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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) (Lépez Sanchez 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, | 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:ROS7-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-O0.
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:ROS71-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 H.O (dH20). For the ‘Seed’ treatment course, the water was supplemented with 25
MM 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 uM estradiol (E2) were applied to all seedlings, prepared using dH.O 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 yM 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 yM 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 MgSO. at an ODeoo = 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 mm?). The final Pc spore density was diluted to 5x10°
spores/mL and for each plant, 4 leaves of a comparable physiological age were inoculated
using 6 pl 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 'fhealthy) + (2 * frecrotic) + 3 * faeaa)

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 ImagedJ 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/lmagedJ (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/lmaged (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 (mm?) 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 (g-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 PromethlON 2 Solo sequencing device. During the run, the
flow cell was washed twice using the Flow Cell Wash Kit (ONT, EXP-WSHO004), 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 H.O 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 PromethlON 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 N¢-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).
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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 5SmC 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.
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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 ‘12t
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-Mult’ 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 nhumber 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 (g-values) (function = p.adjust; options: method = "fdr"). Compact letter display (CLD)

190



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, gvalueCutoff = 0.05,
OrgDb = ‘org.At.tair.db’, keyType = “TAIR”, pAdjustMethod = “Bonferroni”, ont = “BP” / “MF”,
mMinGSSize = 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 yM 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 uM E2. The aerial tissue of ‘Single’-treated plants was sprayed with 25
MM E2 at 21 DAS, whereas the ‘Multi’-treated plants were sprayed four times with 25 uM 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, paq < 0.05), with ‘Seed’ (-13 %) and ‘Single’
(-10 %) treatments having intermediate but significant reductions in GLA compared to ‘DMSO’-
treated plants (Tukey, pag < 0.05), which were not statistically different from each other (Tukey,
padi > 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: ‘DMSQO’ (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 uM) 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, padqj < 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:ROS71-YFP L5 plants under each treatment regimen
(‘DMSQ’, ‘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 ‘Mult’
treatments from ‘DMSO’ and ‘Seed’ treatments along the first principal component (PC1)
(Figure 6.3a). ‘Seed’-treated seedlings clustered closely with ‘DMSQO’-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 (5ShmC), and DNA Né-methyladenosine (6mA) at alll
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 5hmcC 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
‘DMSQO’-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 ‘DMSQO’-treated plants (t-test,
g < 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, paq > 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 ‘DMSQO’-, ‘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 ‘DMSQO’-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 ‘DMSQO’-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 (pag < 0.05).

To identify DMRs that are associated with resistance to Pst-Lux, Pc, and hypoxia
(Figures 6.2d, 6.2¢, 6.2f), hypo- and hyper-methylated DMRs were merged separately across
contexts for a given comparison (‘Seed’, ‘Single’, ‘Multi’) against ‘DMSQO’. 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,
g < 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, ¢ > 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.
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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-DMRSs; 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 (g > 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 (pag > 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 (paq; > 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.
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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; Lopez Sanchez 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; Lépez Sanchez 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 (Lépez
Sanchez 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, | 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:ROS7-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 ChlP-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 ROS7 in germinating XVE:ROS71-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., Lépez Sanchez 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
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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 (‘'DMSQO’, ‘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, paq; < 0.05). Plants were grown under
different growth conditions (10 hour light period, 200 pmol s' m=2 light intensity, 21:19°C day:night
temperatures), hence the differences in GLA compared to Figure 6.2c.
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Supplementary Figure 6.2 PCA plots of different epigenetic marks under different E2 treatment
regimens.

Principal component analysis (PCA) plots showing variation in (a) N-adenine DNA methylation (6mA)
and (b) 5-hydroxymethylcytosine DNA methylation (5hmC) in ‘DMSQO’-, ‘Seed’-, ‘Single’-, and ‘Multi’-
treated plants (Figure 6.2b) at all adenosines and cytosines across the genome with 25 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.
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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 yM 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); * g < 0.05, ** ¢ < 0.01, *** ¢ < 0.001, ns g > 0.05.
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Context-merged hyper-DMRs
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Single Multi

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; Lopez Sanchez 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 ros7-4 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 Lépez Sanchez et al (2016).

However, while research using ros?7 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 (lwasaki 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
(Lépez Sanchez 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
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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 7" 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, | 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 | (‘copy and paste’) and class Il (‘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 B-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 Il 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

215



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; Nufiez 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

216



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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