the promoter of NPR1 as measured by McrBC-qPCR. (b) Relative 
NPR1 expression, as measured by RT-qPCR. (d) DNA methylation (allC) of the NPR1 promoter region 
DMR (as indicated by red bar in (a)) in Col-0, nrpe1-11 and ros1-4 seedlings that had a stress-free 
parental treatment (pMock). Data is from the WGBS data presented in Chapter 2 using cytosines with 
≥5 mapped reads. Mean cytosine DNA methylation of the region was calculated using bedtools v2.31.0 
(Quinlan and Hall, 2010).  
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5.1 Abstract 

Changes in DNA methylation play a critical role in the establishment and maintenance 

of plant immune memory. However, remarkably little is understood about the molecular 

mechanisms that underpin the loss, or erasure, of this immune memory in the absence of 

stress. Previous characterisation of epigenetically modified inbred lines of Arabidopsis 

revealed that heritable reductions in DNA methylation in pericentromeric regions can provide 

plants with a strong and highly stable immune memory phenotype. However, the genetic and 

epigenetic characterisation of (peri)centromeric regions by short-read sequencing applications 

has proven technically challenging due to the highly repetitive nature of transposable elements 

(TEs) and satellite repeats in these regions. In this Chapter, I have leveraged long-read Oxford 

Nanopore Sequencing (ONT-seq) to investigate the epigenetic changes within 

(peri)centromeric regions at the onset of ROS1-driven immune memory. Strikingly, while 

estradiol (E2)-indued ROS1 in XVE:ROS1-YFP plants caused widespread DNA demethylation 

in the chromosome arms, DNA methylation in the (peri)centromeric regions was increased, 

potentially reflecting a rapid DNA re-methylation response to counter ROS1-induced DNA 

demethylation and erase epigenetic immune memory. However, blocking CMT3-dependent 

DNA (re)methylation in CHG contexts did not alter the strength or durability of ROS1-induced 

resistance (ROS1-IR) against the hemi-biotrophic pathogen Pseudomonas syringae pv. 

tomato DC3000 (Pst). By contrast, the chemical inhibitor of DNA methyltransferases 5-

azacytidine, which particularly perturbs CHH DNA methylation in pericentromeric regions, not 

only increased the strength of ROS1-IR against Pst but also prolonged the immune memory 

by at least one week. Combined with my previous finding that transient induction of ROS1 

increases the accumulation of pericentromeric small RNAs (Chapter 4), these results suggest 

that RNA-directed re-methylation of the (peri)centromeric regions erases epigenetic immune 

memory. The results are discussed in a context of a new model, which presents plant immune 

memory as a function of epigenetic interactions between the (peri)centromeric regions and 

chromosome arms. 
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5.2 Introduction 

Induced resistance (IR) occurs when plants respond more rapidly and/or robustly to a 

stress after being exposed to an immune-activating stimulus earlier in their life (De Kesel et 

al., 2021). This enhanced defence mechanism enables genetically susceptible plants to mount 

a more efficient response against recurrent attacks. In order to achieve IR, plants must 

‘remember’ the primary stress stimulus – illustrating how IR serves as a form of immune 

memory in plants (Cooper and Ton, 2022). Previous research has shown that IR can be 

effective against a wider range of biotic stresses, both over relatively short periods and longer 

timescales, including inter- and trans-generational IR responses (Mauch-Mani et al., 2017; 

López Sánchez et al., 2021; Yassin et al., 2021; De Kesel et al., 2021; Furci et al., 2023). 

Furthermore, studies of Arabidopsis and tomato have highlighted the role of epigenetic 

modifications such as DNA (de)methylation in both the establishment and maintenance of 

immune memory (Conrath, 2011; Luna et al., 2014; López Sánchez et al., 2016; Catoni et al., 

2022; Wilkinson et al., 2023). In support of this notion, the previous two Chapters of this thesis 

have demonstrated that enhanced activity of the DNA demethylase ROS1 in young 

Arabidopsis seedlings induces immune memory, resulting in IR against (hemi-)biotrophic 

pathogens.  

Despite decades of research into IR, our understanding of how the underpinning immune 

memory is reversed remains remarkably limited. In 2014, Luna et al. showed that IR by the 

priming agent β-aminobutyric acid (BABA) against the (hemi-)biotrophic pathogens 

Hyaloperonospora arabidopsidis (Hpa) and Pseudomonas syringae pv tomato DC3000 is 

maintained for up to four weeks in Arabidopsis. However, disruption of the of the histone 

methyltransferase KYP, which forms a reinforcing loop with the CHG methyltransferase CMT3 

(Fang et al., 2022), resulted in a more rapid reversal of immune memory, with IR responses 

observed up to 7 days after treatment but not 3 weeks after treatment (Luna et al., 2014). 

Similarly, plants lacking functional NPR1 could only maintain the BABA-IR for 2 weeks and 

had lost the IR by 3 weeks after BABA treatment (Luna et al., 2014). These results indicate 

that KYP and CMT3 ensure long-term maintenance of transcriptional priming of NPR1-

dependent defence genes against (hemi-)biotrophic pathogens. On the other hand, plants 

defective in Pol IV-dependent RNA-directed DNA methylation (RdDM) or the DNA 

demethylase ROS1 can mount effective IR against the generalist herbivore Spodoptera 

littoralis one day after JA treatment, but are unable to sustain this IR three weeks after seedling 

treatment with JA (Wilkinson et al., 2023). These same mutants were also found to be affected 

in heritable IR (h-IR) against Hpa following parental disease by Pst (López Sánchez et al., 

2016). Therefore, regulation of DNA methylation by Pol IV-dependent RdDM and ROS1 is 
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involved in the long-term and heritable maintenance of immune memory against chewing 

herbivores and biotrophic pathogens, respectively. Finally, ddm1 plants, which are severely 

compromised in DNA methyltransferase activity, show DNA hypomethylation in all sequence 

contexts, and are highly resistant to the biotrophic pathogen Hpa (Zemach et al., 2013; López 

Sánchez et al., 2016; Furci et al., 2019). Remarkably, even after backcrossing these ddm1 

plants with wild-type plants and selfing wild-type progeny for 8 generations, many epigenetic 

recombinant inbred lines (epiRIL) maintained high levels of immunity against Hpa (Reinders 

et al., 2009; Johannes et al., 2009; Furci et al., 2019). Interestingly, 60% of the variation in 

Hpa resistance in this epiRIL population could be attributed to four epigenetic quantitative trait 

loci (epiQTLs). However, none of these epiQTLs contained genes displaying increased 

transcription or primed transcription upon Hpa inoculation; instead, they mapped near the 

centromeres of four of the five Arabidopsis nuclear chromosomes (chromosomes 1, 2, 4, 5; 

Furci et al., 2019). Therefore, loss of DNA methylation in TE-rich pericentromeric regions 

promotes long-term maintenance and heritability of epigenetic immune memory against 

biotrophic pathogens, which is based on a priming of defence genes via trans-acting 

mechanisms (Wilkinson et al., 2019; Furci et al., 2019).  

In the previous Chapter, the DNA hypomethylation response upon ectopic induction of 

ROS1 was notably less pronounced in (peri)centromeric regions and correlated with an 

increase in sRNAs associated with Pol IV-dependent RdDM. However, in the past, research 

into the function, evolution, and epigenetic features associated with (peri)centromeric regions 

has been a challenging task, due to the complexity of aligning short sequencing reads (~ 50-

150 nt) to these regions, which contain long and highly repetitive sequences (Naish et al., 

2021). Recent advancements in long-read sequencing technologies, like Oxford Nanopore 

Technologies (ONT) and PacBio high-fidelity (HiFi), have greatly improved our understanding 

of these regions in both humans and plants (Naish and Henderson, 2024). In 2021, the first 

Arabidopsis genome (Col-0 ecotype) with complete assembly of the centromeric regions, and 

the epigenetic features associated with them, was published in Science, and subsequently 

named the Col-CEN genome assembly (Naish et al., 2021). In this Chapter, I leverage the 

benefits of long-read ONT sequencing (ONT-seq) and the Col-CEN genome assembly (Naish 

et al., 2021) to characterise DNA methylation in the (peri)centromeric regions during the 

establishment of ROS1-driven immune memory in XVE:ROS1-YFP lines. In support of the 

(short-read) whole genome bisulfite sequencing (WGBS) analysis in Chapter 4, ROS1 

induction caused robust reductions in DNA methylation along the chromosome arms. Strikingly, 

however, ROS1 activity was also associated with significant, albeit more variable, DNA 

hypermethylation in centromeric and pericentromeric regions in non-CG contexts. Based on 

the findings of Furci et al (2019), which established a causal contribution of severe DNA 
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demethylation to epigenetically heritable disease resistance, and my earlier finding that that 

ROS1-YFP induction dramatically increases the accumulation of pericentromeric small RNAs 

(Chapter 4), I have investigated the hypothesis that this variable DNA hypermethylation in the 

(peri)centromeres reflects a counter response to ROS1-induced DNA demethylation, resulting 

in the erasure of ROS1-driven immune memory against Pst. While the mutation of CMT3, 

which maintains DNA methylation in CHG sequence contexts, did not extend the durability of 

ROS1-driven immune memory, concurrent inhibition of DNA methyltransferase activity by 5-

Azacytidine, a chemical that preferentially inhibits pericentromeric CHH methylation, was 

effective in prolonging immune memory by at least 1 week. Integrating these results with those 

from Chapter 4, I propose a role of Pol IV-dependent RdDM in the erasure of ROS1-driven 

immune memory against Pst.  
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5.3 Materials and Methods 

5.3.1 Plant Material 

Four Arabidopsis thaliana (Arabidopsis) genotypes were used in this Chapter: wild-

type accession Col-0, XVE:ROS1-YFP line 5 (L5), the T-DNA insertion mutant cmt3-11 

(SALK_148381) (Alonso et al., 2003), and a cross between XVE:ROS1-YFP L5 and cmt3-11. 

The cmt3-11 mutant and the XVE:ROS1-YFP L5 transformant are in the genetic background 

of Col-0. Details on the generation of XVE:ROS1-YFP L5 plants are detailed in Section 2.4 of 

this thesis. Phenotypic and genomic characterisation of XVE:ROS1-YFP L5 can be found in 

Chapter 3 and Chapter 4 of this thesis. The cmt3-11 null allele was first described by Chan et 

al. (2006) and was verified to be homozygous for the T-DNA insertion using PCR and insertion-

specific primers (Table 5.1), as described in López Sánchez et al. (2016).  

5.3.2 Growth Conditions, Chemical Treatments, and Material Harvest  

Plants were cultivated in short-day conditions using 70 mL pots containing a 2:1 

soil:sand mixture following a 4 day stratification period, as detailed in Section 2.2. Ten seeds 

were sown per pot, and 6 pots per genotype were grown within a single tray. Plants were 

watered from the bottom 2-3 times per week. For the Oxford Nanopore Technology 

sequencing (ONT-seq) experiment, aerial parts of seedlings were sprayed twice with estradiol 

(E2) or dimethylsulfoxide (DMSO). The first spray was performed at 14 days after sowing (DAS) 

with 10 uM E2 or 0.02% (v/v) DMSO; the second spray was performed at 18 DAS with 25 uM 

E2 or 0.05% DMSO (v/v). Control treatments were based on equivalent DMSO sprays without 

E2. All solutions were prepared in dH2O and were supplemented with 0.015% (v/v) silwet L-

77 (LEHLE SEEDS, VIS-30) (silwet). Each tray of 18 pots was sprayed with a total volume of 

20 mL E2 solution or DMSO solution. Further details about the preparation and storage of E2 

stocks are detailed in Section 2.3. For each biological replicate (n=3), 48 hours after the 

second spray treatment and following 2 hours in the dark, aerial tissues from approximately 

100 seedlings (~500 mg fresh weight) were harvested, snap frozen in liquid N2, and stored at 

-80˚C.  

5.3.3 Oxford Nanopore Technology (ONT) Library Preparing and Sequencing 

High molecular weight (HMW) DNA was extracted from frozen tissue using the 

NucleoBond® HMW DNA kit (Macherey Nagel, 740160.20) according to the manufacturer's 

instructions. DNA quality, quantity and size were assessed using a Nanodrop 8000 

spectrophotometer, a Qubit 3.0 Fluorometer and an Agilent Femto Pulse. Library preparation 

was conducted using the Rapid Barcoding Sequencing kit (ONT, SQK-RBK004) with 400 ng 
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of extracted HMW genomic DNA. The prepared library was loaded into the FLO-MIN106 flow 

cell (FC) of a MinION sequencer (ONT). After 2 days, ~37% of FC pores were recovered using 

the Flow Cell Wash Kit (ONT, EXP-WSH004), and a fresh library preparation was loaded. The 

FC was then run to exhaustion (~2 days). After sequencing, raw .fast5 files were base-called 

and filtered using Guppy v6.0.1 (function: guppy_basecaller; options; --config 

dna_r9.4.1_450bps_hac.cfg). Summary statistics were obtained using NanoPlot v1.39.0 

(Supplementary Data 5.1). 

5.3.4 Cytosine Methylation Calling From ONT-seq 

Methylated cytosines were identified using DeepSignal-plant v0.1.4, as recommended 

in the GitHub user guide (Ni et al., 2021) (https://github.com/PengNi/deepsignal-plant). Base-

called sequences were annotated onto raw .fast5 files (function: tombo preprocess 

annotate_raw_with_fastqs; options: --basecall-group Basecall_1D_000) and resquiggled (raw 

signal to reference sequence alignment) (function: tombo resquiggle; options: --signal-length-

range 0 10000000, --sequence-length-range 0 1000000, --basecall-group Basecall_1D_000) 

using Tombo v1.5.1 (https://github.com/nanoporetech/tombo) and the Arabidopsis reference 

genome Col-CEN v1.2 (Naish et al., 2021) (https://github.com/schatzlab/Col-

CEN/tree/main/v1.2). Methylation predictions for all cytosines in the genome were called, 

using DeepSignal-plant with the model ‘model.dp2.CNN.arabnrice2-

1_120m_R9.4plus_tem.bn13_sn16.both_bilstm.epoch6.ckpt’ (function: deepsignal_plant 

call_mods; options: --corrected_group RawGenomeCorrected_000, --motifs C) (Ni et al., 

2021). The frequency of methylation at each CG, CHG, and CHH site was then called by 

DeepSignal-plant (function: deepsignal_plant call_freq; options: default parameters). The 

unmethylated plastid genome was used for estimating false-positive methylation calls, with all 

samples showing an average plastud methylation percentage < 1% and an average 

methylation percentage across all samples of 0.74% (Supplementary Data 5.1), which, for 

reference, is below the accepted non-conversion rate of WGBS data (< 2%) (Stuart et al., 

2018).  

5.3.5 Genome Alignment Between TAIR10 and Col-CEN Assemblies 

Alignment between nuclear genomes of Col-CEN v1.2 (Naish et al. 2021) and TAIR10 

were performed using Minimap2 v2.28 (Li, 2018) (function: minimap2; options: -x asm5 --

secondary = no). Alignments were only kept if they had a mapping score ≥ 60. Plots were 

generated using the R package syntenyPlotteR v1.0.0 (function: draw.linear) (Quigley et al., 

2023) and ggplot2 v3.5.0. The analysis and generation of this plot was done to resemble the 

Figure presented in Naish et al. (2021). 
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5.3.6 Comparison of ONT-seq and WGBS Data Mapping to TAIR10 and Col-CEN 
Genome Assemblies 

Processed whole genome bisulfite sequencing (WGBS) data derived from XVE:ROS1-

YFP L5 seedlings, treated identically with E2 and DMSO (see Chapter 4), were aligned to the 

Col-CEN v1.2 Arabidopsis genome (Naish et al., 2021), using Bismark v0.24.1 (Krueger and 

Andrews, 2011) (function: bismark; options: default parameters), which utilises Bowtie2 v2.5.1 

(Langmead and Salzberg, 2012). PCR duplicate reads were subsequently removed using 

Bismark (function: deduplicate_bismark; options: default parameters). Bismark was also used 

to generate and summarise binary scores for methylated cytosines (1) and unmethylated 

cytosines (0) in all contexts for every cytosine in the Col-CEN assembly (function: 

‘bismark_methylation_extractor; options: --comprehensive --bedGraph --CX --cytosine_report 

--ignore_r2 4). Mapping WGBS data to the TAIR10 assembly were based on the methylation 

files described in Chapter 4. Long-read ONT-seq data were processed as described above, 

using the TAIR10 reference genome during the Tombo resquiggle step instead of the Col-CEN 

reference genome. As DeepSignal-plant only reports DNA methylation information at 

cytosines which have at least 1 mapped read bedtools v2.31.0 (Quinlan and Hall, 2010) was 

used to intersect the Bismark cytosine reference files with DeepSignal-plant methylation files 

(function: bedtools intersect; options: -a ref_CX_file.bed -b DeepSignalMeth.bed -wao), 

thereby ensuring that any unmapped cytosines from the ONT-seq data have a read count of 

0. Windows of 100 kb in size were created for Col-CEN and TAIR10 using bedtools (function: 

bedtools makewindows; options: -g ChromLengths.bed -w 100000 -s 100000) and the 

average number of reads mapping to cytosines within 100 kb windows were calculated for all 

WGBS and ONT-seq samples and mapped to both TAIR10 and Col-CEN, using bedtools 

(function: bedtools map; options: -o mean). Coverage plots were generated using the R 

package ggplot2 v3.5.0. 

5.3.7 Analysis of Single Cytosine DNA Methylation 

5.3.7.1 Principal Component Analysis (PCA)  

PCA was performed using positional cytosine methylation levels (%) in any context 

(allC). Cytosines with <5 mapped reads were dropped from the analysis. Furthermore, to focus 

the analysis on the most variable regions, cytosines with standard deviations less than the 

median of the standard deviation across all cytosines were removed from the analysis. PCA 

was conducted in base R v4.2.1 (function: prcomp; options: scale = FALSE, center = TRUE) 

and plots were generated using R package ggplot2 v3.5.0. 
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5.3.7.2 Chromosome-Level Metaplots 

Plots are based on average levels of cytosine DNA methylation in 100 kb bins of the 

Col-CEN genome in allC, CG, CHG, and CHH contexts. Only cytosines with 5 or more reads 

were included in the analysis, after which bins with at least 60% of the expected number of 

sites for a given context based on averages of the nuclear Col-CEN genome, rounded to the 

nearest thousand, were retained. This resulted in the following selection: bins must contain ≥ 

3000 sites for CG and CHG contexts, ≥ 16000 sites for CHH context, and ≥ 22000 sites for 

allC, all with sufficient coverage (≥ 5 reads). From this selection, windows were only kept if 

they survived filtering steps in at least two of the three samples within the DMSO or E2 

treatment. To define pericentromeric regions, the 100 kb windows with TE densities > protein 

coding gene densities were identified. For each nuclear chromosome, the start of the 

pericentromere was defined as the midpoint of the first bin in a string of at least 5 neighbouring 

bins for which TE density > gene density. The end of the pericentromere was defined as the 

midpoint of the last bin in a string of at least 5 neighbouring bins where TE density > gene 

density. The pericentromeric ranges for Col-CEN were defined as: Chr1: 12050000-19850000, 

Chr2: 1350000-9850000, Chr3: 10350000-18950000, Chr4: 1750000-9850000, Chr5: 

9650000-18150000. The pericentromeric midpoints, rounded to the nearest hundred thousand, 

were calculated using these coordinate ranges. The centromeric ranges were defined in Naish 

et al (2021) as follows: Chr1: 14840000-17560000, Chr2: 3823000-6046000, Chr3: 13597000-

15734000, Chr4: 4204000-6978000, Chr5: 11784000-1456000. The position of 100 kb 

cytosine DNA methylation windows were expressed relative to the midpoint of the associated 

chromosome pericentromere, and average 100 kb cytosine DNA methylation levels were 

calculated within a treatment based on their relative distance to the pericentromeric midpoint. 

The pericentromeric and centromeric regions in the metaplots were defined as the maximum 

absolute relative distance for any (peri)centromeric window from the midpoint of the 

pericentromere for both the start and end coordinates.  

5.3.7.3 Average Cytosine Methylation Plots  

Average cytosine DNA methylation (%) was calculated for each sample genome-wide 

in allC, CG, CHG, and CHH sequence contexts, for all cytosines with ≥ 5 mapped reads. 

Cytosine DNA methylation was also calculated within chromosome arms, pericentromeric 

regions, and centromeric regions, using bedtools v2.31.0 (Quinlan and Hall, 2010) (function: 

bedtools intersect). Pericentromeric regions were defined as above, but with the centromeric 

regions removed, as defined by Naish et al (2021). Chromosome arms included all other 

regions of the nuclear genome.  



147 
 

5.3.8 Differentially Methylated Region (DMR) Analyses of Cytosines 

5.3.8.1 Identification of DMRs From ONT-seq 

 To identify consistent and stochastic DMRs between E2-treated and DMSO-treated 

XVE:ROS1-YFP plants, methylation frequency files from DeepSignal-plant were analysed, 

using R package DSS v2.46.0 (H. Feng et al., 2014; Park and Wu, 2016). To identify consistent 

DMRs between replicates a statistical comparison was made between 3 replicates from the 

DMSO treatment against 3 replicates from the E2 treatment (‘3 vs 3 comparison’). To this end, 

differentially methylated cytosines in allC, CG, CHG, and CHH contexts were first identified in 

this 3 vs 3 comparison using DSS (function: DMLtest; options: equal.disp = FALSE, smoothing 

= FALSE), after which DMRs were called with the function ‘callDMR’, using parameters ‘delta 

=0.1’, ‘p.threshold = 0.05’, ‘minlen = 25’, ‘minCG = 3’, ‘dis.merge = 50’, and ‘pct.sig = 0.5’. To 

identify stochastic DMRs that vary between replicates, a statistical comparison was made 

between individual replicates from the DMSO treatment versus the E2 treatment (‘1 vs 1 

comparison’). To do so, each E2-treated sample was tested against each DMSO-treated 

sample, using DSS as above, but enabling the assumption of equal dispersion between 

samples (function: DMLtest; options: equal.disp = TRUE, smoothing = FALSE), which allows 

for testing without biological replicates (H. Feng et al., 2014; Park and Wu, 2016; Wilkinson et 

al., 2023). DMRs were then called, using the same parameters as in the 3 vs 3 comparison. 

To eliminate multiple counts of the same DMR in the 1 vs 1 comparison, DMRs of the same 

context and direction (hypermethylated or hypomethylated), were merged and simplified 

across all comparisons using the R package GenomicRanges v1.54.1 (function: reduce) 

(Lawrence et al., 2013). Furthermore, using GenomicRanges, all DMRs were checked for 

overlaps with transposable elements, using the Col-CEN v1.2 TE annotation file (“t2t-

col.20210610.fasta.mod.EDTA.TEanno.gff3”) downloaded from the Col-CEN v1.2 GitHub 

page (https://github.com/schatzlab/Col-CEN/tree/main/v1.2; accessed 21/09/2023).   

5.3.8.2 DMR Chromosome Plots and Distribution Analysis 

Hypo-DMRs and hyper-DMRs from the 3 vs 3 comparison and the 1 vs 1 comparison 

were merged and simplified across all contexts separately using the R package 

GenomicRanges v1.54.1 (function: reduce) (Lawrence et al., 2013). To visualise the position 

of each DMR along the 5 nuclear chromosomes of the Col-CEN v1.2 assembly (Naish et al., 

2021), the R package karyoploteR v1.28.0 (Gel and Serra, 2017) was used. The number of 

DMRs falling within pericentromeric, centromeric, and chromosome arm regions (as defined 

above) for a given direction (hypo/hyper) and comparison type (3 vs 3 / 1 vs 1) were identified 

using GenomicRanges (function: findOverlaps; options: type = “within”). The proportion of 

base pairs in the nuclear genome of Col-CEN v1.2 falling within centromeres, pericentromeres, 

https://github.com/schatzlab/Col-CEN/tree/main/v1.2
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and chromosome arms, as defined above, was 9.6%, 21.9%, and 68.5%, respectively. Thus, 

the expected number of DMRs for a given direction (hypo/hyper), comparison type (3 vs 3 / 1 

vs 1), and genomic region (centromeres / pericentromeres / chromosome arms) was 

calculated by multiplying the total number of DMRs with the proportion of each region in the 

nuclear Col-CEN v1.2 genome. Chi-squared tests were used to compare the observed 

distribution of DMRs against the expected distribution of DMRs. To correct for low count values, 

a Fisher’s exact test was used for the analysis of the 3 vs 3 hyper-DMR set. 

5.3.8.3 DMR Comparison From WGBS and ONT-seq 

To compare the methylation calls from WGBS and ONT-seq paired with DeepSignal-

plant and Bismark, respectively, hypo-DMRs in the 3 vs 3 comparison were generated for both 

datasets and mapped onto TAIR10 and Col-CEN. Hypo-DMRs were merged across all 

contexts within a data type and reference genome combination using the R package 

GenomicRanges v1.54.1 (function: ‘reduce’) (Lawrence et al., 2013). Overlapping DMRs 

between WGBS and ONT-seq data were identified both in TAIR10 and Col-CEN using 

GenomicRanges (function: findOverlaps; options: select = “all”). 

5.3.9 Identification of the Genomic Insertion Site of the XVE:ROS1-YFP Cassette and 
Selection of Homozygous cmt3-11 XVE:ROS1-YFP Plants  

To identify the insertion site of XVE:ROS1-YFP L5 seedlings, Oxford Nanopore 

Technology sequencing (ONT-seq) reads from two XVE:ROS1-YFP L5 samples were checked 

for presence of the Venus YFP sequence (Nagai et al., 2002), using local BLAST (Camacho 

et al., 2009). Reads with high confidence matches (e-value < 1-200) were used for de novo 

assembly, using Flye v2.9.2 (Kolmogorov et al., 2019) (function flye; options: default 

parameters). This analysis revealed a single insertion site of XVE:ROS1-YFP in L5 in the 

second intron of gene AT5G17060, which had undergone an inverted tandem duplication, 

centred exactly at the right border (RB) T-DNA repeat (Figure 5.1). To enable identification of 

the XVE:ROS1-YFP L5 insertion by PCR in F2 plants from a cross between L5 and cmt3-11, 

primers flanking the insertion site (XVE LP + XVE RP) were designed to detect the wild-type 

allele. A primer within the right border (XVE RB) of the insertion site was used with the RP to 

detect the XVE:ROS1-YFP-inserted L5 allele (Table 5.1). The wild-type allele of CMT3 was 

detected using primers flanking the T-DNA insertion site (CMT3 LP + CMT3 RP) and a primer 

specific to SALK T-DNA insertion lines (LBb1.3) in combination with the flanking CMT3 primer 

(CMT3 RP) was used to detect the T-DNA-inserted cmt3-11 allele (Alonso et al., 2003). Plant 

28 in the F2 population was identified as homozygous for both the cmt3-11 T-DNA insertion 

and the XVE:ROS1-YFP L5 insertion (Figure 5.1).  
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Table 5. 1 PCR primers used for genotyping in this Chapter. 

Name Nucleotide sequence 

Genotyping the T-DNA insertion 
in cmt3-11 (SALK_148381) 

CMT3 LP CCCTCAACAATTAACTGACGC 

CMT3 RP ATAAGAGAAGGAGCTGCTGCC 

LBb1.3 ATTTTGCCGATTTCGGAAC 

Genotyping the XVE:ROS1-YFP 
cassette insertion in L5  

XVE_L5 LP AAGTCTTTTGCAAGTTCTGAGGT 

XVE_L5 RP TGACAGGTCGTTATGCTGGG 

XVE_L5 RB ATCATGGTGGAAAATGGCCG 
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Figure 5.1 Insertion site of XVE:ROS1-YFP L5 and genotyping of cmt3-11 / XVE:ROS1-YFP L5 F2 
crosses. 
(a) Identification of the genomic insertion site of the XVE:ROS1-YFP casette in L5 (red triangle), using
long-read Oxford Nanopore Technology sequencing (ONT-seq). The insertion site is in the second intron
of AT5G17060 and the construct has undergone an inverted duplication at the insertion site, cantered
around the right border (RB) of the construct. The AT5G17060 gene model is drawn to scale;
components of the XVE:ROS1-YFP construct (Kan, XVE, ROS1, YFP) are not drawn to scale. Primers
are shown as blue arrows, with XVE LP and XVE RP complementary to the regions flanking the
XVE:ROS1-YFP insertion site in L5, and XVE RB complementary to the right border (RB) of the
XVE:ROS1-YFP L5 insertion, which corresponds to an inverted copy of the left border (LB) sequence
(LB rev). (b) Agarose gel electrophoresis analysis showing PCR products from 3 F2 plants of a cmt3-11
and XVE:ROS1-YFP L5 cross. Three wild type Col-0 controls (“wt”) were included per PCR reaction,
as well as a non-template control (ntc). Plant 28 was identified as homozygous for both the cmt3-11
mutation and XVE:ROS1-YFP L5 insertion.

5.3.10 Testing the Durability of ROS1-Induced Resistance in Col-0 and cmt3-11 
Backgrounds 

Col-0 and cmt3-11 plants with or without the XVE:ROS1-YFP L5 insertion were treated 

twice with E2 or DMSO, as per all previous sequencing experiments, before challenge 

inoculation with Pseudomonas syringae pv. tomato DC3000 luxCDABE (Pst-Lux) (Fan et al., 

2008; Furci et al., 2021) at 1 day, 1 week, or 2 weeks after the final E2/DMSO treatment 

(Figure 5.5a). For each infection time point ~18 plants per genotype per treatment were 

infected with Pst-Lux with an OD600 = 0.2 (section 2.5). Pst-Lux bioluminescence was captured 

Chr5:5624000
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YFP ROS1 XVE Kan

LB
(rev)
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YFPROS1XVEKan
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XVE LP XVE RP
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and analysed at 2- and 3-days post inoculation (dpi), as described in Section 2.5. Data within 

an infection stage was selected based on the dpi which had the highest mean infection across 

all groups. However, in cases where variance in Pst-Lux bioluminescence was exceptionally 

high for one of the two dpi's (twice as high as the other dpi), the dpi with the lower variance 

was selected even if the mean was lower. The experiment was independently repeated 3 times, 

and Pst-Lux bioluminescence values were expressed relative to the mean of DMSO-treated 

Col-0 plants for each experiment before pooling data. Two-way ANOVA followed by Tukey 

post-hoc tests were used to determine statistically significant differences in relative Pst-Lux 

bioluminescence between treatment groups at each infection stage, using base R v4.3.2. Plots 

were generated using the R package ggplot2 v3.5.0.  

5.3.11 Testing the Durability of ROS1-Induced Resistance in 5-Azacytidine-treated 
Plants  

Col-0 and XVE:ROS1-YFP L5 plants, treated twice with DMSO or E2 (as described 

above), were also treated with either 100 µM 5-Azacytidine (5-Aza; Sigma #A2385) or H2O at 

7, 9, 11, 13 and 16 days after sowing (DAS). This corresponds to 5 treatments of 5-Aza or 

H2O every 2-3 days starting 1 week before the first DMSO/E2 treatment and ending 1 day 

before the final DMSO/E2 treatment. To minimise health risks of spraying 5-Aza solution, a 

single droplet containing either 5-Aza or a mock solution (H2O), supplemented with 0.015% 

(v/v) surfactant (silwet; LEHLE SEEDS, VIS-30), was carefully applied to the apical meristem 

of every seedling. Droplet volumes were 6 µL at 7 and 9 DAS, 8 µL at 11 DAS, and 10 µL at 

13 DAS. Pst-Lux inoculations and analysis of bioluminescence were performed and analysed 

as described for above. The (epi)genotype group was defined as the combination of genotype 

and 5-Aza treatment. Two-way ANOVAs were performed to test the impacts of (epi)genotype 

group, spray treatment, and their interaction on relative Pst-Lux bioluminescence. Tukey post-

hoc tests were used to determine significant differences in relative Pst-Lux bioluminescence 

between (epi)genotype-treatment combinations at each infection stage using base R v4.3.2. 

Plots were generated using the R package ggplot2 v3.5.0.  
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5.4 Results 

5.4.1 Enhanced (Peri)centromeric Resolution Using Long-Read Sequencing With the 
Col-CEN Genome Assembly 

Syntenic alignment plots of nuclear chromosome sequences from TAIR10 (Ensembl 

Plants release v58) and Col-CEN (v1.2) (Naish et al., 2021) revealed no major differences 

along the chromosome arms, consistent with Naish et al.'s (2021) findings (Figure 5.2a). 

However, the Col-CEN assembly provided greater sequence information within 

(peri)centromeric regions compared to TAIR10, offering better resolution of these areas. This 

increased detail accounts for the longer lengths observed in all five chromosomes in the Col-

CEN assembly (Figure 5.2a). 

XVE:ROS1-YFP L5 seedlings (L5 seedlings) were treated twice with either DMSO or 

E2 and harvested, as described in Chapter 4. Biologically replicated samples (n=3) were then 

subjected to high molecular weight DNA extractions for long-read Oxford Nanopore 

Technology (ONT) sequencing (ONT-seq). When mapped onto the TAIR10 genome, the 

average read coverage of cytosines was roughly consistent across all five nuclear 

chromosomes for both whole genome bisulfite sequencing (WGBS) and ONT-seq data (Figure 

5.2b). However, mapping short-read WGBS data to the Col-CEN genome revealed sharp 

reductions in cytosine coverage within (peri)centromeric regions (Figure 5.2b). In contrast, 

ONT-seq data showed relatively even cytosine coverage across all five nuclear chromosomes 

in the Col-CEN assembly (Figure 5.2b). Thus, short-read sequencing data are not well-suited 

for the Col-CEN genome assembly, especially when focusing on (peri)centromeric regions. 

For unknown reasons, spurious spikes in coverage were observed (Figure 5.2b), particularly 

in pericentromeric regions, which could derive from sequencing or mapping artifacts. 

Next, hypomethylated regions (hypo-DMRs) in E2-treated L5 seedlings relative to 

DMSO-treated L5 seedlings were identified for both WGBS and ONT-seq data and mapped 

onto both the TAIR10 and Col-CEN assemblies. Cytosine methylation in all contexts (allC, CG, 

CHG, CHH) was called using Bismark (Krueger and Andrews, 2011) and DeepSignal-plant (Ni 

et al., 2021) for WGBS data and ONT-seq, respectively. Hypomethylated DMRs for both 

sequencing methods were called by DSS (H. Feng et al., 2014; Park and Wu, 2016) using 

identical parameters. Subsequently, hypo-DMRs from both methods were combined and 

simplified across all contexts. In the TAIR10 assembly, 49% of hypo-DMRs were consistent 

between WGBS and ONT-seq, while in the Col-CEN assembly, 50% of hypo-DMRs were 

consistent between both sequencing methods (Figure 5.2c). Since the WGBS and ONT-seq 

data are derived from completely independent experiments, this overlap underscores the 
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robustness of the XVE:ROS1-YFP system and indicates a high degree of agreement in 

cytosine methylation calls across sequencing methods and analysis software. For comparison, 

42% of hypo-DMRs were consistent between L5 and L7 seedlings from the same experiment, 

using the same sequencing and analysis pipelines (Chapter 4; Figure 4.3d). Thus, to explore 

the effects of ROS1 induction on (peri)centromeric cytosine methylation, long-read ONT-seq 

data mapped onto the Col-CEN genome were analysed for cytosine methylation using 

DeepSignal-plant (Ni et al., 2021). 

Figure 5.2 Comparison of Col-CEN and TAIR10 genome assemblies and their performance with short-
read and long-read sequencing data.  
(a) Syntenic alignment between TAIR10 and Col-CEN (v1.2) genomes, recreated in a similar style to
Naish et al. (2021). Vertical coloured lines indicate high-confidence Minimap2 alignments (mapping
score ≥ 60) based on sequence complementarity. White gaps represent regions with no alignment
between genomes. Light grey boxes depict chromosomes proportional to their lengths, and dark grey
boxes indicate (peri)centromeric regions (see Methods for the definition of pericentromeric regions). (b)
Average cytosine coverage along the five nuclear chromosomes following alignment of short-read
WGBS data (Chapter 4) and long-read ONT-seq data, using Bismark (Krueger and Andrews, 2011) and
DeepSignal-plant (Ni et al. 2021), respectively. Solid lines show average cytosine coverage across all
6 samples (3 DMSO-treated and 3 E2-treated L5 samples) within 100 kb windows. Shaded areas
represent the standard error of the mean for each window. Dashed vertical lines mark the
(peri)centromeric regions. (c) Overlap of hypomethylated regions (hypo-DMRs) in E2-treated L5
seedlings between short-read WGBS and long-read ONT-seq data, mapped to the Col-CEN (left) or
TAIR10 (right) assemblies. Cytosine methylation in all contexts (allC, CG, CHG, CHH) was called by
Bismark (Krueger and Andrews 2011) and DeepSignal-plant (Ni et al. 2021) for WGBS data and ONT-
seq, respectively. DMRs were identified by DSS and simplified by GenomicRanges (see methods for
more details on hypo-DMR set creation).
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5.4.2 ROS1 Induction Causes Concurrent Hypomethylation in Chromosome Arms and 
Hypermethylation in (Peri)centromeres 

Principal component analysis (PCA) of single cytosine methylation (%) revealed a 

distinct separation between DMSO-treated and E2-treated seedlings along the first principal 

component (Figure 5.3a). To further explore these differences, cytosine methylation in E2-

treated seedlings across all (allC) and distinct (CG, CHG, and CHH) sequence contexts was 

assessed at the chromosomal level. Average cytosine methylation levels were calculated over 

100 kb windows relative to DMSO-treated seedlings (%) and plotted relative to the midpoint 

of pericentromeres. These windows were then averaged across all five nuclear chromosomes 

based on their relative positions to generate chromosome-level metaplots (Figure 5.3b). In 

E2-treated seedlings, DNA methylation was reduced relative to DMSO-treated seedlings along 

the chromosome arms and across all sequence contexts (Figure 5.3b). However, this 

reduction was notably diminished within the (peri)centromeric regions. Remarkably, DNA 

methylation appeared to increase within the centromeric regions of E2-treated seedlings, 

particularly in CHG and CHH contexts (Figure 5.3b). This pattern was consistent when 

analysed for each chromosome individually (Supplementary Figure 5.1).  

When cytosine methylation levels were averaged at a base-pair resolution across the 

entire nuclear genome, no significant differences were observed between DMSO-treated and 

E2-treated seedlings in any contexts (t-test, p > 0.05) (Figure 5.3c). However, statistically 

significant reductions in cytosine methylation were detected along the chromosome arms in 

all contexts except CHG (t-test, p < 0.05) (Figure 5.3c). Notably, no contexts were significantly 

hypomethylated within the pericentromeric and centromeric regions of E2-treated seedlings 

(Figure 5.3c). Instead, E2-treated seedings displayed cytosine hypermethylation in CHG 

context within the pericentromeric regions and in CG and CHG contexts within the centromeric 

regions (t-test, p < 0.05; Figure 5.2c).  
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Figure 5.3 Global cytosine methylation analysis of DMSO- and E2-treated XVE:ROS1-YFP L5 
seedlings (L5 seedlings). 
(a) Principal component analysis (PCA) plot showing variation in cytosine DNA methylation across all 
sequence contexts (allC) between DMSO-treated (grey circles) and E2-treated (green squares) L5 
seedlings. (b) Chromosome-level metaplots of cytosine DNA methylation in E2-treated L5 seedlings, 
expressed as a percentage relative to DMSO-treated plants. DNA methylation levels across all 
cytosines (allC), and cytosines in CG, CHG, and CHH sequence contexts were binned into 100 kb 
windows and averaged based on their distance from the midpoint of the pericentromere. Dashed vertical 
lines indicate the pericentromeric borders and shaded grey boxes represent centromeric regions 
relative to the pericentromere midpoint. (c) Relative cytosine DNA methylation across all contexts (allC, 
CG, CHG, CHH) for the entire genome (genome-wide), chromosome arms excluding (peri)centromeric 
regions (arms), pericentromeric regions excluding centromeric regions (pericentromeres), and 
centromeric regions only (centromeres), as defined by Naish et al. (2021). Shown are averaged values 
from 3 biological replicates.  
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5.4.3 ROS1 Induction Causes Consistent Hypomethylation Along Chromosome Arms 
and Variable Hypermethylation in (Peri)centromeric Regions.  

To identify smaller genomic regions showing consistent changes in DNA methylation 

upon E2 treatment of L5 seedlings, differentially methylated regions (DMRs) were identified 

using DSS (H. Feng et al., 2014; Park and Wu, 2016) by comparing all three biological 

replicates of E2-treated seedlings against all 3 biological replicates of DMSO-treated 

seedlings (3 vs 3 DMR comparison) (Figure 5.4a). As was observed in the WGBS analysis of 

Chapter 4 (Figure 4.3c), E2-treated L5 seedlings displayed thousands of hypomethylated 

DMRs (10,659), with the majority (6,396) occurring in CG contexts (Figure 5.4b). When 

merging the hypomethylated DMRs across all sequence contexts, a simplified set of 7,486 

hypo-DMRs was identified, of which none were located within centromeric regions, 1,992 (27%) 

were located within pericentromeric regions, and 5,494 (73%) were in the chromosome arms 

(Figures 5.4c, 5.4d). This distribution significantly deviates from the expected distribution 

across chromosome arms, pericentromeres, and centromeres, which constitute 68.5 %, 

21.9%, and 9.6% of the genome, respectively (X2 = 764.5, p < 0.001) (Figure 5.4d). By contrast, 

only 34 simplified hyper-DMRs were identified in the 3 vs 3 comparison. Of these, 22 (69 %) 

were in pericentromeric regions, 1 (3%) in centromeric regions, and 11 (32%) in the 

chromosome arms (Figure 5.4d). Despite the low number of hypermethylated DMRs, this 

distribution is significantly different to the null expectation of a proportional distribution, with a 

higher-than-expected occurrence in pericentromeric regions (Fisher’s Exact Test, p < 0.001) 

(Figure 5.4d). Thus, the distribution of consistent hypo- and hyper-DMRs along chromosomes 

supports the global cytosine methylation analysis (Figures 5.3b, 5.3c) and shows that ROS1-

induced cytosine hypomethylation predominantly occurs in the chromosome arms and is 

statistically underrepresented in the (peri)centromeric regions (Figures 5.4c, 5.4d). However, 

the relatively low number of hypermethylated DMRs (Figure 5.4b, 5.4c) does not reflect the 

substantial and statistically significant increases in DNA methylation observed in the global 

cytosine methylation analyses (Figures 5.3b, 5.3c).  

A possible cause of the discrepancy in (peri)centromeric DNA methylation between the 

global analyses (Figures 5.3b, 5.3c) and the 3 vs 3 DMR comparison (Figures 5.4a, 5.4b, 5.4c, 

5.4d) is that observed (peri)centromeric hyper-methylation is more variable between replicates, 

resulting in an underestimation by this 3 vs 3 approach. For a DMR to be identified by this 

method, the specific region must exhibit similar changes in DNA methylation across all 3 

biological replicates of E2-treated L5 seedlings. Since ROS1 is expected to target distinct 

regions in the genome (Tang et al., 2016), this analysis pipeline is highly effective for detecting 

regions of reduced DNA methylation. However, it is possible that the (peri)centromeric 

hypermethylation observed by the global analyses arises from a feedback response that is a 
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more stochastic and does not consistently occur at relatively small scales at which DMRs are 

called (tens to thousands of base pairs). Therefore, to identify more variable DMRs, each 

individual DMSO replicate was compared against each individual E2 replicate in L5 (Figure 

5.4e). DMRs were then simplified for each context by merging overlapping DMRs between 

two or more comparisons into a single DMR. Numbers and patterns of hypo-DMRs in the 1 vs 

1 comparison (Figure 5.4f) were similar to those observed in the 3 vs 3 comparison (Figure 

5.4b), particularly for CG and allC contexts. However, approximately twice as many hypo-

DMRs in the 1 vs 1 comparison were detected in CHG and CHH contexts, particularly at TEs 

(90% of all hyper-DMRs), suggesting that ROS1-induced hypomethylation is more variable in 

these regions (Figure 5.4f). Strikingly, 1,327 and 784 hypermethylated DMRs were detected 

in CHG and CHH contexts, respectively, with fewer detected in CG (264) and allC contexts 

(386), which is consistent with the global cytosine methylation analysis (Figures 5.3b, 5.3c). 

Merging all nuclear hypermethylated DMRs across all contexts resulted in 2,310 simplified 

hyper-DMRs, of which 192 are located in centromeres (8%), 1,615 in pericentromeres (70%), 

and 503 along chromosome arms (22%) (Figures 5.4g, 5.4h). This distribution is statistically 

different to the expected distribution of proportional DMRs across these regions (Figure 5.4h) 

(X2 = 1140, p < 0.001). Thus, DNA hypermethylation in E2-treated XVE:ROS1-YFP L5 

seedlings occurs within the pericentromeric and centromeric regions but there is more 

variation in the specific locations of these hyper-DMRs between biological replicates. 
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Figure 5.4 Analysis of differentially methylated regions (DMRs) in E2-treated XVE:ROS1-YFP L5 
seedlings (L5 seedlings).  
(a, e) Schematics of the DMR calling approach for identification of: (a) consistent DMRs detected by 
statistical comparison between all three DMSO-treated replicates (grey circles) and all three E2-treated 
replicates (green squares) of L5 (‘3 vs 3 DMR comparison’); (b) variable DMRs detected by comparing 
individual DMSO-treated replicates against individual E2-treated replicates of L5 replicates (‘1 vs 1 DMR 
comparison’). See this the Methods Section of this Chapter for details. (b, f) Counts of differentially 
methylated regions (DMRs) in E2-treated vs DMSO-treated L5 seedlings for allC, CG, CHG, and CHH 
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contexts in the (b) 3 vs 3 DMR comparison and (f) 1 vs 1 DMR comparison. Hypomethylated DMRs 
(hypo-DMRs; blue) and hypermethylated DMRs (hyper-DMRS) are shown below and above the y=0 
line, respectively. DMRs overlapping with TEs are shown in dark blue (hypo-DMRs) and dark red (hyper-
DMRs). (c, g) Distribution of merged hyper-DMRs and hypo-DMRs across the five nuclear 
chromosomes of the Col-CEN assembly by (c) the 3 vs 3 DMR comparison and (g) the 1 vs 1 DMR 
comparison. Large white rectangles represent chromosomes, and small rectangles above the 
chromosomes indicate (peri)centromeric regions, with centromeres shaded in dark grey and 
pericentromeres in light grey. Vertical lines within the chromosomes represent hypo-DMRs (blue) and 
hyper-DMRs (red). (d, h) Proportion of merged hypo-DMRs and hyper-DMRs within the centromeric 
regions (dark grey), pericentromeric regions (grey), and chromosome arms (light grey) detected by (d) 
the 3 vs 3 DMR comparison and (h) the 1 vs 1 DMR comparison. Expected distributions of DMRs reflect 
the proportionate genomic distribution across chromosome arms, pericentromeres, and centromeres. 
The total number of merged hypo-DMRs and hyper-DMRs for each comparison are shown below the 
x-axis labels. Asterisks indicate statistically significant differences between expected and observed 
distributions (Fisher’s Exact test for the 3 vs 3 comparison of hyper-DMRs; Chi-squared test for all other 
comparisons; *** p < 0.001). 

 

5.4.4 Reduction of CHG DNA Methylation Alone Does not Prolong ROS1-Driven 
Immune Memory Against Pst-Lux 

As shown in Chapter 3, E2-treated XVE:ROS1-YFP seedlings effectively mounted an 

IR response against (hemi)biotrophic pathogens 48 hours after the final E2 treatment. 

However, the progeny of these E2-treated plants did not exhibit heritable induced resistance 

(h-IR) against Hyaloperonospora arabidopsidis (Hpa) isolate Waco9, suggesting that the 

immune memory underpinning this IR response was erased at some point between the final 

E2 treatment in the previous generation and the point of infection in the progeny. Interestingly, 

Furci et al. (2019) reported high level of heritable Hpa resistance in epigenetic recombinant 

inbred lines (epiRILs), which were generated by backcrossing F1 plants from a cross between 

wild-type Col-0 and the severely hypomethylated ddm1-2 mutant into a wild-type background 

(Reinders et al., 2009; Johannes et al., 2009). Consequently, these epiRILs are genetically 

nearly identical but display a mosaic of stably inherited DNA hypomethylation patterns, 

predominantly within (peri)centromeric regions. Indeed, the epigenetic resistance reported by 

Furci et al. (2019) was quantitatively linked to four (peri)centromeric regions, demonstrating 

that highly stable epigenetic disease resistance in this population is controlled by 

hypomethylated (peri)centromeric DNA. In this regard, the stochastic hypermethylation 

observed in the (peri)centromeric regions of E2-treated XVE:ROS1-YFP seedlings (Figures 

5.3c, 5.4f, 5.4g, 5.4h) could reflect a feedback response to ROS1 activity, resulting in 

progressive erasure of the immune memory. Accordingly, prevention of (peri)centromeric 

hypermethylation may prolong the immune memory against (hemi-)biotrophic pathogens 

established by increases in ROS1 activity.  
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Given the significant increases in DNA methylation at cytosines in CHG contexts within 

both centromeric and pericentromeric regions (Figure 5.3c), and the observation that most 

hypermethylated DMRs in the pericentromeres occurred in CHG contexts (Figure 5.4f), 

XVE:ROS1-YFP L5 was crossed with the cmt3-11 mutant (SALK_148381; background Col-0) 

(Chan et al., 2006). CMT3 is a DNA methyltransferase responsible for maintaining CHG 

methylation, particularly in (peri)centromeric regions, meaning that cmt3 mutants exhibit 

significant reductions in CHG DNA methylation in these regions (Lindroth et al., 2001; Bartee 

et al., 2001; Du et al., 2012; Ning et al., 2020) (Supplementary Figure 5.2a). 

Thus, to determine whether CMT3 functions in the erasure of ROS1-induced immune memory, 

Col-0 and cmt3-11 plants with and without the XVE:ROS1-YFP L5 insertion, were treated twice 

with E2 or DMSO (Figure 5.5a), and challenged with Pseudomonas syringae pv. tomato 

DC3000 luxCDABE (Pst-Lux) (Fan et al., 2008; Furci et al., 2021) at 1 day, 1 week, or 2 weeks 

after the final E2/DMSO treatment (Figure 5.5a). A two-way ANOVA indicated a statistically 

significant interaction between genotype and treatment on relative Pst-Lux bioluminescence 

1 day (F = 11.12; df = 3,424; p < 0.001) and 1 week (F = 11.99; df = 3,372; p < 0.001) after 

the final E2 or DMSO treatment (Figure 5.5b). Post-hoc analysis revealed that relative Pst-

Lux bioluminescence in E2-treated or DMSO-treated Col-0 and cmt3-11 plants lacking the 

XVE:ROS1-YFP L5 insertion were not significantly different from each other, both 1 day and 

1 week after the final E2/DMSO treatment (Tukey, padj > 0.05) (Figure 5.5b). In contrast, plants 

carrying the XVE:ROS1-YFP L5 insertion had reduced relative Pst-Lux bioluminescence when 

treated with E2 compared with DMSO-treated plants, both 1 day and 1 week after the final E2 

or DMSO treatment. However, the reduction in Pst-Lux bioluminescence was not significantly 

different between E2-treated Col-0 and cmt3-11 plants containing the XVE:ROS1-YFP L5 

insertion at either time point (Tukey, padj > 0.05). Furthermore, 2 weeks after the final E2/DMSO 

treatments, there was no statistically significant effect of genotype (F = 2.20; df = 3,374; p > 

0.05) or interaction between genotype and treatment (F = 1.09; df = 3,374; p > 0.05) on Pst-

Lux bioluminescence. However, a statistically significant effect of treatment alone was 

observed (F = 1.09; df = 3,374; p = 0.03) (Figure 5.5b), which might be driven by a subtle 

reduction in Pst-Lux bioluminescence across E2-treated plants containing the XVE:ROS1-

YFP L5 insertion. Nevertheless, the cmt3-11 mutation did not enhance IR phenotypes against 

Pst-Lux following the establishment of ROS1-driven immune memory at any time point. 

Furthermore, this mutation did not prolong the durability of ROS1-driven immune memory 

against Pst-Lux beyond 1-2 weeks (Figure 5.5b). Thus, CMT3-dependent CHG methylation 

does not account for the erasure of ROS1-driven immune memory against Pst-Lux despite 

the cmt3 mutation having a strong influence on (peri)centromeric DNA methylation levels 

(Supplementary Figure 5.2a). This suggests that other mechanisms might drive 
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(peri)centromeric hypermethylation in E2-treated XVE:ROS1-YFP lines. Therefore, to address 

whether DNA (re)methylation has any role in erasing ROS1-driven immune memory, a broad 

approach was employed in the following section using the general DNA methyltransferase 

inhibitor 5-Azacytidine (5-Aza) (Pecinka and Liu, 2014; Griffin et al., 2016). 

Figure 5.5 Duration of ROS1-driven immune memory, assessed by the strength of induced resistance 
(IR) against Pseudomonas syringae pv. tomato DC3000 luxCDABE (Pst-Lux) in the Col-0 and cmt3-11 
genetic backgrounds.  
(a) Schematic of the experimental design. Col-0 and cmt3-11 genotypes containing or not containing
the XVE:ROS1-YFP L5 insertion were spray-treated twice with DMSO (0.02% and 0.05%) or E2 (10
µM and 25 µM), at 14 and 18 days after sowing (DAS). All plants were then inoculated with Pst-Lux at
1 day, 1 week, or 2 weeks after the final E2/DMSO treatment. (b) Quantification of Pst-Lux
bioluminescence at 2-3 days post-inoculation (dpi) at 1 day, 1 week, and 2 weeks after the final DMSO
(grey) or E2 (green) treatment. Data from three independent experiments (Exp1, Exp2, Exp3) were
normalized to the mean Pst-Lux bioluminescence values of DMSO-treated Col-0 plants at each time
point and subsequently pooled for analysis. Two-way ANOVA was used to assess the significance of
genotype (G), treatment (T), and their interaction (G x T) on relative Pst-Lux bioluminescence. Post-
hoc analysis was conducted for timepoints at which there was a significant interaction (p < 0.05).
Treatment-genotype combinations sharing the same letter are not significantly different from each other
(Tukey post-hoc, padj < 0.05). For details about Pst-Lux inoculation and bioluminescence quantification,
see Section 2.5.
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5.4.5 Chemical Inhibition of DNA Methyltransferases Using 5-Azacytidine Prolongs 
ROS1-Driven Immune Memory Against Pst-Lux 

While blocking CMT3-dependent CHG methylation did not enhance the strength or 

durability of ROS1-driven immune memory (Figure 5.5), it is plausible that a combination of 

DNA methyltransferases is responsible for the erasure of this memory. Indeed, apart from 

CHG hypermethylation, statistically significant increases in CG DNA methylation were 

detected in the centromeres (Figure 5.4c). Furthermore, the chromosome-level metaplots 

revealed progressively reduced hypomethylation at all sequence contexts towards the 

centromeres, with a trend to be hypermethylated nearest the midpoint of pericentromeres 

(Figure 5.3b). This DNA hypermethylation response was particularly clear from the 1 vs 1 

comparisons, which capture more variable changes in DNA methylation between E2- and 

DMSO-treated L5 plants, revealing 386, 264, 1,327, and 784 hyper-DMRs, occurring in allC, 

CG, CHG, and CHH contexts, respectively (Figure 5.4f), which occurred almost exclusively in 

(peri)centromeric regions (Figure 5.4g, 5.4h). This indeed suggests that multiple DNA 

methyltransferases play a role in the (re)methylation of cytosines in (peri)centromeric regions 

after the establishment of immune memory through enhanced ROS1 activity. 

To test whether a (re)methylation response in all sequence contexts contributes to the 

erasure of ROS1-driven immune memory, ROS1 was induced by E2 with or without the DNA 

methyltransferase inhibitor 5-Azacytidine (5-Aza) (Pecinka and Liu, 2014; Griffin et al., 2016) 

(Figure 5.6a). In Arabidopsis, treatment with 5-Aza results in dose-dependent reductions in 

DNA methylation throughout the genome, with a pronounced effect on (peri)centromeric 

regions, particularly in CHH contexts, even at lower concentrations (Griffin et al., 2016) 

(Supplementary Figure 5.2b). Five treatments with 100 µM 5-Aza or H2O were performed over 

a 2-week period, starting 1 week before the first E2/DMSO treatment, and ending 1 day before 

the final E2/DMSO treatment (Figure 5.6a). Plants were then challenged with Pst-Lux either 1 

day, 1 week, or 2 weeks after the final E2/DMSO treatment. Aside from a mild reduction in 

growth, plants treated with 5-Aza had no obvious physiological defects (Supplementary Figure 

5.3).  

There was a significant effect of the interaction between (epi)genotype group 

(combination of genotype and 5-Aza/H2O treatment) and treatment (E2 or DMSO) on relative 

Pst-Lux bioluminescence at all measured timepoints: 1 day (F = 6.97; df = 3,404; p < 0.001), 

1 week (F = 13.00; df = 3,346; p < 0.001), and 2 weeks (F = 8.59; df = 3,346; p < 0.001) after 

the final E2/DMSO treatment (Figure 5.6b). Post-hoc analysis revealed that E2-treated 

XVE:ROS1-YFP L5 plants, both with and without additional 5-Aza treatment, were statistically 

different to their DMSO-treated counterparts at 1 day and 1 week after the final E2 treatment 
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(Figure 5.6b; Tukey, padj < 0.05). Although pre-treatments of Col-0 and XVE:ROS1-YFP plants 

with 5-Aza had little to no impact on Pst-Lux colonisation (Figure 5.6b), combining E2 

treatment of XVE:ROS1-YFP plants with 5-Aza resulted in statistically lower levels of Pst-Lux 

colonisation than E2 treatment alone, which was apparent at 1 day and 1 week after the final 

E2 treatment (Figure 5.6b) (Tukey, padj < 0.05). Thus, there is not a direct additive effect of 5-

Aza pre-treatment and ROS1 induction on Pst-Lux resistance, but rather a synergistic effect 

of both treatments combined. Notably, ROS1-IR was observed 2 weeks after the final 

DMSO/E2 treatment in XVE:ROS1-YFP L5 plants treated with 5-Aza and E2, but not in any 

other treatment groups (Figure 5.6b). This demonstrates that chemical inhibition of 

methyltransferases not only prolongs ROS1-driven immune memory against Pst-Lux but also 

enhances IR responses linked to this memory at time points where immune memory persists 

in the absence of DNA methyltransferase inhibition.  
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Figure 5.6 Duration of ROS1-driven immune memory, assessed by the strength of induced resistance 
(IR) against Pseudomonas syringae pv. tomato DC3000 luxCDABE (Pst-Lux) in the presence and 
absence of the chemical DNA methyltransferase inhibitor 5-Azacytidine (5-Aza). 
(a) Schematic of the experimental design. Droplets of 100 µM 5-Aza (pink) or H2O (blue; mock) were 
applied to the leaves of Col-0 seedlings, both with and without the XVE:ROS1-YFP L5 insertion, every 
2-3 days between 7 and 17 days after sowing (DAS), resulting in a total of 5 successive 5-Aza 
treatments. Seedlings were also spray-treated twice with DMSO (0.02% and 0.05%) or E2 (10 µM and 
25 µM), at 14 and 18 DAS. Plants were then challenged with Pst-Lux at 1 day, 1 week, or 2 weeks after 
the final E2/DMSO treatment. (b) Quantification of Pst-Lux bioluminescence at 2-3 days post-challenge 
and at 1 day, 1 week, and 2 weeks after the final DMSO (grey) or E2 (green) treatment. At each time 
point, data from three independent experiments (Exp1, Exp2, Exp3) were normalised to the average 
Pst-Lux bioluminescence values of H2O- and DMSO-treated Col-0 plants and pooled. Two-way ANOVA 
was used to assess the statistical significance of (epi)genotype group (epiG), treatment (T), and their 
interaction (epiG x T) on relative Pst-Lux bioluminescence. The (epi)genotype group was defined as the 
combination of the genotype and 5-Aza/H2O pre-treatment. For each timepoint, treatments sharing the 
same letter are not significantly different from each other (Tukey, padj < 0.05). For details about Pst-Lux 
inoculation and bioluminescence quantification, see Section 2.5.   
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5.5 Discussion 

5.5.1 ROS1-Dependent Regulation of Immune Memory Through (Peri)centromeric 
DNA Methylation 

Stably inherited epigenetic disease resistance in Arabidopsis has been linked to 

hypomethylated (peri)centromeric regions of Arabidopsis (Furci et al., 2019). In this Chapter, 

long-read ONT-seq data and the Col-CEN genome assembly (Naish et al., 2021) were used 

to investigate the link between immune memory driven by increased activity of ROS1 and DNA 

methylation in (peri)centromeric regions of Arabidopsis. Surprisingly, while ectopic induction 

of the DNA demethylase ROS1 in E2-treated XVE:ROS1-YFP L5 seedlings caused 

hypomethylation of cytosines along chromosome arms, a contrasting hypermethylation 

response was observed within the (peri)centromeric regions (Figures 5.3, 5.4). Furthermore, 

whilst all biological replicates exhibited similar average increases in cytosine methylation 

across the (peri)centromeres (Figures 5.3b, 5.3c), the specific features affected within the 

(peri)centromeres, as quantified by DMR analyses, varied between replicates (Figure 5.4). 

Thus, the hypermethylation response within the (peri)centromeres is more stochastic than the 

hypomethylation response in the chromosome arms. It is plausible that this variable DNA 

hypermethylation reflects a counter response to ROS1 activity, which acts to prevent 

excessive DNA hypomethylation in TE-rich (peri)centromeres. As ddm1-induced 

(peri)centromeric hypomethylation has been shown induce heritable disease resistance 

(López Sánchez et al., 2016; Furci et al., 2019), DNA (re)methylation in the (peri)centromeres 

may drive the erasure of immune memory established by ROS1 activity. Experimental support 

for this hypothesis comes from the finding that co-application of E2 with the DNA 

methyltransferase inhibitor 5-Aza, which preferentially inhibits maintenance of DNA 

methylation in (peri)centromeric regions (Supplementary Figure 5.2) (Griffin et al., 2016), 

resulted in enhanced ROS1-IR and prolonged ROS1-driven immune memory against Pst-Lux 

(Figure 5.6). Hence, DNA methylation has a role both in the establishment and erasure of 

immune memory, which is potentially coordinated by the (peri)centromeric regions. In the next 

Section, I expand on several trans-regulatory mechanisms proposed in the literature, as 

introduced in Chapter 1 (Figure 1.3), which may explain how DNA methylation at 

(peri)centromeric regions influences the transcriptional activity of genes involved in immune 

memory as observed in this Chapter. Building on these models, and the observation in Chapter 

4 that small RNAs accumulate in the (peri)centromeric regions after ROS1 induction (Figure 

4.5), I propose a model in which epigenetic regulation of pericentromeric regions following 
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increased ROS1 activity plays a key role in balancing the maintenance and erasure of plant 

immune memory. 

 

5.5.2 Epigenetic Trans-Regulation Of Chromosome Arm Genes by (Peri)centromeric 
Regions 

5.5.2.1 Roles of Small RNAs 

The functional role of pericentromeric and centromeric regions in regulating gene 

transcription and stress responses is an emerging but challenging area of research. As 

discussed above, hypomethylation of (peri)centromeric regions in Arabidopsis causes highly 

stable resistance to the biotrophic pathogen Hpa (Furci et al., 2019). Interestingly, the 

epigenetic quantitative trait loci (epiQTLs) identified in this paper did not include any 

hypomethylated regions proximal to known defence genes, suggesting a broader trans 

regulatory role of (peri)centromeres in regulating plant immune responses. Whilst many 

models of trans regulation have been proposed in the regulation of plant immune responses 

(Chapter 1; Figure 1.3) (Wilkinson et al., 2019; Furci et al., 2019; Hannan Parker et al., 2022), 

few have been conclusively characterised. Nevertheless, significant advancements have been 

made in understanding the role of sRNAs and long-range chromatin interactions in the trans 

regulation of genes. Firstly, Liu et al. (2018) characterised a positive role for small RNAs 

(sRNAs) in regulating gene expression by associating with nuclear-localised ARGUONATE 1 

(AGO1). Their study demonstrated that sRNA-AGO1 complexes can bind to genic regions and 

promote their expression; a process that is enhanced under stress-stimulating conditions (Liu 

et al., 2018). Therefore, sRNAs derived from one region in the genome have the potential to 

influence expression of genes in another part of the genome given that they have similar 

nucleotide sequences (Figure 1.3). For instance, Cambiagno et al. (2018) highlighted that 

(peri)centromeric sRNAs had sequence complementarity to well characterised defence genes, 

and thus, could have a role in regulating their expression following Pst infection. Furthermore, 

the establishment of long-term immune memory against Spodoptera littoralis is associated 

with the hypomethylation of euchromatic ATREP2 TEs which produce sRNAs that can 

associate with nuclear AGO1 (Wilkinson et al., 2023). These sRNAs shared significant 

sequence complementarity with genes which were associated with the IR response (Wilkinson 

et al., 2023). These models highlight a positive role of sRNAs in controlling stress-responsive 

genes.  

Despite this, sRNAs are more commonly associated with their roles in 

(post)transcriptional gene silencing than with transcriptional activation. For instance, 21 nt 
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sRNAs loaded onto cytoplasmic AGO1 can direct transcript degradation or suppress 

translation (Zhan and Meyers, 2023). Additionally, 24 nt sRNAs guide RdDM machinery, which 

is known to suppress the transcriptional activity of genes, particularly when associated with 

gene promoters (Halter et al., 2021; Zhan and Meyers, 2023). Recent work investigating the 

remethylation of hypomethylated TEs in epiRIL populations demonstrated that the majority of 

remethylation in promoter regions is driven by trans-acting sRNAs derived from 

(peri)centromeric regions (Baduel et al., 2024). Furthermore, this remethylation of promoter 

regions was associated with transcriptional (re)silencing of the associated gene (Baduel et al., 

2024). Therefore, sRNAs derived from (peri)centromeric regions have the potential to both 

positively and negatively regulate the transcription of chromosome arm genes in trans.   

5.5.2.2 Roles of Higher Order Chromatin Structure  

Regions of the genome with similar epigenetic states, such as (peri)centromeric 

regions, tend to form strong chromatin interactions within- and between-chromosomes (S. 

Feng et al., 2014; Nützmann et al., 2020; Yadav et al., 2022; Yueying Zhang et al., 2024). 

However, mutations in genes involved in the deposition of DNA methylation, such as DDM1, 

MET1, and MORC6 (Kankel et al., 2003; Zemach et al., 2013; Xue et al., 2021), can cause 

spurious interactions between (peri)centromeric regions and gene-rich chromosome arms (S. 

Feng et al., 2014). This demonstrates that DNA methylation plays a key role in shaping 

chromatin structure and thus, has a major influence on the long-range chromatin interactions 

between (peri)centromeric regions and chromosome arms. Interestingly, Nützmann et al (2020) 

found that the thalianol gene cluster in Arabidopsis, which is transcriptionally active in roots 

but inactive in shoots, exhibits distinct chromatin interactions between tissues. The gene 

cluster topologically associates with chromosome arms in roots, where it is expressed, but 

forms interactions with pericentromeric regions in shoots, where it is repressed. Therefore, 

(peri)centromeric regions may contribute to gene repression by encouraging the formation of 

a heterochromatic state through long-range chromatin interactions, which results in 

transcriptional silencing.  

These genomic interactions could also shift in response to environmental stress, 

potentially altering gene expression to adapt to changing conditions. For instance, heat stress 

in Arabidopsis causes a reduction in chromatin interactions within- and between-

pericentromeric regions and other heterochromatic regions of the genome and a 

complementary increase in the interactions between pericentromeric regions and 

chromosome arms (Sun et al., 2020). Similarly, in response to cold stress, genes that exhibited 

primed transcriptional regulation following a mild cold pretreatment were found to form 

extensive promoter-promoter interaction networks. The authors suggested that these closely 
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interacting promoters facilitate rapid co-transcriptional activation by shared transcription 

factors (Yueying Zhang et al., 2024). However, while these examples all demonstrate how 

(peri)centromeric regions can change their interaction with chromosome arms, its 

consequence on transcriptional activity of genes within the interacting region, if any, remains 

unclear. Combining chromatin conformation capture technologies, such as Hi-C and CAP-C 

(Ouyang et al., 2021; Yueying Zhang et al., 2024), with the XVE:ROS1-YFP system could 

provide deeper insights into the regulatory roles of long-range chromatin interactions between 

(peri)centromeric regions and chromosome arms in the context of immune memory.  

5.5.3 A Potential Role of RdDM in Reestablishing (Peri)Centromeric DNA Methylation 
Following ROS1-Dependent Demethylation 

In Chapter 4, a discrepancy in the distribution of 24 nt sRNAs between chromosome 

arms and pericentromeric regions was observed in E2-treated XVE:ROS1-YFP lines (Figure 

4.5f). This pattern mirrors the DNA methylation patterns observed in these lines (both in 

Chapter 4 and in this Chapter), whereby hypomethylation occurs along the chromosome arms 

and contrasting DNA hypermethylation occurs within the (peri)centromeric regions. While the 

sRNA data in Chapter 4 was mapped to the TAIR10 genome and the ONT-seq data in this 

chapter was mapped to the Col-CEN genome, these two genomes only differ in their resolution 

of centromeric regions(Figure 5.2a). Taken together, these results suggest that active DNA 

demethylation by ROS1 triggers a counteracting response of sRNA-dependent 

hypermethylation at some genomic loci. This response appears to be either exclusive to 

(peri)centromeric regions or tends to occur more rapidly there compared to chromosomal arms. 

In support of this rapid (re)methylation response, Cambiagno et al. (2018) found that TEs from 

the (peri)centromeric-associated families ATHILA6A and TSI were transcriptionally 

downregulated in response to Pst infection, accompanied by hyperaccumulation of 24 nt 

sRNAs. In contrast, TEs from the families ATLANTYS2A and TA11, which are typically 

embedded in chromosome arms were actively transcribed (Cambiagno et al., 2018). Further 

analysis revealed that TSI (peri)centromeric TEs experienced an initial boost in expression at 

early infection time points (3-7 hpi) before being rapidly supressed at 24 hpi (Cambiagno et 

al., 2018). Conversely, euchromatic-associated TEs activated at 24 hpi did not remain induced 

5 dpi in another study (Dowen et al., 2012). Thus, Pst-induced activation of TEs is quickly 

reversed in (peri)centromeric regions compared to TEs in chromosome arms. 

In Arabidopsis, RdDM activity, driven by the de novo DNA methyltransferases DRM1 

and DRM2, is typically confined to the euchromatic chromosome arms, whilst DNA 

methyltransferase activity by CMT3, CMT2, and MET1, maintain DNA methylation in 

(peri)centromeric regions (Zemach et al., 2013; Stroud et al., 2014, 2014; Harris et al., 2024). 
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However, in the event of extensive hypomethylation of (peri)centromeric TEs, such as is 

caused by the ddm1 mutation, RdDM activity is drastically increased in these regions, with the 

strongest effect observed at actively transcribed TEs (Zemach et al., 2013; Panda and Slotkin, 

2020; Shimada et al., 2024) (Supplementary Figure 5.4a). Notably, a greater proportion of 

(peri)centromeric TEs become transcriptionally active in hypomethylated mutants compared 

to TEs in the chromosome arms, making these regions particularly sensitive to losses of DNA 

methylation (Panda and Slotkin, 2020) (Supplementary Figure 5.4b). This heightened 

sensitivity enables and necessitates a much faster recovery of DNA methylation via RdDM 

pathways following episodes of hypomethylation. Thus, the presence and insertion of active 

TEs in (peri)centromeric regions is crucial for maintaining a stable epigenetic state and 

genomic stability (Shimada et al., 2024). 

The initiation of RdDM at hypo-methylated (peri)centromeric regions typically begins 

with the transcription and activation of TEs by Pol II. These TE transcripts can then be 

processed into small RNAs (sRNAs) of 21, 22, or 24 nt in length, which facilitate the initiation 

or ‘first-round’ of RdDM in a sRNA-size-independent manner (Panda et al., 2016; Cuerda-Gil 

and Slotkin, 2016; Sigman et al., 2021). This is exemplified in ddm1 mutants, whereby strongly 

activated TEs have a drastic increase in Pol II-dependent RdDM pathways, including the 

DCL3-dependent and RDR6-dependent pathways (Panda et al., 2016; Cuerda-Gil and Slotkin, 

2016; Panda and Slotkin, 2020) (Supplementary Figure 5.4a). However, for RdDM to be 

initiated, a complementary region of the genome must be transcribed by Pol II (Sigman et al., 

2021). As (peri)centromeric regions of Arabidopsis contain a larger proportion of TEs that are 

transcriptionally active (Panda and Slotkin, 2020) (Supplementary Figure 5.4b), and because 

these regions have a high density of closely related TEs (Quesneville, 2020), RdDM initiation 

is more likely to occur at (peri)centromeric regions compared to chromosome arms. Thus, this 

could explain why (peri)centromeric regions are more rapidly remethylated in E2-treated 

XVE:ROS1-YFP plants compared to chromosome arms.  

Following RdDM initiation, methylated cytosines are able to be recognised and bound 

by SUVH2 and SUVH9, which recruit Pol V and continually promote the canonical methylation-

dependent RdDM pathway (Erdmann and Picard, 2020; Sigman et al., 2021). Likewise, 

heterochromatic marks mechanistically linked to DNA methylation enable further recruitment 

of Pol IV, enabling for sRNA biogenesis in the absence of Pol II transcription (Matzke and 

Mosher, 2014; Erdmann and Picard, 2020). Further amplification of RdDM can also occur as 

DNA methylation spreads into adjacent regions (Henderson and Jacobsen, 2008; Ahmed et 

al., 2011; Liu et al., 2023) and sRNAs bind to other genomic regions with sequence 

complementarity (Sigman et al., 2021). Once established, DNA methylation can then continue 
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to be maintained by RdDM-independent mechanisms, such as DNA methyltransferase activity 

(Erdmann and Picard, 2020; Sigman et al., 2021).  

Evidence of TE-dependent RdDM activation in E2-treated XVE:ROS1-YFP lines exists 

in the transcriptome and sRNA-ome data presented in Chapter 4. In total, 75 TEs were 

significantly upregulated in E2-treated XVE:ROS1-YFP L5 or L7 (Figure 4.4b; Supplementary 

Data 4.4), of which 48 (64%) were within (peri)centromeric regions. Of these TEs, 24 (50%) 

overlapped a significantly upregulated sRNA cluster (Supplementary Data 4.9). To 

conclusively test the role of RdDM in coordinating the remethylation of pericentromeric regions 

following active DNA demethylation by ROS1, the XVE:ROS1-YFP construct should be 

introduced into an RdDM-deficient mutant such as nrpe1-11 or rdr1;2;6 (Stroud et al., 2013; 

Shimada et al., 2024). If the response is not dependent on RdDM, a similar hypermethylation 

response should still occur following E2 treatment, even in the absence of core RdDM 

machinery.   

5.5.4 Potential Mechanisms Driving the Redistribution Of RdDM Into 
(Peri)centromeric Regions 

If RdDM is involved in the rapid remethylation of (peri)centromeres of E2-treated 

XVE:ROS1-YFP lines, the mechanisms driving its redistribution from the chromosome arms 

to (peri)centromeric regions during the initial epigenetic shock by ROS1 still remains a puzzle. 

In Chapter 4, the possible role of CLSY3, which facilitates (peri)centromeric Pol IV recruitment, 

was highlighted – noting that E2-treated XVE:ROS1-YFP lines have on average 7.3x more 

expression of CLSY3 relative to DMSO-treated lines (Supplementary Data 4.4). More recent 

work by (Harris et al., 2024) demonstrated that the linker histone H1 has important roles in 

restricting RdDM to euchromatic regions under basal conditions, and thus may be involved in 

redistributing RdDM in E2-treated XVE:ROS1-YFP lines. H1 is normally enriched in 

(peri)centromeric regions and has a negative association with Pol V, thereby limiting RdDM 

activity in these regions (Zemach et al., 2013; Harris et al., 2024). As a result, mutation of h1 

leads to increased occupancy of the Pol V subunit NRPE1 across the genome, particularly in 

(peri)centromeric regions. Consequently, h1 mutants have drastic increases in 24 nt sRNA 

production at (peri)centromeric TEs, and show concurrent increases in non-CG DNA 

methylation at these regions (Papareddy et al., 2020; Choi et al., 2021; Harris et al., 2024). 

Furthermore, TEs that become hypermethylated in h1 mutants show a strong overlap with 

sRNA clusters associated with CLSY3 and CLSY4, suggesting a potential mechanistic link 

between H1 and CLSY3/4 (Choi et al., 2021). As the 24 nt sRNA distributions and DNA 

methylome patterns of h1 mutants closely mimic those observed in E2-treated XVE:ROS1-

YFP lines, H1 may also have an important role in the establishment and eventual erasure of 
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ROS1-dependent immune memory. Interestingly, h1 mutants have previously been described 

to have enhanced resistance against Pst but are unable to form immune memory following 

treatment with the bacterial peptide flg22 in Arabidopsis (Sheikh et al., 2023). This further 

indicates a key role of H1 in regulating plant immune memory. Despite this, none of the three 

genes encoding H1 variants were found to be differentially expressed in E2-treated lines 

(Supplementary Data 4.4), and no previous studies have established a link between ROS1 

and H1. Interestingly, H1 has been found to interact in vitro with the closely related DNA 

demethylase DEMETER (DME) (Rea et al., 2012) and may therefore interact with ROS1 too. 

To address this, ROS1-YFP protein interactors need to be identified under this E2 treatment 

regime using co-immunoprecipitation (Co-IP) or proximity labelling techniques, such as 

TurboID (Mair et al., 2019). Furthermore, introducing the XVE:ROS1-YFP construct into the 

mutants h1 and clsy3 would help elucidate their role in coordinating the DNA hypermethylation 

and 24 nt sRNA hyperaccumulation response in (peri)centromeric regions. 

5.5.5 A Proposed Multifunctional Role of (Peri)centromeric sRNAs in Establishing, 
Maintaining, and Resetting Plant Immune Memory  

Integrating the discussion points above, a surge in sRNA production from 

(peri)centromeric regions following active DNA demethylation of TEs by ROS1 may serve 

three key functions in regulating plant immune memory: (i) sRNAs derived from activated 

(peri)centromeric TEs ensure the rapid reinitiation and reestablishment of DNA methylation 

and transcriptional silencing of TEs in these regions to maintain genomic stability; (ii) some 

TE-derived 21 nt sRNAs share sequence complementarity with immune-responsive genes 

and thus positively regulate gene transcription in trans via association with nuclear AGO1; (iii) 
(re)methylation of DNA at (peri)centromeric TEs drives strong recruitment of canonical RdDM 

machinery, leading to a large increase in Pol IV-derived 24 nt sRNAs, which can guide gene-

repressive RdDM to complementary regions of the distal chromosome arms, such as the 

promoters of cis-regulated immune-responsive genes with embedded TEs (Halter et al., 2021; 

Baduel et al., 2024) (Figure 5.7). Under this model, inhibition of DNA methyltransferases that 

silence TEs in the (peri)centromeric regions by 5-Aza (Zemach et al., 2013; Griffin et al., 2016) 

(Figure 5.7a) would enhance the transcriptional activation associated with increased ROS1 

activity (Figure 5.7b). Thus, the production of 21 nt sRNAs derived from degraded TEs would 

also increase (Panda and Slotkin, 2020) (Supplementary Figure 5.4), which could enhance 

the trans activation of chromosome arm genes via association with nuclear localised AGO1 

(Figure 5.7c) (Liu et al., 2018; Wilkinson et al., 2023). This could explain the synergistic 

enhancement of ROS1-IR caused by E2-induced ROS1 activity and 5-Aza treatment (Figure 

5.6b). Furthermore, as 5-Aza would also block the activity of RdDM-associated DNA 
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methyltransferases DRM1 and DRM2 (Zhong et al., 2014; Griffin et al., 2016) this would slow 

the RdDM-associated (re)methylation of (peri)centromeric regions (Figure 5.7d) and 

consequently, the RdDM-mediated (re)methylation of gene promoter regions with sequence 

complementarity to the (peri)centromeres (Baduel et al., 2024) (Figure 5.7e). Consequently, 

the erasure of immune memory would be antagonised under 5-Aza treatments, as 

demonstrated in Figure 5.6b.  

Therefore, these results, and the model outlined below, would implicate 

(peri)centromeric-derived sRNAs in both the establishment and erasure of immune memory 

in plants (Figure 5.7). Future work integrating the use of epiRILs and priming treatments that 

establish immune memory in Arabidopsis would provide valuable insights into the role of 

(peri)centromeric DNA (hypo)methylation in the establishment, maintenance, and/or erasure 

of plant immune memory (Figure 5.7). As epiRILs vary in their extent of (peri)centromeric DNA 

methylation, the strength and durability of IR established in each line could be linked to the 

DNA methylation status of the (per)centromeric regions. This would also help determine 

whether the increased basal resistance observed in some epiRILs (Furci et al., 2019) is 

determined by the same epigenomic features that regulate the establishment, maintenance, 

and/or erasure of plant immune memory. Furthermore, introducing the XVE:ROS1-YFP 

construct into a Pol V-deficient mutant would help distinguish the effects of de novo DNA 

methyltransferases involved in RdDM pathways (DRM1/2) from those of maintenance DNA 

methyltransferases, such as CMT2, CMT3, and MET1. Furthermore, introducing this construct 

into Pol IV-deficient mutants could help differentiate the presumed memory-stimulating effects 

of 21 nt sRNAs, derived from Pol II-dependent RdDM (Figure 5.7c), from the presumed 

memory-erasing effects of 24 nt sRNAs associated with Pol IV-dependent RdDM (Figure 5.7d).  
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Figure 5.7 Proposed regulatory roles of (peri)centromeric TE-derived sRNAs in plant immune memory. 
(a) Naïve state: DNA methylation at transposable elements (TEs) in (peri)centromeric regions (left) and 
chromosomal arms (right) is primarily maintained by DDM1-associated DNA methyltransferases (DMTs) 
and the RNA polymerase IV-dependent RNA-directed DNA methylation (Pol IV-dependent RdDM) 
pathway, respectively. (b) Onset of immune memory: Active DNA demethylation by ROS1 at 
transposable elements (TEs) facilitates the transcription of pericentromeric TEs by Pol II (Panda and 
Slotkin, 2020) (Chapter 4; Figure 4.4b) (Supplementary Figure 5.3b) and promotes the expression of 
cis-regulated genes (Chapter 4; Figure 4.6) (Halter et al., 2021). TE transcripts are processed into 21, 
22, and 24 nt sRNAs (Sigman et al., 2021) (black squiggles). (c) Onset/maintenance of immune memory: 
TE transcript-derived sRNAs initiate the remethylation of other transcribed TEs with sequence 
complementarity via Pol II-dependent RdDM (yellow complex) pathways (Cuerda-Gil and Slotkin, 2016; 
Sigman et al., 2021). Some of the 21-22 nt sRNAs can also associate with nuclear AGO1 to promote 
gene expression in trans (Liu et al., 2018). (d) Erasure of immune memory: Propagation of DNA 
methylation in (peri)centromeres drives strong recruitment of Pol V and canonical Pol IV-dependent 
RdDM pathways (blue complex) (Sigman et al. 2021). As a result, TEs are transcriptionally silenced, 
and the biogenesis of Pol IV-derived 24 nt sRNAs (blue squiggles) increases. Since nuclear AGO1 
predominantly associates with 21-22 nt sRNAs, the trans-regulation of genes decreases. Additionally, 

TE

Pol II

Ti
m

e

Gene

(peri)centromeric TEs trans-regulated genes cis-regulated genes

DMTs
Pol IV RdDM

Pol II RdDM

AGO1

ROS1

Stress m
em

ory

(a)

(b)

(c)

(d)

(e)



174 
 

the increased abundance of Pol IV-derived 24 nt sRNAs promote the reactivation/redistribution of Pol 
IV-dependent RdDM at distal regions with sequence complementarity, such as the promoters of cis-
regulated genes that contain TEs (Baduel et al., 2024). (e) Return to naïve state: As RdDM transitions 
back to DMT-dependent maintenance of DNA methylation in (peri)centromeric regions, sRNA 
biogenesis from these regions declines, leading to the termination of trans-regulation of stress-
responsive genes. Concurrently, RdDM fully restores DNA methylation at chromosomal arm regions, 
such as gene promoters with embedded TEs, thereby resetting any the transcriptional activity of cis-
regulated genes.  
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5.6 Supplementary Figures 

 

 
Supplementary Figure 5.1 Average cytosine DNA methylation across the five nuclear chromosomes 
of Col-CEN (v1.2) in E2-treated XVE:ROS1-YFP L5 seedlings. 
Average cytosine methylation in allC, CG, CHG, and CHH contexts is shown as a percentage relative 
to DMSO-treated seedlings. Methylation levels were calculated in 100 kb windows across the five 
nuclear chromosomes. Dashed vertical lines indicate the pericentromeric regions, and shaded grey 
boxes highlight the centromeric regions, as defined by Naish et al (2021). 
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Supplementary Figure 5.2 Chromosome-level metaplots of WGBS-derived cytosine DNA methylation 
in cmt3-12 plants and 5-Azacytidine treated plantsChromosome-level metaplots of WGBS-derived 
cytosine DNA methylation in (a) cmt3-12 plants (Ning et al., 2020) and (b) Col-0 plants treated with 
various doses of 5-Azacytidine (5-Aza) (Griffin et al., 2016) across allC, CG, CHG, and CHH contexts. 
Methylation data were binned into 100 kb windows across the TAIR10 genome and averaged based on 
their relative distance from the pericentromere midpoint. Average cytosine DNA methylation levels are 
expressed as a percentage relative to (a) Col-0 plants or (b) Col-0 plants treated with H₂O. Dashed 
vertical lines indicate the minimum and maximum pericentromeric start and end positions relative to the 
centromere. 
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Supplementary Figure 5.3 Representative images (n=3) of Col-0 and XVE:ROS1-YFP L5 plants under 
all treatment combinations from the 5-Azacytidine experiment (see Figure 5.6 for details).  
(a) Top grid shows plants 1 day post final E2 treatment (1 DPTf), which equates to 19 days after sowing 
(19 DAS). (b) Bottom grid shown plants 14 DPTf / 32 DAS. Plants in the top and bottom grid are from 
the same pot. Scale bar = 5 cm.  
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Supplementary Figure 5.4 TE expression in chromosome arms and pericentromeric regions. 
Data analysed and plotted from Panda and Slotkin (2020) showing (a) the forms of RdDM (as defined 
by Panda et al. 2016) targeting TEs in the Arabidopsis wild-type ecotype Col-0 and the hypomethylated 
mutant ddm1, which exhibits TE activation. TEs are categorised based on expression levels (no, low, 
high) in hypomethylated mutants and by their location in either chromosome arms (Arms) or 
centromeric/pericentromeric regions ((peri)centromeres), as defined by Panda and Slotkin (2020). (b) 
The proportion of TEs exhibiting high, low, and no expression in chromosome arms and 
(peri)centromeric regions in hypomethylated mutants, as defined by Panda and Slotkin (2020).  
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6.1 Abstract 

Induced resistance (IR) occurs when plants respond more rapidly and robustly to 

stress after exposure to an immune-activating stimulus earlier in life. While IR can provide 

enhanced defence against taxonomically unrelated attackers, it is often most effective when 

the subsequent challenge involves a similar infection strategy or lifestyle to that of the initial 

stimulus. Interestingly, however, the DNA demethylase ROS1 has been implicated in the 

regulation of IR to different stress types, including biotrophic pathogens, chewing herbivores 

and even abiotic stresses. Here, I have tested the hypothesis that the spatiotemporal pattern 

of ROS1-dependent DNA demethylation, which may differ between stress types, determines 

the specificity of the resulting IR response. Using an estradiol-inducible gene construct for the 

DNA demethylase ROS1 in Arabidopsis (XVE:ROS1-YFP), plants were exposed to 3 different 

estradiol induction regimens, varying both spatially (tissue type) and temporally 

(timing/frequency). Subsequently, plants were challenged with a biotrophic bacterial pathogen 

(Pseudomonas syringae pv. tomato DC3000), a necrotrophic fungal pathogen 

(Plectospherella cucumerina), or an abiotic stress treatment (hypoxia caused by flooding). The 

data presented in this Chapter confirm that the spatiotemporal patterning of ROS1 induction 

determines the effectiveness of IR later in life. Global analysis of DNA methylation of all 

treatment regimens at the time-point of challenge revealed a significant difference in both the 

extent and distribution of ROS1-driven DNA demethylation. These findings not only explain 

how a single DNA demethylase can control IR responses against a range of biotic and abiotic 

stresses, but it also provides proof-of-concept that controlled modification of DNA methylation 

by ROS1 can be exploited to engineer epigenetic resistance against specific stress types. 
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6.2 Introduction 

Due to their sessile lifestyle, plants cannot escape from the varying and often hostile 

environmental conditions they encounter during their life cycles, forcing them to rely on internal 

defence mechanisms to survive. However, continuous activation of all available defence 

mechanisms imposes significant costs on growth, yield, development, and ultimately, 

reproductive success. Therefore, plants have evolved to the ability to acquire resistance 

through priming, which enables them to sensitise specific defence responses based on the 

environmental stress they experienced earlier in life (van Hulten et al., 2006; Crisp et al., 2016; 

Wolinska and Berens, 2019; López Sánchez et al., 2021; Cooper and Ton, 2022). Priming 

represents of form of immune memory in plants and underpins the well-characterised 

phenomenon of induced resistance (IR), whereby genetically susceptible plants acquire 

resistance against (a)biotic stresses upon exposure to a stress-associated stimulus earlier in 

life (Mauch-Mani et al., 2017; Wilkinson et al., 2019; López Sánchez et al., 2021; Yassin et al., 

2021; De Kesel et al., 2021; Cooper and Ton, 2022). 

As IR typically involves the augmentation of basal defence mechanisms that are 

mechanistically related to pattern triggered immunity (PTI) (Walters et al., 2005, 2013; Ahmed 

et al., 2011; Mauch-Mani et al., 2017; Yassin et al., 2021), it offers protection against a wider 

spectrum of biotic stresses than effector trigger immunity (ETI), which relies on the detection 

of effector molecules that are limited to a taxonomically narrow range of attackers (Remick et 

al., 2023). Nonetheless, recent work on the specificity of long-term stress memory has 

demonstrated that certain IR responses coincide with induced susceptibility (IS) responses to 

other types of stress. For instance, early exposure to drought in rice is associated with IS 

against the pathogenic fungus Magnaporthe oryzae (Bidzinski et al., 2016). In Arabidopsis, 

early exposure (2 week old plants) to the phytohormone jasmonic acid (JA), which is involved 

in defence against necrotrophic pathogens and herbivores (Pieterse et al., 2012; Erb and 

Reymond, 2019), leads to IR against the generalist herbivore Spodoptera littoralis 3 weeks 

later, but simultaneously causes IS against the necrotrophic fungus Plectosphaerella 

cucumerina (Pc) and the hemi-biotrophic bacterial pathogen Pseudomonas 

syringae pv. tomato DC3000 (Pst) (Wilkinson et al., 2023). Furthermore, this trade-off between 

IR and IS can last over multiple generations. For instance, the progeny of Arabidopsis plants 

that have been infected with Pst are more susceptible to necrotrophic fungi, and vice versa 

(Luna et al., 2012; López Sánchez et al., 2021). Likewise, the progeny of salt-treated plants 

are more susceptible to both biotrophic and necrotrophic pathogens (López Sánchez et al., 

2021). It thus seems that long-term stress-memory enables IR against specific stresses that 
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are controlled by the same innate defence response as the eliciting stimulus, which is 

associated with IS to stresses that are controlled by other pathways. 

Interestingly, while stress memory can be specific as outlined above, epigenetic 

mechanisms, such as DNA methylation, have been implicated in the establishment and/or 

regulation of stress memory against a diverse range of (a)biotic stress types (Wilkinson et al., 

2019; Harris et al., 2023). In particular, the DNA demethylase ROS1 of Arabidopsis appears 

to play a ubiquitous role in plant defence responses to a range of environmental stresses. For 

instance, ROS1 is required for long-term and heritable IR against both the chewing herbivore 

Spodoptera littoralis (Wilkinson et al., 2023) and the biotrophic pathogen Hyaloperonospora 

arabidopsidis (Hpa) (López Sánchez et al., 2016), following seedling exposure to JA and 

parental disease by Pst, respectively. However, it remains unclear how this single DNA 

demethylase can serve as a common mediator of stress-specific memory against different 

(a)biotic stress types. As different stresses are expected to differ in their duration and their 

severity on different tissues, it is possible that the spatiotemporal activity of stress-induced 

DNA demethylation determines the specificity of ROS1-driven stress memory. 

In this final study of my PhD, I have explored whether the developmental stage (spatial) 

and/or the duration/frequency (temporal) of induced ROS1 activity influences the specificity of 

the resulting memory response. To this end, transgenic XVE:ROS1-YFP plants, which carry 

an estradiol (E2)-inducible transgene for ROS1, were treated with E2 at varying points in their 

development over a 3-week time window, after which they were challenged with Pst, Pc, and 

flooding-induced hypoxia when 4 weeks old. The primary hormonal defence pathways 

involved in the immediate defence reaction to these stresses are salicylic acid (SA), jasmonic 

acid (JA), and ethylene, respectively, thereby reflecting a broad-range of defence mechanisms 

(Cameron and Zaton, 2004; Pieterse et al., 2012; Erb and Reymond, 2019; Hartman et al., 

2019, 2021). The results in this Chapter show that the effectiveness of IR to different stress 

types is indeed dependent on the spatiotemporal patterning of ROS1 activity experienced 

earlier in life, which is associated with distinct patterns of global DNA (de)methylation across 

the genome. As ROS1 can target distinct genomic loci (Tang et al., 2016), these results 

suggest that the cumulative increase in activity and the developmental context in which ROS1 

is induced determines its genomic targeting and the subsequent effectiveness of IR. 
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6.3 Materials and methods 

6.3.1 Plant Material and Growth Conditions 

For all experiments in this Chapter, XVE:ROS1-YFP line 5 (L5) plants were used. This 

line is a single insertion transformant (Figure 5.1) carrying an estradiol (E2)-inducible construct 

of the DNA demethylase ROS1 in the genetic background of the Arabidopsis ecotype Col-0. 

Details about the generation of XVE:ROS1-YFP L5 plants are presented in Section 2.4 of this 

thesis. Plants were cultivated in short-day conditions using 70 mL pots containing a 2:1 

soil:sand mixture following a 4 day stratification period, as detailed in Section 2.2. Plants were 

watered from the bottom 2-3 times per week.  

6.3.2 Chemical Treatments  

Four different chemical treatment regimens were applied to XVE:ROS1-YFP L5 

seedlings, as illustrated in Figure 6.2a. During the 4-day stratification period at 4°C, 

approximately 100 seeds were placed in four separate Eppendorf tubes containing 2 mL of 

distilled H2O (dH2O). For the ‘Seed’ treatment course, the water was supplemented with 25 

µM estradiol (E2), while all other tubes were supplemented with 0.05% dimethylsulfoxide 

(DMSO). A similar seed treatment in rice containing an XVE-controlled GUS transgene was 

shown to effectively induce expression in germinating embryos (Chen et al., 2017). After 

stratification, ~5 seeds were sown per pot, with a total of 18 pots per treatment, each 

representing a biological replicate. All pots were thinned to a single central plant per pot 10–

12 days after sowing (DAS). Between 14 and 21 DAS, four spray applications of either 0.05% 

DMSO or 25 µM estradiol (E2) were applied to all seedlings, prepared using dH2O and 

supplemented with 0.015% surfactant (v/v) (silwet L-77; LEHLE SEEDS, VIS-30) (silwet). For 

the ‘DMSO’ and ‘Seed’ treatment courses, all four sprays consisted of 0.05% DMSO. For the 

‘Multi’ treatment course, all four sprays consisted of 25 µM E2. For the ‘Single’ treatment 

course, the first three spray treatments were performed using 0.05% DMSO, but the final spray 

treatment at 21 DAS was with 25 µM E2. At 28 DAS, all plants were challenged with a stress 

treatment, as detailed in the next paragraph, or harvested for long-read Oxford Nanopore 

Technology sequencing (ONT-seq). Pots were randomised for treatment before (0-13 DAS) 

and after (15 DAS onwards) the spray-treatment period. Preparation of E2 chemical stocks is 

detailed in Section 2.3.  

6.3.3 Stress treatments and Analysis 

The hemi-biotrophic bacterial pathogen Pseudomonas syringae pv. tomato DC3000 

luxCDABE (Pst-Lux) (Fan et al., 2008; Furci et al., 2021) was prepared as an aqueous 
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inoculum in 10 mM MgSO4 at an OD600 = 0.2, supplemented with 0.015% silwet. The inoculum 

was sprayed onto the surface of leaves until saturation and 2 days post infection (dpi), 

bacterial colonisation was analysed by measuring Pst-lux bioluminescence intensity on plants 

(Furci et al., 2021). Further information about the preparation, inoculation, and analysis of Pst-

Lux infections are detailed in Section 2.5. Examples of Pst-Lux bioluminescence images are 

shown in Figure 6.1a.  

The fungal pathogen Plectosphaerella cucumerina strain BMM (Pc) (Ton and Mauch-

Mani, 2004), which was continuously cultured on potato dextrose agar (PDA) (Oxoid, CM0139) 

in the dark at 15–25°C, was propagated onto a fresh PDA plate 4 weeks prior to infection. 

Spores were resuspended into sterilised dH2O by gently scraping the surface of the agar. 

Mycelial debris was removed by filtering the spore suspension through Miracloth (Merck, 

475855) and spore density was quantified using a hemocytometer (Improved Neubauer, 

Hawksley, UK; Depth 0.1 mm, 1/400 mm2). The final Pc spore density was diluted to 5x106 

spores/mL and for each plant, 4 leaves of a comparable physiological age were inoculated 

using 6 µl droplets of the inoculum to ensure a nectrotrophic infection strategy of Pc (Ton and 

Mauch-Mani, 2004; Pétriacq et al., 2016). Plants were kept at 100% relative humidity (RH) for 

6 days before measuring lesion diameters with digital vernier callipers. The average lesion 

diameter across all 4 infected leaves was reported for each replicate (n = 18 per treatment). 

Examples of infected leaves are shown in Figure 6.1b.   

To induce hypoxia, plants were submerged in the dark in tanks with a water level of 10 

cm above leaf level, starting at the end of the light period, as described by Loreti et al (2020). 

After 5 days of submergence, plants were carefully removed and left to recover for 3 days 

under normal short-day growth conditions (section 2.2). Afterwards, leaves of individual plants 

were categorized into four groups: (i) healthy leaves (“healthy”); (ii) leaves with water-soaked, 

necrotic lesions but still turgid or full (“necrotic”); (iii) leaves that are completely decayed or 

shrivelled, indicating a total loss of moisture and structure (“dead”). Representative images of 

each category are shown in Figure 6.1c. Categorical scoring of susceptibility to hypoxia was 

then calculated per plant (n = 18 per treatment) using the following formula: 

Susceptibility score = (1 ∙ 𝑓𝑓ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑦𝑦) + (2 ∙ 𝑓𝑓𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) + (3 ∙ 𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)  

Where f = relative frequency of each leaf category within a plant, multiplied by an 

arbitrary weight value ranging from the most resistant leaf category (healthy) to the most 

susceptible category (dead) (Figure 6.1c). 
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Figure 6.1 Methods for assessing susceptibility to selected stress types. 
(a) infection with the hemibiotrophic bacterial pathogen Pseudomonas syringae pv. tomato DC3000
luxCDABE (Pst-Lux), (b) infection with the necrotrophic fungal pathogen Plectosphaerella cucumerina
strain BMM (Pc), and (c) abiotic submergence-induced hypoxia. (a) Pst-Lux abundance was measured
by capturing bright field (BF) images followed by a 4-minute exposure of bioluminescence (Lux) in
complete darkness. Images were analysed using ImageJ as described in Section 2.5. Shown are Lux
images false coloured with ImageJ’s “Fire” LUT, as indicated by the colour scale. (b) Pc lesion diameters
were measured (white bar, bottom left leaf). Average lesion diameter was calculated from 4 leaves per
plant. (c) After 5 days of submergence in the dark, plants were left to recover for 3 days before scoring
leaf phenotypes (healthy, necrotic, dead). Representative images for each category are shown. A
susceptibility score was calculated per plant as shown by the equation.

6.3.4 Statistical Analysis of Green Leaf Area to Estimate Plant Growth 

Whole-plant-coloured images of plants were taken using a Nikon D5300 digital camera. 

Green leaf area (GLA) was determined using the “color threshold” tool in Fiji/ImageJ (Rueden 

et al., 2017). GLA measurements from all three experiments (Pst-Lux, Pc, and hypoxia) were 

pooled. The effect of experiment, treatment, and the interaction between the two was tested 

with a two-way ANOVA having met the assumptions of normality and homogeneity of variance. 

Tukey post-hoc tests were performed in R v4.3.2 using the R package agricolae v1.3-7 

(function: HSD.test). Plots for all experiments were generated using the R package ggplot2 

v3.5.0 and ggbeeswarm v0.7.2. 

6.3.5 Statistical Analysis of Stress Responses 

 For each stress treatment type (Pst-Lux, Pc, and Hypoxia), the effect of treatment on 

stress response was assessed using a Kruskal-Wallis test. If significant (p < 0.05), the 

Conover-Iman post-hoc test (Conover and Iman, 1979) was applied to compare each 

treatment group against the DMSO control group using the R package DescTools v0.99.54 

(function: ConoverTest). 
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6.3.6 Quantification of ROS1-YFP Fluorescence by Epifluorescence Microscopy 

Fluorescence microscopy for quantifying in planta accumulation of ROS1-YFP in 

whole-plants was performed using a Leica M165 FC fluorescent stereo microscope (Objective: 

1x/0.06; ET-GFP filter set: 470/40 nm excitation, 495 nm dichroic and 525/50 nm emission) 

with a CoolLED pE-300 illumination system, using the Leica LAS X software v3.7.4.23463. 

Images were analysed using Fiji/ImageJ (Rueden et al., 2017). Plant regions were 

differentiated from background regions using the magic wand tool. ROS1-YFP intensity was 

reported as the relative mean-grey value, which is the sum of all grey values (ie., relative 

brightness values) in the selection divided by the total area (mm2) of the selection. To account 

for background noise, ROS1-YFP signal intensity at each measured day was expressed 

relative to the average ROS1-YFP signal intensity of DMSO-treated plants. Statistical 

significance was determined from t-test FDR-adjusted p-values (q-values) using using the R 

package rstatix v0.7.2 (function: t_test; options: paired = FALSE, p.adjust.method = "fdr").  

6.3.7 Oxford Nanopore Technology (ONT) Library Preparing and Sequencing 

For ONT-seq, 3 biological replicates per treatment (12 samples total) were generated 

by harvesting aerial tissue from 12 individual plants at 28 DAS (1 week after the final E2/DMSO 

treatment), and snap freezing material in liquid N2. Prior to harvesting, plants were kept in the 

dark for 2 hours. For each sample, material was ground to a fine powder using a pestle and 

mortar with liquid N2 and split into aliquots of ~500 mg fresh weight which were stored at -

80˚C.   

High molecular weight (HMW) DNA was extracted from ground tissue aliquots using 

the NucleoBond® HMW DNA kit (Macherey Nagel, 740160.20) according to the 

manufacturer's instructions. DNA quality, quantity and size were assessed using a Nanodrop 

8000 spectrophotometer, a Qubit 3.0 Fluorometer and an Agilent Femto Pulse. Library 

preparation was conducted using the Native Barcoding Kit 96 V14 (SQK-NBD114.96) and 400 

ng of extracted HMW genomic DNA. The library was then loaded into a FLO-PRO114M flow-

cell (FC) which was docked to a PromethION 2 Solo sequencing device. During the run, the 

flow cell was washed twice using the Flow Cell Wash Kit (ONT, EXP-WSH004), and fresh 

library loaded. The data output from this initial run was low with ~14 gigabases (Gb) called in 

121 hours, with many pores becoming inactive relatively quickly. As discussed in the Native 

Barcoding Kit 96 V14 (SQK-NBD114.96) manual, very long reads can sometimes block/inhibit 

pore activity. Therefore, for the second sequencing attempt, 400 ng of HMW DNA in a total 

volume of 100 uL nuclease free H2O was sheared using a Diagenode Megaruptor 3 device at 

a shear speed of 39 to generate fragment lengths of approximately 10 kb. Library construction 
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and sequencing was repeated as above, which yielded twice as much data (~30 Gb passed 

in 153 hours). Data output for barcode 87 was particularly low, so a fresh simplex library for 

the barcode was prepared using the Ligation Sequencing Kit V14 (SQK-LSK114). Sequencing 

was performed as above until ~1.5 Gb of passed sequencing reads was achieved. In total 42 

Gb were successfully sequenced across all samples (Supplementary Data 6.1).  

6.3.8 Processing and Base Calling in ONT-seq Data 

As the sequencing data derives from PromethION flow cells with R10.4.1 chemistry 

and a 5 kHz sample rate, current versions of DeepSignal-Plant (Ni et al., 2021) are 

incompatible for calling cytosine methylation, as was done in Chapter 5 of this thesis. 

Therefore, the raw sequencing data in .pod5 format were pooled by barcode, trimmed, base 

called, and aligned to the Col-CEN v1.2 reference genome (Naish et al., 2021) using Dorado 

v0.7.0+71cc744 and the DNA base calling model ‘dna_r10.4.1_e8.2_400bps_hac@v5.0.0’ 

(https://github.com/nanoporetech/dorado; accessed: 23/05/2024). Modified base detection 

was enabled for the epigenetic marks 5-Methylcytosine (5mC), 5-Hydroxymethylcytosine 

(5hmC), and DNA N6-methyladenosine (6mA) (function: dorado basecaller; options: --trim all, 

--reference Col-CEN_v1.2.fasta, --modified-bases 5mC_5hmC 6mA). Summary statistics 

were obtained from the output .bam files using NanoPlot v1.39.0 (Supplementary Data 6.1). 

Summary counts of modified and unmodified bases in bedMethyl format were 

generated using Modkit v0.3.0 (https://github.com/nanoporetech/modkit; accessed: 

20/05/2024). For cytosine methylation (5mC), calls were summarised in CG, CHG, and CHH 

contexts (function: modkit pileup; options: --filter-threshold 0.75 --motif CG 0 --motif CHG 0 --

motif CHH 0 --reference Col-CEN_v1.2.fasta). Outputs from these distinct contexts were 

concatenated to form an allC summary file. For 5hmC and 6mA, calls were summarised for all 

cytosines and adenosines, by setting the modkit options to ‘--motif C 0’ and ‘--motif A 0’, 

respectively. The ‘--filter-threshold’ parameter was kept at 0.75 for both. 

Nuclear averages of 5mC, 5hmC, and 6mA levels (%) were calculated using only 

bases with read coverage ≥ 5 (Supplementary Data 6.1). Similarly, bases with ≥ 5 reads in the 

plastid genome, which is expected to lack 5mC, were used to roughly estimate false-positive 

5mC calls. All samples had an average plastid 5mC level < 0.4% (Supplementary Data 6.1), 

which, for reference, is below the accepted non-conversion rate of WGBS data (< 2%) (Stuart 

et al., 2018). 

https://github.com/nanoporetech/dorado
https://github.com/nanoporetech/modkit
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6.3.9 Principal Component Analysis (PCA) of Modified Base Calls 

PCA was performed using positional modified base levels (%) for 5mC, 5hmC, and 

6mA. Bases with <5 mapped reads were dropped from the analysis. Furthermore, to focus the 

computational analysis on the most variable regions for a given modification, bases with 

standard deviations less than the median of the standard deviation across all other bases were 

removed from the analysis. PCA was also performed for 5mC in the sequence contexts CG, 

CHG, and CHH specifically. PCA was conducted in base R v4.2.1 (function: prcomp; options: 

scale = FALSE, center = TRUE) and plots were generated using the R packages ggplot2 

v3.5.0 and viridis v0.6.5. 

6.3.10 Chromosome-Level Metaplots of Cytosine DNA Methylation 

Plots are based on average levels of 5mC in 100 kb bins of the Col-CEN genome 

assembly of Arabidopsis (Naish et al., 2021) in allC, CG, CHG, and CHH contexts. Only 

cytosines with ≥5 reads were included in the analysis. Furthermore, bins that did not occur in 

at least 1 replicate of each of the four treatment groups (DMSO, Seed, Single, Multi) were 

removed from the analysis. For each nuclear chromosome, the start of the peri-centromere 

was defined as the midpoint of the first bin in a string of at least 5 neighbouring bins for which 

TE density > protein-coding gene density. The end of the pericentromere was defined as the 

midpoint of the last bin in a string of at least 5 neighbouring bins where TE density > gene 

density. This resulted in the following defined pericentromeric ranges: Chr1: 12050000-

19850000, Chr2: 1350000-9850000, Chr3: 10350000-18950000, Chr4: 1750000-9850000, 

Chr5: 9650000-18150000. Annotations of TEs and genes were downloaded from the Col-CEN 

v1.2 GitHub page (https://github.com/schatzlab/Col-CEN/tree/main/v1.2; accessed 

21/09/2023). The position of 100 kb windows were expressed relative to the midpoint of the 

chromosome’s pericentromere, and average 5mC levels within the bin were averaged by 

treatment and relative distance to the midpoint of the pericentromeres. The pericentromeric 

and centromeric regions in the metaplots were defined as the maximum absolute relative 

distance for any (peri)centromeric window from the midpoint of the pericentromere for both 

the start and end points. Col-CEN centromeric ranges were used as defined by Naish et al 

(2021) (Chr1: 14840000-17560000, Chr2: 3823000-6046000, Chr3: 13597000-15734000, 

Chr4: 4204000-6978000, Chr5: 11784000-1456000). Plots were generated using the R 

packages ggplot2 v3.5.0 and viridis v0.6.5. 

https://github.com/schatzlab/Col-CEN/tree/main/v1.2
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6.3.11 Average Cytosine DNA Methylation Plots 

Average 5mC (%) in nuclear chromosomes was calculated for each sample in all 

cytosine (allC) contexts, as well as CG, CHG, and CHH sequence contexts, using only 

cytosines with ≥ 5 mapped reads. Cytosine DNA methylation was also calculated within 

chromosome arms, pericentromeric regions, and centromeric regions specifically using 

bedtools v2.31.0 (Quinlan and Hall, 2010) (function: bedtools intersect). Centromeric ranges 

were used as defined by Naish et al (2021), pericentromeric regions were defined as above, 

but with the centromeric regions removed. Chromosome arms included all other regions of the 

nuclear genome. 

6.3.12 Identification of Differentially Methylated Regions (DMRs) for Cytosine DNA 
Methylation 

To identify 5mC DMRs between ‘DMSO’-treated replicates and all other treatments 

(‘Seed’, ‘Single’, ‘Multi’) (n = 3 per treatment), 5mC summary files from Modkit were used to 

generate files for analysis with the R package DSS v2.46.0 (H. Feng et al., 2014; Park and 

Wu, 2016). Differentially methylated cytosines (DMLs) were first called using the DSS function 

‘DMLtest’ with parameters: ‘equal.disp = FALSE, and ‘smoothing = FALSE’. DMRs were then 

called with the function ‘callDMR’ with parameters: ‘delta = 0.1’, ‘p.threshold = 0.05’, ‘minlen = 

25’, ‘minCG = 3’, ‘dis.merge = 50’, and ‘pct.sig = 0.5’. Using the R package GenomicRanges 

v1.54.1 (Lawrence et al., 2013), DMRs were checked for overlaps with transposable elements, 

using the Col-CEN v1.2 (Naish et al., 2021) TE annotation file ‘t2t-

col.20210610.fasta.mod.EDTA.TEanno.gff3’ (accessed 21/09/2023).  

Hyper- and hypomethylated DMRs were analysed separately to identify overlaps 

between ‘Seed’ vs. ‘DMSO’ (‘Seed DMRs’), ‘Single’ vs. ‘DMSO’ (‘Single DMRs’), and ‘Multi’ vs. 

‘DMSO’ (‘Multi DMRs’) comparisons. Firstly, all DMRs for each direction (hypo- or 

hypermethylation) and treatment (‘Seed’, ‘Single’, or ‘Multi’) were merged across all cytosine 

sequence contexts (allC, CG, CHG, and CHH DMRs), using the ‘reduce’ function from the R 

package GenomicRanges v1.54.1 (Lawrence et al., 2013).  

Next, Multi DMRs were overlapped with Single DMRs using GenomicRanges (function: 

findOverlaps; options: select = “all”), and overlapping regions were merged by taking the 

minimum start and maximum end positions of each pair of overlapping DMRs. This set of 

overlapping DMRs (‘Single-Multi DMRs’) was further simplified by merging any adjacently 

overlapping regions using GenomicRanges (function: ‘reduce’).  
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Single-Multi DMRs were next overlapped with Seed DMRs to create a set of DMRs 

common across all treatments (‘Seed-Single-Multi DMRs’). To identify regions shared between 

‘Single’ and ‘Multi’ but absent in ‘Seed’, the ‘Seed-Single-Multi’ DMRs were subtracted from 

the ‘Single-Multi’ DMRs, forming the ‘Single-Multi-noSeed’ DMR set. Similarly, systematic 

comparisons and exclusions were performed to identify ‘Seed unique’, ‘Single unique’, ‘Multi 

unique’, ‘Seed-Multi-noSingle’, and ‘Seed-Single-noMulti’ DMR sets. The number of DMRs in 

each category was used to generate a Venn diagram using the R package eulerr v7.0.2. 

Random DMRs of equal size and number to the ‘Single-Multi-noSeed’ hypomethylated 

DMR set were generated by randomly selecting a chromosome start coordinate in the Col-

CEN v1.2 genome (Naish et al., 2021), using base R v4.3.2 (function: runif; options: n = 1, min 

= 1, max = max_chr_size). To account for the varying size of chromosomes, proportional 

probability weights were assigned for chromosomal selection (function: sample; options: prob 

= chr_size_proportion). 

6.3.13 Annotation of DMRs 

Merged hypomethylated DMRs were annotated, using the Col-CEN v1.2 TE (‘t2t-

col.20210610.fasta.mod.EDTA.TEanno.gff3’) and gene (‘Col-

CEN_v1.2_genes.araport11.gff3.gz’) annotation files (Naish et al., 2021). Annotation was 

performed, using the R packages genomation v1.34.0 (Akalin et al., 2015) and 

GenomicRanges v1.54.1 (Lawrence et al., 2013). In cases where a DMR overlapped with 

multiple features, a single annotation was assigned in the following order of preference: gene 

body > promoter > downstream > non-coding RNA > intergenic. Promoters were defined as 1 

kb regions upstream of the transcriptional start site (TSS) of protein-coding genes. 

Downstream gene sequences were defined as 1-kb regions from the transcriptional 

termination site (TTS) of protein-coding genes. Gene bodies include everything from the TSS 

to TTS of protein-coding genes. Non-coding RNA (ncRNA) included any defined transcribed 

locus in the Col-CEN Araport11 annotation file that does not match a protein-coding gene. 

Intergenic regions were defined as regions that do not overlap any of these above defined 

features. DMRs were annotated as overlapping/not overlapping with a TEs using the Col-CEN 

v1.2 TE annotation file. 

To test whether the genomic distribution of DMRs differed between each hypo-DMR 

set (Figure 6.4), pairwise Fisher’s exact tests were performed in base R v4.2.1 for all 

annotated DMR sets using a Monte Carlo simulation to calculate p-values (function: fisher.test; 

options: simulate.p.value = TRUE, B = 10000) which were then corrected for using the FDR 

method (q-values) (function = p.adjust; options: method = "fdr"). Compact letter display (CLD) 
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letters were generated using the R package multcompView v0.1-10 (function: 

multcompLetters; options: threshold = 0.05).  

6.3.14 Gene ontology (GO) Enrichment of IR-associated Hypomethylated DMRs 

Hypomethylated DMRs associated with each stress type mapping to promoter or 

downstream regions of protein-coding genes were tested for gene ontology enrichment (GO) 

for both biological process (BP) and molecular function (MF), using the R package 

clusterProfiler v4.10.1 (Yu et al., 2012; Wu et al., 2021) and org.At.tair.db v3.18.0 (function: 

enrichGO; options: universe = ‘ColCEN_prot_genes’, pvalueCutoff = 0.05, qvalueCutoff = 0.05, 

OrgDb = ‘org.At.tair.db’, keyType = “TAIR”, pAdjustMethod = “Bonferroni”, ont = “BP” / “MF”, 

minGSSize = 10, maxGSSize = 500). No update to GO terms were provided in the Col-CEN 

v1.2 genome release and so, TAIR10 GO annotations were used.  
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6.4 Results 

6.4.1 The Spatiotemporal Patterning of ROS1 Induction Determines the Level of 
Resistance Induced Against Specific Biotic and Abiotic Stressors 

XVE:ROS1-YFP L5 plants were treated with 25 µM E2 or a mock DMSO treatment 

(0.05%) at different stages of growth and development between stratification to 21 days after 

sowing (DAS) (Figure 6.2a). ‘Seed’ treated plants were stratified at 4°C in the dark in a water 

solution containing 25 µM E2. The aerial tissue of ‘Single’-treated plants was sprayed with 25 

µM E2 at 21 DAS, whereas the ‘Multi’-treated plants were sprayed four times with 25 µM E2 

between 14 and 21 DAS, at 2–3-day intervals (Figure 6.2a). The control treatment (‘DMSO’) 

consisted of identical treatment timepoints but using the equivalent volume of DMSO present 

in the E2 treatment solutions (Figure 6.2a). Plants from all treatment courses were then 

exposed to one of three environmental stressors at 28 DAS: (i) the hemi-biotrophic bacterial 

pathogen Pseudomonas syringae pv. tomato DC3000 luxCDABE (Pst-Lux) (Fan et al., 2008; 

Furci et al., 2021), (ii) the necrotrophic fungal pathogen Plectosphaerella cucumerina strain 

BMM (Pc) (Ton and Mauch-Mani, 2004; Pétriacq et al., 2016), and (iii) abiotic submergence-

induced hypoxia (Loreti et al., 2020).  

As is shown in Figures 6.2b and c, all E2 treatment regimens led to a reduction in 

XVE:ROS1-YFP L5 plant sizes relative to ‘DMSO’-treated plants. Pooling data from all three 

experiments at 27 DAS revealed a significant effect of E2-treatment course (ANOVA: F=19.11, 

df=3,212, p<0.001) and experiment (ANOVA: F=8.92, df=2,212, p<0.001) but not the 

interaction between these factors on green leaf area (GLA) (ANOVA: F=1.65, 

df=6,212, p>0.05). Thus, all ectopic ROS1 induction regimens had a consistent effect on 

plant size across all three stress experiments. Post-hoc analysis on the effect of E2 treatment 

revealed that ‘Multi’-treated plants had the most severe reduction in green leaf area (GLA) just 

before stress induction (27 DAS) (-23 %; Tukey, padj < 0.05), with ‘Seed’ (-13 %) and ‘Single’ 

(-10 %) treatments having intermediate but significant reductions in GLA compared to ‘DMSO’-

treated plants (Tukey, padj < 0.05), which were not statistically different from each other (Tukey, 

padj > 0.05) (Figures 6.2b, 6.2c).  

‘Multi’-treated plants had induced resistance (IR) to all three tested stress treatments 

(Figure 6.2 d-f). Interestingly, however, ‘Single’-treated plants had IR against Pc and hypoxia, 

but not against Pst-Lux, whereas ‘Seed’-treated plants only had IR against hypoxia. To ensure 

the growth reductions and stress-specific IR responses to E2 treatment are not caused by a 

chemical effect from E2 rather than ROS1, a repeat experiment was conducted using both 

Col-0 and XVE:ROS1-YFP genotypes, after which both plant growth (GLA) and tolerance to 
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flooding was quantified (Supplementary Figure 6.1). As is shown in Supplementary Figure 6.1, 

no significant differences in GLA or hypoxia susceptibility was observed between ‘Seed’- and 

‘DMSO’-treated Col-0 plants (Supplementary Figure 6.5), whereas the E2-induced growth 

reduction and IR to flooding in XVE:ROS1-YFP were similar to those observed in the first 

experiments (Figure 6.2) (Supplementary Figure 6.1). Thus, the spatiotemporal patterning of 

transient ROS1 activity determines the specificity of IR responses, which can be evident up to 

4 weeks after induction. 
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Figure 6.2 Effects of various estradiol (E2) treatments on plant growth and stress resistance in 
XVE:ROS1-YFP L5 plants. 
(a) Schematic of four treatment regimens: ‘DMSO’ (control), ‘Seed’, ‘Single’, and ‘Multi’. Treatments 
were applied at indicated days after sowing (DAS), with stress treatments at 28 DAS. Grey and red 
hexagons correspond to when DMSO (0.05 %) and E2 (25 µM) treatments were applied for each 
treatment course, respectively. See methods for details on how chemical and stress treatments were 
applied. (b) Representative images of plants from each treatment group at 27 DAS. (c) Green leaf area 
(GLA) analysis at 27 DAS (n = 3 experiments). ANOVA revelead significant effects of experiment (E; F 
= 8.92, df = 2,212, p < 0.001) and treatment (T; F = 19.11, df = 3,212, p < 0.001), but not their 
interaction (E x T; F = 1.65, df = 6,212, p > 0.05) on GLA. Groups not sharing letters are significantly 
different following post-hoc analysis on the effect of treatment (Tukey post-hoc, padj < 0.05). (d, e, f) 
Quantification of stress resposes. (d) Pseudomonas syringae pv. tomato DC3000 luxCDABE (Pst-Lux) 
bioluminescence (Fan et al., 2008; Furci et al., 2021) 2 days post infection. Points represent Pst-Lux 
bioluminescence intensity of individual plants. (e) Average necrotic lesion size 6 days post-infection with 
Plectosphaerella cucumerina strain BMM (Pc); each point represents the average lesion diameter 
measured from 4 leaves of an individual plant. (f) Plant susceptibility to hypoxia following 5 days of 
submergence and 3 days of recovery. Each point represents the susceptibility score of an individual 
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plant, calculated a weighted formula based on the relative proportions of healthy, necrotic, and dead 
leaves. See methods for details. Significant effects of treatment on quantified stress responses were 
detected using a Kruskal-Wallis test (p < 0.05). Asterisks represent statistical difference compared to 
DMSO-treated plants following a Conover-Iman post-hoc test (Conover and Iman, 1979) (ns p > 0.05, 
* p < 0.05, ** p < 0.01, *** p < 0.001).  

 

 

6.4.2 The Timing and Frequency of ROS1 Induction Differentially Impacts Genome-
Wide Cytosine DNA Methylation Levels  

Since each treatment regimen resulted in IR to a specific set of stress types (Figure 

6.2), it is likely that each treatment uniquely affects genome-wide DNA methylation at the time 

of infection (28 DAS). Thus, XVE:ROS1-YFP L5 plants under each treatment regimen 

(‘DMSO’, ‘Seed’, Single, Multi) were harvested and used for long-read Oxford Nanopore 

Technology sequencing (ONT-seq) of DNA.  

Principal component analysis (PCA) of DNA methylation at all cytosines (allC) and in 

specific sequence contexts (CG, CHG, CHH) showed clear separation of ‘Single’ and ‘Multi’ 

treatments from ‘DMSO’ and ‘Seed’ treatments along the first principal component (PC1) 

(Figure 6.3a). ‘Seed’-treated seedlings clustered closely with ‘DMSO’-treated samples in both 

allC and CG contexts, suggesting similar global cytosine DNA methylation patterns. However, 

in CHH and CHG patterns, ‘Seed’-treated samples separated along PC2, indicating greater 

variability in cytosine DNA methylation within these contexts compared to ‘DMSO’-treated 

samples. 

PCA of 5-Hydroxymethylcytosine (5hmC), and DNA N6-methyladenosine (6mA) at all 

cytosines and adenosines, respectively, revealed no separation linked to treatment 

(Supplementary Figure 6.2). Thus, ROS1 has little to no impact on genome-wide levels of 

5hmC or 6mA. Furthermore, across all samples, the nuclear abundance of 5hmC was 0.22% 

which is less than the average abundance of cytosine DNA methylation (5mC) in the plastid 

genome (0.28%), which is expected to lack 5mC entirely. This supports previous findings that 

the epigenetic mark 5hmC is largely absent from the Arabidopsis genome (Erdmann et al., 

2014).  

Chromosome-level metaplots revealed clear reductions in DNA methylation in ‘Single’- 

and ‘Multi’-treated plants along the chromosome arms in all cytosine contexts (allC, CG, CHG, 

CHH) (Figure 6.3e). However, the extent of hypomethylation in chromosome arms was greater 

in ‘Single’-treated plants compared to ‘Multi’-treated plants (Figure 6.3e) (Supplementary 

Figure 6.3). This difference aligns with the observation that ‘Multi’-treated plants showed lower 
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levels of ROS1-YFP fluorescence at 22 DAS (i.e., 24 hours after the final spray treatment), 

indicating either increased pre- or post-transcriptional silencing of the construct in ‘Multi’-

treated plants, or increased posttranslational degradation of the ROS1-YFP protein 

(Supplementary Figure 6.4). However, irrespective of the exact mechanisms involved, the 

reduced ROS1-YFP abundance at 22 DAS offers a plausible explanation for the reduced 

global cytosine DNA hypomethylation in ‘Multi’-treated plants relative to ‘Single’-treated plants 

(Figure 6.3e) (Supplementary Figure 6.3). In addition, it is possible that the DNA-remethylation 

response in ‘Multi’-treated plants is more pronounced, considering that there was more time 

to activate this recovery response between the first induction treatment and the time-point of 

sampling (7 days). 

In allC, CG, and CHG sequence contexts, ‘Seed’-treated plants had no clear 

differences in their abundance of DNA methylation relative to DMSO-treated control plants. 

However, CHH cytosine DNA methylation in the chromosome arms was reduced by a similar 

extent in ‘Seed’-treated plants (-14.1 %) and ‘Multi’-treated plants (-13.6 %) compared to 

‘DMSO’-treated plants (Figure 6.3e). Despite this, on a single cytosine level, no significant 

differences between Seed- and DMSO-treated plants could be detected (Supplementary 

Figure 6.3). ROS1-dependent DNA hypomethylation in the (peri)centromeric regions in Single- 

and Multi-treated seedlings were visibly reduced compared to chromosome arms (Figure 6.3e). 

On a single-cytosine level, ‘Single’-treated plants were significantly hypomethylated in allC (-

9.6 %), CG (-6.8 %), and CHH (-15.6 %) contexts compared to ‘DMSO’-treated plants (t-test, 

q < 0.05) (Supplementary Figure 6.3). In contrast, ‘Multi’-treated seedlings were not 

significantly different to ‘DMSO’-treated plants but had subtle increases in cytosine methylation 

in CHG (+3.0 %) and CHH (+1.4 %) contexts. Within centromeric regions, cytosines in both 

‘Single’- and ‘Multi’-treated plants were significantly hypermethylated in CG and CHG contexts 

compared to DMSO-treated plants (Supplementary Figure 6.3). In CG contexts, 

hypermethylation levels were similar between ‘Single’- and ‘Multi’-treated seedlings, with 

increases of 3.1% and 2.7%, respectively. However, in CHG contexts, hypermethylation was 

noticeably higher in ‘Multi’-treated seedlings, with increases of 6.6% in ‘Single’-treated plants 

and 8.9% in ‘Multi’-treated plants. Although not statistically significant (t-test, padj > 0.05), a 

similar trend was detected in CHH contexts, with ‘Single’- and ‘Multi’-treated plants having 

relative increases of 0.9% and 5.1% in centromeric regions, respectively (Supplementary 

Figure 6.3) (Figure 6.3e). In contrast, no significant differences in (peri)centromeric DNA 

methylation were detected in ‘Seed’-treated plants at any sequence context. Thus, ‘Seed’, 

‘Single’, and ‘Multi’ treatments each have distinct effects on genome-wide cytosine methylation 

levels at 28 DAS, offering a plausible explanation for the stress-specific IR responses between 

these treatments.  
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Figure 6.3 Global cytosine DNA methylation analysis of ‘DMSO’-, ‘Seed’-, ‘Single’-, and ‘Multi’-treated 
XVE:ROS1-YFP L5 plants (Figure 6.2a). 
(a-d) Principal component analysis (PCA) plot showing variation in cytosine DNA methylation across all 
cytosine positions (allC) and context-specific cytosine positions (CG, CHG, and CHH). (e) 
Chromosome-level metaplots of average cytosine DNA methylation in ‘Seed’-, ‘Single’-, and ‘Multi’-
treated plants, expressed as a percentage relative to the average of ‘DMSO’-treated plants. DNA 
methylation levels across all cytosines (allC), and cytosines in CG, CHG, and CHH sequence contexts 
were calculated for 100 kb windows of the Col-CEN genome assembly (Naish et al., 2021) and 
averaged based on their distance from the midpoint of the pericentromere in megabases (Mb). Dashed 
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vertical lines indicate the minimum and maximum pericentromeric start and end positions relative to the 
pericentromere midpoint. Shaded grey boxes represent the minimum and maximum centromeric 
regions relative to the pericentromere midpoint.  

 

6.4.3 The Specific Genomic Regions Targeted by ROS1 Vary Depending on the Timing 
and Frequency of Induction 

Genomic regions with significant changes in cytosine DNA methylation were identified 

by comparing ‘Seed’-, ‘Single’-, and ‘Multi’-treated samples against ‘DMSO’-treated samples 

using the R package DSS (H. Feng et al., 2014; Park and Wu, 2016). Differentially methylated 

regions (DMRs) for cytosine DNA methylation were identified in allC, CG, CHG, and CHH 

contexts (Supplementary Data 6.2) (Figure 6.4a). Few DMRs were identified in ‘Seed’-treated 

samples, with 44 and 71 hyper- and hypo-methylated DMRs across all contexts. In contrast, 

‘Single’- and ‘Multi’-treated samples had thousands of hypomethylated DMRs across all 

contexts, with the most occurring in CG contexts. Few hypermethylated DMRs were identified, 

but the majority occurred in CHG contexts in both ‘Single’ (24; 63 %) and ‘Multi’ (26; 60%), 

which reflects the CHG hypermethylation detected in the cytosine-resolution analysis (Figure 

6.3e; Supplementary Figure 6.3). More hypomethylated DMRs were detected in ‘Multi’-treated 

plants compared to ‘Single’-treated plants, despite more extensive hypomethylation across in 

the genome in ‘Single’-treated plants (Figure 6.3e; Supplementary Figure 6.3). It is possible 

that this discrepancy is due to a statistical artifact resulting from the fact that ‘Multi’-treated 

samples, on average, had higher coverage per cytosine (10x) compared to ‘Single’-treated 

samples (7x) (Supplementary Data 6.1). As a result, the ‘Multi’-treated samples had greater 

statistical power per cytosine and region (H. Feng et al., 2014; Ziller et al., 2015), enabling 

more sensitive detection of DMRs at the defined statistical threshold (padj < 0.05). 

To identify DMRs that are associated with resistance to Pst-Lux, Pc, and hypoxia 

(Figures 6.2d, 6.2e, 6.2f), hypo- and hyper-methylated DMRs were merged separately across 

contexts for a given comparison (‘Seed’, ‘Single’, ‘Multi’) against ‘DMSO’. Overlaps between 

comparisons for merged hyper- and hypo-methylated DMRs (hyper-DMRs and hypo-DMRs) 

were then identified between comparison groups. Few merged hyper-DMRs were identified 

across all treatments, and only 2 overlapping hyper-DMRs, between ‘Single’ and ‘Multi’, were 

identified (Supplementary Figure 6.5). Thus, the analysis was focussed on the merged hypo-

DMR set (Figure 6.4b). Hypo-DMRs associated with IR against Pst-Lux (Pst-Lux IR DMRs) 

were those associated with ‘Multi’ treatment only (n = 3,602) (Figures 6.2a, 6.4b), Pc IR DMRs 

were those overlapping between ‘Single’ and ‘Multi’ but not ‘Seed’ (n = 4,167) (Figures 6.2a, 

6.4b), and hypoxia IR DMRs were those overlapping in ‘Seed’, ‘Single’, and ‘Multi’ (n = 12) 

(Figures 6.2a, 6.4b). 
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DMRs associated with IR against Pst-Lux, Pc, and Hypoxia all had an annotation 

profile different to that of randomly distributed DMRs across the genome (Fisher’s Exact Test, 

q < 0.05) with overrepresentation of promoter and downstream regions in all three DMR 

groups (Figure 6.4c). Furthermore, Pst-Lux IR DMRs and Pc IR DMRs had significantly 

different genomic distributions from each other (Fisher’s Exact Test, q < 0.05), with Pst-Lux IR 

DMRs mapping more to intergenic regions and less to promoter regions (Figure 6.4c). 

However, Hypoxia IR DMRs were not significantly different in their genomic distribution 

compared with Pst-Lux IR DMRs and Pc IR DMRs (Fisher’s Exact Test, q > 0.05). Thus, the 

genomic distribution of hypomethylated DMRs varies based on the spatiotemporal patterning 

of ROS1 induction, which could be a determinate of the IR achieved.  

 

 
Figure 6.4 Analysis of differentially methylated regions (DMRs) of cytosine DNA methylation for Seed-, 
Single-, and Multi-treated XVE:ROS1-YFP plants (Figure 6.2), as compared to DMSO-treated plants. 
(a) Counts of DMRs for each E2 treatment regimen for allC, CG, CHG, and CHH sequence contexts. 
Hypomethylated DMRs (hypo-DMRs; blue) are shown below the y=0 line, and hypermethylated DMRs 
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(hyper-DMRs; red) are shown above. DMRs overlapping TEs are represented in dark blue (hypo-DMRs) 
and dark red (hyper-DMRs). Total count of all hyper- and hypo-DMRs for each context shown. (b) Venn 
diagram showing overlaps of hypo-DMRs merged across all cytosine sequence contexts for the three 
E2 treatment regiments (Seed, Single, Multi; filled in green, blue, and yellow respectively). Hypo-DMR 
sets are named and assigned a symbol based on their induced resistance (IR) phenotypes to Pst-Lux 
(bacteria symbol), Pc (leaf symbol), and Hypoxia (water symbol) (Figure 6.2). (c) Proportion of DMRs 
mapping to specific annotated regions of the Col-CEN genome (Naish et al., 2021) (see methods for 
definition of each annotation category). Symbols along the x-axis reflect the set of DMRs also annotated 
with a symbol in the Venn diagram (b). A random set of DMRs of equal size and number to the Pc IR 
DMRs was generated (see methods for details). DMR sets which share the same letter are not 
significantly different (q > 0.05) (Fisher’s exact test).  

 

 

6.4.4 DMRs Associated With Protein-Coding Genes are Associated With Different 
Molecular Functions Depending on the Spatiotemporal Patterning of ROS1 Induction  

As downstream and promoter regions were particularly enriched in all sets of IR-

associated DMRs, gene ontology (GO) enrichment for biological process and molecular 

function was performed on protein-coding genes within each IR-associated DMR category that 

contained flanking (promoter or downstream) hypo-DMRs. No biological process was enriched 

for any of the three DMR sets (padj > 0.05). However, Pst-Lux IR genic DMRs were enriched 

for the molecular function terms “cis-regulatory region sequence-specific DNA binding” and 

“ligase activity, forming carbon-nitrogen bonds”, whereas Pc IR genic DMRs were enriched for 

the molecular function term “protein kinase regulator activity” (Supplementary Data 6.3). The 

27 targeted genes associated with the term “cis-regulatory region sequence-specific DNA 

binding” in Pst-Lux IR DMRs all encoded transcription factors (TFs) from a variety of families 

with the largest representation occurring from the MYB TFs (n = 8), which have known 

functions in biotic stress responses (Dubos et al., 2010; Biswas et al., 2023) (Supplementary 

Data 6.3). Thus, ‘Multi’-treatment, but not ‘Single’-treatment, is enriched in the targeting of a 

suite of TF genes that may contribute to the specific establishment of IR against Pst-Lux.  

Pc IR DMRs were enriched in flanking regions of genes with “protein kinase regulator 

activity” (n = 18), most of which were CYCLIN genes (n = 10), which have roles in regulating 

cell cycle progression and development (Wang et al., 2004; Zheng, 2022) (Supplementary 

Data 6.3). Their role, if any, in regulating resistance to Pc is unclear.  

No significant GO enrichment (padj > 0.05) for molecular function was identified for 

Hypoxia IR genic DMRs. Of the 12 DMRs identified, half occurred in downstream or promoter 

regions of protein-coding genes (Supplementary Data 6.2; Figure 6.4c). DMRs in the promoter 

of 4 protein-coding genes were detected, of which 3 have unknown functions (AT3G30160, 
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AT1G29980, AT2G34730), and one encodes a thylakoid-membrane-bound protein, HIGH 

CHLOROPHYLL FLUORESCENCE 164 (HCF164), with no known role in abiotic stress 

tolerance. DMRs were identified in the downstream regions of PWWP DOMAIN PROTEIN 3 

(PDP3) and XERICO (XER). PDP3 and XER have functions in regulating flowering time and 

ABA metabolism, respectively. Interestingly, XER is induced by several abiotic stress 

treatments and mutation of this gene generates Arabidopsis plants with reduced levels of ABA, 

altered stomatal development, and stomata that are less responsive to abiotic stress (Ko et 

al., 2006; Vonapartis et al., 2022; Mohamed et al., 2023). Whilst ethylene is generally regarded 

the dominant plant hormone involved in hypoxic stress responses in Arabidopsis (Hartman et 

al., 2019, 2021), ABA-dependent signalling also plays a role (Hsu et al., 2011; Bui et al., 2020). 

Therefore, future research should explore the transcriptional regulation of XER under hypoxic 

conditions, and test mutants for hypoxic susceptibility. In addition to the XER-associated DMR, 

a Hypoxia IR hypo-DMR was present 1,118 bp upstream of the gene encoding BCL2-

ASSOCIATED ATHANOGENE 1 (BAG1), a molecular chaperone that has roles in regulating 

growth under abiotic stress (Lee et al., 2016; Jiang et al., 2023). This too could contribute to 

the hypoxic tolerance difference observed in ‘Seed’ -treated plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



202 
 

6.5 Discussion 

6.5.1 Stress-Specific IR Depends on the Developmental Stage and Frequency of ROS1 
Induction 

The establishment of stress memory enables plants to respond faster and/or stronger 

to a subsequent stress later in life. This induced resistance (IR) has been observed across a 

broad range of stress types, triggered by exposure to stress-associated stimuli such as mild 

stress or synthetic chemical treatments, and is thus, often regarded as a broad-spectrum 

defence mechanism in plants. However, recent research into the specificity of long-lasting 

stress-induced memory in Arabidopsis has revealed that induced resistance (IR) is only 

observed when the original stimulus closely resembles the subsequent stress that later 

challenges the same plants or their progeny (Luna et al., 2012; López Sánchez et al., 2021; 

Wilkinson et al., 2023). Instead, exposure to different stress types can lead to an induced 

susceptibility (IS) response (Luna et al., 2012; López Sánchez et al., 2021). Interestingly, the 

active DNA demethylase ROS1 has been identified as a crucial regulator of these long-lasting 

stress-specific memories induced by jasmonic acid (JA) and parental Pst infection (López 

Sánchez et al., 2016; Wilkinson et al., 2023). This indicates that ROS1, which is thought to 

target distinct genomic loci (Tang et al., 2016), can facilitate the establishment, maintenance 

and/or transcriptional activation of stress-specific memory. In support, the results in this 

Chapter demonstrate that the spatiotemporal context in which ROS1 is induced can signal for 

the establishment of stress specific memory.  

A striking example of this comes from the IR phenotypes observed against the hemi-

biotrophic pathogen Pst-Lux (Figure 6.2d). Whilst ‘Single’ and ‘Multi’ treatments both involved 

the induction of ROS1 7 days before infection with Pst-Lux (Figure 6.2a), ‘Single’ completely 

lacked IR whereas ‘Multi’ had a robust IR response. This indicates that multiple episodes of 

increased ROS1 activity are required for the establishment of stress memory against Pst-Lux. 

Interestingly in Chapter 3 of this thesis, I demonstrate that two inductions of ROS1 can result 

in the short-term memory against Pst-Lux (Chapter 3; Figure 3.5c). Why is ROS1-mediated 

IR against Pst-Lux only observed following two or more inductions? One possibility is that the 

secondary induction of ROS1 leads to distinct post-translational modifications (PTMs) or 

protein interactions that enable ROS1 to target different genomic regions. Interestingly, ROS1 

has a predicted ubiquitination site (Maor et al., 2007; Kim et al., 2013), which may favour the 

degradation of ROS1, as well as a SUMOylation site which is known to promote the stability 

of this protein (Kong et al., 2020). Furthermore, ROS1 has been shown to interact with at least 

two distinct protein complexes that direct the targeting of ROS1 to distinct regions of the 

genome (Zhang et al., 2022). Thus, speculatively, initial increases in ROS1 activity may serve 
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to enhance the transcription of genes linked to specific protein complexes that interact with 

ROS1 and/or regulate the expression of genes responsible for modulating the PTMs of ROS1. 

This would then subsequently direct ROS1 to target different loci that may be associated with 

the defence against specific stress types, like Pst. However, to date, no studies have directly 

investigated the protein interactors of ROS1 under differential environmental stress conditions, 

nor the PTM modifications associated with ROS1 under such conditions. In fact, no studies 

have described the genome-wide binding sites of ROS1 under either basal or stressed 

conditions using high-throughput sequencing techniques such as chromatin 

immunoprecipitation followed by sequencing (ChIP-seq). Consequently, the regulation of 

ROS1 protein remains a significant knowledge gap in the field. The XVE:ROS1-YFP construct 

would be an excellent tool to better understand the dynamic regulation of ROS1 protein in the 

context of the establishment of stress-specific memory by modulating the spatiotemporal 

patterning of induction and subsequently isolating ROS1-YFP protein for ChIP-seq and/or 

proteomic characterisation using mass spectrometry-based techniques. 

6.5.2  Seed-treatment has Significant Physiological Impacts Despite few Detectable 
DMRs 

The limited number of DMRs associated with ‘Seed’ treatment is puzzling considering 

the strong phenotype associated with hypoxic stress (Figure 6.2f) and the significant reduction 

in plant size at 27 DAS (Figure 6.2c), that is not observable in Col-0 plants (Supplementary 

Figure 6.1). Principal component analysis (PCA) of DNA methylation at the single-cytosine 

level showed that ‘Seed’-treated samples showing higher variability in both CHG and CHH 

methylation than DMSO-treated samples. Accordingly, it is possible that ROS1-IR against 

flooding is determined by a partially stochastic and gradual DNA remethylation response 

involving AGO1-associated sRNAs, similarly as reported for long-lasting JA-IR in Arabidopsis 

(Wilkinson et al., 2019). In support, previous work identified both AGO1 and AGO4, key 

components of RNA directed DNA methylation (RdDM) pathways, as essential regulators of 

the transcriptional response to hypoxia stress in Arabidopsis (Loreti et al., 2020).  

E2-induced expression of ROS1 in germinating XVE:ROS1-YFP seeds can be 

expected to cause a reduction in DNA methylation in embryonic tissues. Indeed, a similar E2 

seed treatment of rice expressing an XVE-controlled GUS transgene effectively induced the 

GUS expression in embryos (Chen et al., 2017). Interestingly, however, GUS staining was 

most prominent in the emerging radical, the first part of the embryo to emerge during 

germination. As the radical develops into the primary root, it is possible that the ‘Seed’ 

treatment resulted in more severe DNA hypomethylation in root tissues as compared to shoot 

tissues in germinating XVE:ROS1-YFP L5 seeds. As ONT-seq was conducted on DNA 
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extracted from aerial tissues, the potential long-lasting changes to DNA methylation in root 

tissues remain unknown. Considering that submergence creates a hypoxic environment that 

is most extreme in belowground tissues (Lee et al., 2011; Vashisht et al., 2011), DNA 

methylation levels in root tissues may play a key role in regulating transcriptional responses 

to hypoxic stress.  

6.5.3 Interactions Between Developmental-Associated Epigenetic Changes and ROS1 
Activity 

The spatiotemporal patterning of ROS1 induction may generate differential DNA 

hypomethylation patterns, as observed in this Chapter, which can be caused by a variety of 

different mechanisms. Firstly, DNA methylation and chromatin accessibility dynamically 

change during the development of Arabidopsis. For instance, CHH DNA methylation rapidly 

decreases in the pericentromeric regions upon seed imbibition (Kawakatsu et al., 2017), and 

this continues to change throughout the early stages of seedling development (Bouyer et al., 

2017). Comparing average cytosine DNA methylation in DMSO-treated XVE:ROS1-YFP L5 

plants of 4 weeks in this Chapter and DMSO-treated XVE:ROS1-YFP (L5) plants of ~3 weeks 

(20 days) in Chapter 5, average cytosine methylation increased by 10% across the genome 

(Supplementary Data 6.4). The biggest change occurred in CHH sequence contexts in 

pericentromeric regions, with a 39% increase in DNA methylation. Whilst these results are 

from independent experiments with slightly different DMSO treatment courses, it supports the 

idea that DNA methylation levels are dynamically changing during the development of 

Arabidopsis. Therefore, ROS1-targeted regions may also differ at distinct developmental 

stages. Furthermore, depending on where these targeted regions are in the genome, the 

ROS1-induced changes of DNA methylation may also be reset at different rates. Thus, the 

impact of ROS1-dependent DNA demethylation may vary depending on the developmental 

stage of the plant, during which ROS1 was active, which could, in turn, influence the type of 

stress memory established.  

The basal level of resistance to environmental stress in Arabidopsis is known to vary 

across plant development and could be influenced by its epigenetic state at each stage of 

development. For instance, 2-week-old Arabidopsis seedlings are significantly more tolerant 

to hypoxic conditions compared to 3-week-old plants (Bui et al., 2020). This is associated with 

transcriptional silencing of stress-responsive genes which fall in regions of the genome which 

move towards a heterochromatic state with adulthood (Bui et al., 2020). In contrast, resistance 

to Pst and the fungal pathogen Sclerotinia sclerotiorum increases as Arabidopsis plants 

mature, a phenomena known as age-related resistance (Kus et al., 2002; Wilson et al., 2017; 

Xu et al., 2018). Although the epigenetic mechanisms underlying age-related resistance are 
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not well understood, DNA methylation and other epigenetic marks likely play a role in 

regulating the transcription of genes associated with this resistance. The spatiotemporal 

patterning of ROS1 activity could interact with these developmental epigenetic changes to 

alter age-related resistance to biotic and abiotic stress types. For example, ROS1-dependent 

reductions in DNA methylation may counteract the hypermethylation associated with the 

developmental transition from 3 weeks to 4 weeks (Supplementary Data 6.4), and thus prevent 

age-related susceptibility to hypoxia (Bui et al., 2020). Interestingly, heritable IR against Pst-

Lux is more effectively established when plants in the previous generation are stressed at a 

young age (2 weeks) compared to an old age (5 weeks) which is likely a function of age-

related resistance (Furci et al., 2023). This supports the findings presented in this Chapter, 

where Multi-treated plants, in which ROS1-YFP was first induced at 2 weeks, could establish 

within-generation IR against Pst-Lux, while those treated at 3 weeks (Single-treated) failed to 

establish IR despite generating greater reductions in DNA methylation at 4 weeks (Figure 6.3).   

In conclusion, the results in this Chapter demonstrate that Arabidopsis can establish 

ROS1-dependent IR in a stress-specific manner, which is determined by the spatiotemporal 

patterning of ROS1 activity. Speculatively, in a natural system, certain environmental stresses 

may influence ROS1 transcription, localisation, and/or interactions with other proteins in 

differing ways to promote the establishment of stress-specific immune memory. To better 

understand this in natural systems, experimental conditions which effectively establish long-

term immune memory in a stress-specific manner (e.g., López Sánchez et al., 2021) need to 

be identified and tested for their effects on the transcription and localisation of ROS1. Long-

term, understanding the epigenetic changes required to establish stress-specific memory 

could facilitate the development of crop protection strategies that harness and enhance 

internal plant defence mechanisms, enabling more robust IR responses. 
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6.6 Supplementary Figures 

 

Supplementary Figure 6.1: Repeat experiment measuring GLA and hypoxia tolerance in E2-treated 
Col-0 plants. 
(a) Repeat experiment (Figure 6.2) using both wild-type Col-0 and XVE:ROS1-YFP L5 plants. One-way 
ANOVA performed for each genotype to test the effect of treatment (‘DMSO’, ‘Seed’, ‘Single’, ‘Multi’) on 
green leaf area (GLA), ANOVA statistics are shown in the top right of each plot. Post-hoc analysis was 
performed following detection of a significant effect of treatment (p < 0.05), and groups which same the 
same letter are not statistically different from each other (Tukey, padj < 0.05). Plants were grown under 
different growth conditions (10 hour light period, 200 μmol s-1 m-2 light intensity, 21:19°C day:night 
temperatures), hence the differences in GLA compared to Figure 6.2c. 

  

 

Supplementary Figure 6.2 PCA plots of different epigenetic marks under different E2 treatment 
regimens. 
Principal component analysis (PCA) plots showing variation in (a) N6-adenine DNA methylation (6mA) 
and (b) 5-hydroxymethylcytosine DNA methylation (5hmC) in ‘DMSO’-, ‘Seed’-, ‘Single’-, and ‘Multi’-
treated plants (Figure 6.2b) at all adenosines and cytosines across the genome with ≥5 reads.   
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Supplementary Figure 6.3 Average cytosine DNA methylation levels under each E2 treatment regimen. 
Mean cytosine DNA methylation levels across all contexts (allC, CG, CHG, CHH) are shown for the 
entire genome (genome-wide), chromosome arms excluding (peri)centromeric regions (arms), 
pericentromeric regions excluding centromeric regions (pericentromeres), and centromeric regions only 
(centromeres). See methods for details on the definition of (peri)centromeric regions. Average cytosine 
methylation calculated using cytosines with ≥5 reads. 

 

 
 
Supplementary Figure 6.4 ROS1-YFP signal intensity for ‘DMSO’-, ‘Seed’-, ‘Single’-, and ‘Multi’-
treated plants at 15, 17, 19, and 22 days after sowing (DAS). 
Measurements taken 24 hours after each spray treatment with 25 µM E2 or 0.05% DMSO at 14, 16, 19, 
and 21 DAS (as shown in Figure 6.2). Each point represents an independent plant per treatment per 
day (n = 7-12). Bar plot shows average relative ROS1-YFP intensity with error bars representing the 
standard error of the mean. ROS1-YFP signal intensity at each day expressed relative to the average 
ROS1-YFP intensity of DMSO-treated plants (background noise). Asterisks above treatments represent 
statistically different ROS1-YFP intensity as compared to DMSO-treated plants (t-test with FDR 
correction); * q < 0.05, ** q < 0.01, *** q < 0.001, ns q > 0.05.  
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Supplementary Figure 6.5 Venn diagram showing overlaps of hyper-DMRs merged across all cytosine 
sequence contexts for the three E2 treatment regimens. 
‘Seed’, ‘Single’, ‘Multi’ filled in green, blue, and yellow respectively.  
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7.1 Summary and Highlights From Experimental Chapters  

The aim of this PhD was to gain knowledge about the function of DNA (de)methylation 

in the establishment, maintenance, and eventual erasure of immune memory in plants. In 

Arabidopsis, it had been reported previously that mutation of the DNA demethylase ROS1 

(ros1 mutants) prevents plants from mounting effective basal defence and induced resistance 

(IR) against (hemi)biotrophic pathogens (Yu et al., 2013; López Sánchez et al., 2016; Halter 

et al., 2021). These reports not only revealed that ROS1-mediated DNA demethylation is 

important for the activation of plant immune responses, but also suggested involvement of 

ROS1 in the establishment and/or maintenance of immune memory that underpins IR. Indeed, 

the results presented in Chapter 3 show that progeny from ros1-4 plants that had been 

severely infected by Pseudomonas syringae pv. tomato DC3000 (Pst) failed to exhibit h-IR 

against Hyaloperonospora arabidopsidis isolate Waco9 (Hpa), which confirms the findings 

reported by López Sánchez et al (2016).  

However, while research using ros1 mutants has significantly advanced our 

understanding of plant immune memory, relying on these mutants to demonstrate the absence 

of phenotype(s) has its limitations. Crucially, the permanent nature of genetic mutant lines 

makes it is impossible to resolve the phenotype in time – a fundamental aspect of plant 

immune memory. On the other hand, as previously reported (Chapter 1; Stassen et al., 2018; 

Catoni et al., 2022; Wilkinson et al., 2023) investigating the lasting changes in DNA 

methylation associated with stress-induced immune memory in wild-type plants is challenging 

due to significant variation among individuals, which is difficult to resolve when methylome 

sequencing is performed on replicates derived from many individual plants. 

Therefore, this PhD project utilised an estradiol-inducible transgene to enable the 

controlled and transient activation of the Arabidopsis DNA demethylase ROS1. Chapter 3 

demonstrates that transient inductions of ROS1 is a sufficient signal to establish short-term 

immune memory against Pst and Hpa. Furthermore, the observation that this memory did not 

persist over a generation highlighted an unexpected and novel benefit of using this tool to 

enhance our understanding of the erasure of immune memory. Chapter 4 explores the onset 

of immune memory through a combination of DNA methylation, whole transcriptome, and 

small RNA (sRNA) sequencing. Highlights from this work include a clear demonstration of 

highly consistent patterns of DNA demethylation following ROS1 induction, particularly at 

transposable element (TE)-gene boundaries in the chromosome arms. Furthermore, this was 

accompanied by a suppression of sRNAs associated with Pol IV-dependent RNA-directed 

DNA methylation (RdDM) and the activation of pathogen defence genes co-regulated by NPR1 

and TGA transcription factors. Strikingly, the promoters of NPR1 and TRXh5, which promotes 
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the nuclear translocation of NPR1 (Tada et al., 2008; Kneeshaw et al., 2014), were direct 

targets of ROS1. This was linked to increased transcription of both genes, suggesting that key 

components of the SA-dependent immune response are subject to antagonistic regulation by 

ROS1 and RdDM.  

Chapter 5 further explores an observation from Chapter 4: ROS1 activation induces 

DNA demethylation in the chromosome arms, while its effect is significantly diminished in 

regions near the centromere (pericentromeric regions). Work by Furci et al. (2019) 

demonstrated that hypomethylation in pericentromeric regions is quantitatively associated with 

heritable primed defence against Hpa. Thus, long-read Oxford Nanopore Technology (ONT) 

sequencing and a centromere-complete genome assembly (Naish et al., 2021) were used to 

better characterise DNA methylation in these regions in the context of ROS1-driven immune 

memory. As observed in Chapter 4, ROS1 activity was associated with the loss of DNA 

methylation in chromosome arms, but there was a contrasting lack of demethylation – and 

even hypermethylation – of cytosines in (peri)centromeric regions. Interestingly, chemically 

inhibiting the activity of all DNA methyltransferases by 5-azacytidine, which causes strong 

reductions in DNA methylation in (peri)centromeric regions (Griffin et al., 2016), increased the 

durability of ROS1-driven immune memory by at least 1 week. This supports previous findings 

that DNA methylation can also function in the erasure of stress memory (Iwasaki and 

Paszkowski, 2014; Furci et al., 2023; Lee et al., 2023).  

Finally, Chapter 6 demonstrates that ROS1 activity can establish stress-specific 

memory depending on the spatiotemporal patterning of its induction. While multiple events of 

ROS1 activity provided protection against all tested stress types – namely, the necrotrotphic 

pathogen Plectosphaerella cucumerina (Pc), hypoxic stress driven by submergence of plants 

(hypoxia), and the hemi-biotrophic pathogen Pst – a single induction at 3 weeks only 

established immune memory against Pc. Furthermore, induction of ROS1 in germinating 

seeds effectively induced resistance to hypoxic stress 4 weeks later but had no effect on 

resistance to Pc or Pst. Interestingly, despite the expectation of highly specific ROS1 targeting, 

as shown in Chapter 4 and by Tang et al. (2016), the long-term changes in DNA methylation 

varied significantly depending on the spatiotemporal patterning of induced ROS1 activity. 

These findings provide early but encouraging results that epigenetic changes can be exploited 

to engineer stress-specific resistance in plants, and thus provide novel avenues for crop 

protection strategies.  
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7.2 Control of DNA Methylation at Transposable Elements: From 
Regulation to Evolution of Plant Immunity 

The previous Chapters of this thesis have built on an ever-growing body of evidence 

that implicates DNA demethylation at transposable elements (TEs) in the transcriptional 

activation and/or priming of defence genes to activate and enhance plant immune responses 

(López Sánchez et al., 2016; Wilkinson et al., 2019; Hannan Parker et al., 2022). Furthermore, 

as DNA methylation dynamically changes in response to environmental cues, such as the 

onset of disease (Wilkinson et al., 2019; Hannan Parker et al., 2022), the regulatory links 

between TE DNA (de)methylation and the expression of genes (as highlighted in Chapter 1; 

Figure 1.3) enables plants to fine-tune transcriptional responses to environmental stress.  

However, the results of this thesis demonstrate that not all TEs are regulated equally. 

While DNA demethylation by ROS1 was enriched at TEs near protein-coding genes in the 

chromosome arms, there was contrasting rapid (re)methylation of TEs in (peri)centromeric 

regions (Chapter 5). A major difference between TEs in chromosome arms and those in 

pericentromeric regions is that, on average, the latter are evolutionarily young (Quesneville, 

2020) and have greater potential to become transcriptionally active in the absence of DNA 

methylation (Panda and Slotkin, 2020; Shimada et al., 2024). Thus, the pericentromeric 

regions harbour a reservoir of potent large-effect (epi)mutagens that can accelerate the 

diversification and evolution of plant genomes (Quadrana et al., 2019; Baduel and Quadrana, 

2021; Baduel et al., 2024). If left unchecked, runaway TE mobilisation can have deleterious 

consequences for both the organism's survival and the fate of the TEs themselves (Baduel 

and Quadrana, 2021). Therefore, tight epigenetic regulation of these elements, as appears to 

occur in response to ectopic increases in ROS1 activity, would be beneficial for both the host 

organism and the TEs themselves. Despite this, some TEs in the pericentromeric regions still 

showed transcriptional activation following increased ROS1 activity (Chapter 4, Chapter 5), 

which has interesting implications related to the evolution of new environmentally responsive 

genes.  

Under extreme conditions, relaxation of epigenetic silencing mechanisms like DNA 

methylation, as occurs in response to severe biotic stress (Wilkinson et al., 2019; Hannan 

Parker et al., 2022; Furci et al., 2023), can facilitate adaptive evolution in plant genomes 

through TE mobilisation (Quadrana et al., 2019; Baduel and Quadrana, 2021; Baduel et al., 

2024). For instance, a recent study demonstrated that natural Arabidopsis populations that are 

geographically associated with heavy herbicide use, such as railways and field margins, 

contain a TE insertion within the intron of the floral-repressor gene FLOWERING LOCUS C 

(FLC) (Raingeval et al., 2024). In response to stress, such as heat shock or a sub-lethal 



213 
 

herbicide doses, DNA methylation is lost at this intronic TE, leading to the production of non-

functional transcripts in an IBM2-dependent manner (Raingeval et al., 2024). Thus, this 

evolutionarily young FLC TE insertion created a new locus of epigenetic regulation that 

enables plants to rapidly adapt to environmental stress, such as the application of herbicides, 

and shows signs of strong positive selection in these populations (Raingeval et al., 2024). 

Interestingly, the histone demethylase IBM1 and the resistance gene RPP7, both of which 

regulate plant immune responses, also contain TE insertions within their introns that are 

regulated by the IBM2 complex (Chapter 1; Figure 1.2) (Lei et al., 2014; Lai et al., 2019; Lv et 

al., 2022). Notably, while the genetic sequence in the 7th intron of IBM1 is diverse across 

flowering plants, there is strong conservation of enriched DNA methylation in this region, 

driven by the presence of TE insertions or simple repeat elements (Yinwen Zhang et al., 2024). 

Thus, the presence of these elements may have arisen independently in different species, 

resulting in a favourable epiallele that enables dynamic regulation of heterochromatin in 

response to stress (Chapter 1; Figure 1.2). In addition to intronic insertions, there are 

numerous other examples of transcriptional regulation by DNA methylation at TEs inserted in 

the promoters of defence genes (Deng et al., 2017; Barco et al., 2019; Halter et al., 2021; 

Baduel et al., 2024). Notably, in this PhD project, I identified that ROS1 removes DNA 

methylation at TEs in promoter of two master regulators of immunity against pathogens, NPR1 

and TRXh5 (Chapter 4) (Tada et al., 2008; Kneeshaw et al., 2014; Zavaliev and Dong, 2024). 

Some TE families in plants show preferential insertion at genomic loci marked by H2A.Z, a 

chromatin modification associated with the promoters of environmentally responsive genes 

(Coleman-Derr and Zilberman, 2012; Quadrana et al., 2019; Hannan Parker et al., 2022). 

Finally, TEs and the epigenetic regulation they carry have been proposed to drive the 

diversification, evolution, and higher-order arrangements of resistance (R) gene clusters and 

biosynthetic gene clusters in plants (Wilkinson et al., 2019; Cawood and Ton, 2024).  

Therefore, taken together, the multifaceted impacts of epigenetic regulation at TEs on 

the plant immune system can be conceptualised as a circular process operating over 

expanding time scales (Figure 7.1). Firstly, in Stage 1, TEs undergo stress-induced epigenetic 

changes that regulate the expression of genes in response to environmental cues. In Stage 2, 

this relaxed epigenetic silencing can promote the transcription and mobilisation of TEs, 

resulting in large-scale (epi)mutations within the genome. Finally, in Stage 3, some TEs that 

insert into genic regions may enhance the diversification of genes and/or create novel 

regulatory mechanisms that facilitate environmentally responsive transcription (i.e., Stage 1) 

(Figure 7.1).  
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Figure 7.1 The effects of stress-induced epigenetic changes on short- and long-term adaptation of the 
plant immune system.  
Stage 1: upon recognition of biotic stress, the plant epigenome undergoes changes that enable long-
term up-regulation and/or priming of defence genes. This epigenetic stress memory can be transmitted 
to following generations and involves changes in the silencing of transposable elements (TEs) by DNA 
methylation, histone modifications, and noncoding RNAs. Stage 2: enduring stress increases the 
mutagenic activities of functional class I (‘copy and paste’) and class II (‘cut and paste’) TEs, collectively 
referred to as the mobilome. This process results in small and large mutations at the sites of excision 
(class 2) and insertion (class 1 and 2). Since TE integration is guided by the histone variant H2A.Z 
(Quadrana et al., 2019), the mobilome preferentially targets environmentally responsive genes (ERGs), 
which are enriched with H2A.Z (Coleman-Derr and Zilberman, 2012). Stage 3: mobilome-induced 
mutations increase the genetic diversity of ERGs, thereby accelerating the evolution of novel defence 
regulatory genes. Since TEs are tightly regulated by epigenetic mechanisms, the newly evolved defence 
genes and associated pathways remain under stress-dependent epigenetic control, thereby diversifying 
both the genetic and epigenetic regulatory potential to resist biotic stress. 
Figure from Hannan Parker et al. (2022), New Phytologist, Volume 233, © 2021 The Authors, © 2021 
New Phytologist Foundation. Reproduced with permission from Wiley.  
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7.3 Future Perspectives and Applicability of Epigenetic Immune 
Memory in Plant Protection 

While future directions of research have been discussed at the end of each Chapter in 

this thesis, a larger question remains: how can the insights gained from studying epigenetically 

controlled immune memory be effectively translated into practical applications for enhancing 

crop resilience against pests and diseases? Furthermore, how can these technologies help 

tackle the challenges posed by climate change and emerging pathogens in agricultural 

systems? 

The use of chemicals or synthetic microbiome communities that establish immune 

memory and facilitate induced resistance (IR) in crops holds significant promise (Yassin et al., 

2021; Martins et al., 2023). Studying the epigenetic mechanisms underpinning the 

establishment, maintenance, and eventual erasure of this immune memory has potential to 

improve the efficacy and durability or these technologies. For instance, the research in this 

project led to the finding in Chapter 5, whereby chemically inhibiting DNA methyltransferases 

effectively prolonged the durability of immune memory established by ROS1 DNA 

demethylation. This also compliments a recent finding that reduced levels of DNA methylation 

in Arabidopsis can significantly enhance the efficacy of the IR-eliciting agent β-aminobutyric 

acid (BABA) (Cohen et al., 2016; Yassin et al., 2021; Lee et al., 2023). Thus, in the long term, 

the combined use of chemicals that (i) establish immune memory and (ii) supress DNA 

(re)methylation could reduce the dosage and frequency of chemical applications needed to 

effectively protect plants from pests and diseases.  

Intentional disruption of epigenetic modifications may also accelerate the development 

of novel and adaptive (epi)genetic traits that enhance plant resistance to pests and diseases. 

For instance, TEgenesis (https://epibreed.com/) is an innovative breeding technology that 

involves chemically inhibiting Pol II prior to exposing plants to stress. This approach prevents 

the (re)silencing of transposable elements (TEs) that lose DNA methylation in response to 

stress, enabling their mobilisation and inducing large-scale (epi)mutations that can be selected 

for in breeding programmes (Thieme et al., 2017). Moreover, plants possess a remarkable 

ability to regenerate, allowing them to grow, divide, and differentiate into complete organisms 

from a mass of dedifferentiated cells known as callus. This can be utilised to induce epigenetic 

change in relatively few cells at the callus stage, which can then be inherited by other cells 

during plant regeneration, resulting in long-lasting phenotypic changes. For example, 

regeneration of sugarcane (Saccharum spp.) from calli treated with high doses of the DNA 

methyltransferase inhibitor 5-azacytidine has been shown to generate extensive (epi)genetic 

and phenotypic variation suitable for selection (Munsamy et al., 2013). Notably, plants 
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regenerated from 5-azacytidine-treated calli exhibited increased resistance to smut disease 

(Sporisorium scitamineum) six months later (Munsamy et al., 2013). Likewise, in Norway 

spruce (Picea abies), heat stress during zygotic or somatic embryogenesis (i.e., regeneration) 

results in plants with delayed bud set in summer, a phenomenon that can persist for up to 20 

years and is associated with alterations in DNA methylation (Fossdal et al., 2024). In 

Arabidopsis, the epigenetic imprints of the organ (root or shoot) tissue used for regeneration 

are maintained into new tissues, and this feature persists even after sexual reproduction 

(Wibowo et al., 2018). Similarly, changes in DNA methylation associated with callus formation 

and regeneration have been shown to be heritable in other species including maize, rice, and 

triticale (Lee et al., 2024). Therefore, regenerating plants from tissue exposed to treatments 

that induce widespread changes in DNA methylation, such as severe stress, ectopic induction 

of ROS1, or chemical inhibition of DNA methyltransferases, may be an effective strategy to 

introduce very stable epigenetic changes in crops that provide long-lasting and heritable 

protection against pests and diseases.  

Lastly, while TEs comprise only ~15% of Arabidopsis genome, they are far more 

abundant in most crop species, comprising more than 70% of the maize, wheat, and sunflower 

genomes (Pedro et al., 2021). Thus, genome-wide suppression of DNA methylation carries a 

more severe risk of causing deleterious (epi)mutations in these species. Consequently, 

epigenetic variation may also need to be introduced in a much more controlled manner to 

mitigate the potential for these harmful (epi)mutations. For instance, recent work in cassava 

demonstrated that introducing DNA methylation into the promoter of a gene associated with 

increased susceptibility to bacterial blight (Xanthomonas phaseoli pv. manihotis) effectively 

prevented its expression after infection, thereby enhancing disease resistance through precise 

epigenome editing. Significant advancements have been made in the development of 

sequence-targeted epimutagenic tools that harness CRISPR-based technologies that 

facilitate the introduction or removal of epigenetic marks (Gallego-Bartolomé et al., 2018; 

Papikian et al., 2019; Nuñez et al., 2021; Gardiner et al., 2022; M. Wang et al., 2023). However, 

while conceptually promising, these technologies have not been used outside of model 

species like Arabidopsis. Furthermore, they face two significant challenges (i) the complexity 

and constitutive expression of these transgenes makes them prone to post-transcriptional 

gene silencing by the host plant (M. Wang et al., 2023; Casas-Mollano et al., 2023), and (ii) 

legislative restrictions in many parts of the world surrounding genetically modified organisms 

(GMOs) limit the use of such technologies in commercial crop breeding. 

Overall, building on the fundamental research presented in this thesis, alongside a 

stronger translational focus on epigenetic regulation in the establishment, maintenance, and 
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erasure of immune memory in crop species, will deepen our understanding of plant immunity 

and drive innovative advances in epigenetic-based plant protection technologies. 
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