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1. Introduction  

 

Living organisms are exposed to many environmental factors that can interfere with 

their development. Plants, due to their sessile lifestyle and their autotrophy, have to cope 

with the genotoxic stress associated with sunlight. Indeed, UV exposure recurrently damages 

DNA and consequently endangers the genetic integrity of the plant. While the fundamental 

repair processes of DNA have been extensively studied, the essential role of the epigenome in 

these processes only recently gained interest. The following research work aims at deciphering 

the DNA repair processes acting within constitutive heterochromatin in the model plant 

Arabidopsis thaliana. Subsequently, this introduction will present the current knowledge 

about the crosstalk between chromatin/epigenome, DNA damage, and DNA repair processes.   

 

1.1. Arabidopsis thaliana as a model plant  

 

Arabidopsis thaliana, also called the thale cress or the mouse-ear cress is an annual 

plant from the Brassicaceae family and a central model in the field of plant research (Fig. 1) 

(Meinke et al. 1998; Koornneef and Meinke 2010). Arabidopsis thaliana brings together 

several interesting characteristics such as a small size, a relatively fast life cycle (6 weeks from 

seed to seed), and a high seed yield in standardized lab-growth conditions (Meinke et al. 1998; 

Rivero et al. 2014). Additionally, Arabidopsis thaliana, in contrast to its close relatives  

(i.e., Arabidopsis lyrata), is a self-pollinator (Tang et al. 2007). 

Its use as a model organism starts with the early Ph.D. work of Friedrich Laibach (1907), 

interested in the fundamental process of genetic inheritance and chromosome individuality 

(Laibach 1907). Four decades later, he further promoted the suitability of Arabidopsis thaliana 

for genetic studies and already mentioned at that time the potential advantages of studying 

the naturally occurring variability in between Arabidopsis thaliana accessions. (Laibach 1943; 

Koornneef and Meinke 2010). Indeed, another great advantage of Arabidopsis thaliana as a 

model plant is its geographic spreading that happened 120 to 45 thousand years ago  

(Fulgione and Hancock 2018). 
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 This spreading all around the terrestrial globe gives rise to a large number of natural variants 

growing in a large range of ecosystems (ecological niches), going from Columbia (Fig. 1) 

(Provart et al. 2016), to the Madeiran island (Fulgione et al. 2018)  or to the Tibetan plateau 

(Zeng et al. 2017).  

The study of these natural variants is an interesting tool to follow adaptational development 

and are recurrently used to investigate the molecular actors linking phenotypes to 

environments (Kawakatsu et al. 2016; Takou et al. 2019). 

 

 

 

Figure 1: The model plant Arabidopsis thaliana 

Left panel: drawing of flowering Arabidopsis thaliana from K. Sutliff (Meinke et al. 1998). Central panel:  picture 

of Arabidopsis thaliana. Right panel:  pictures of Arabidopsis thaliana natural variants of Columbia, Moscow, and 

Cape Verde at rosette stage. 

 

Since Laibach, thousands of scientists have contributed to the current understanding of 

Arabidopsis thaliana’s intrinsic mechanisms and consequently to depict the ubiquitous 

biological processes (Somerville and Koornneef 2002; Koornneef and Meinke 2010; 

Provart et al. 2016).  
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This accumulation of knowledge enables further understanding of the crosstalk between 

complex biological mechanisms and strengthens the position of Arabidopsis thaliana as model 

organism. In addition, decades of work provided many robust methods and tools (Rivero et al. 

2014; Provart et al. 2016). 

 

Among these facilities, several seed stock centers exist, such as the Arabidopsis Biological Re-

source Center (ABRC) in the United States, The Sendai Arabidopsis Seed Stock Center (SASSC) 

in Japan, and the Nottingham Arabidopsis Stock Centre (NASC) in the UK (Scholl et al. 2000). 

These stock centers give direct access to thousands of mutant lines and to all kinds of natural 

accessions, thereby furnishing the source of plant material for research (Scholl et al. 2000). 

The access to the collection of T-DNA insertions mutant lines has long been a considerable 

advantage compared to other model organisms such as Mus musculus and Drosophila 

melanogaster (Ülker et al. 2008). The genomic sequence of Arabidopsis was released in 2000 

(The Arabidopsis Genome Initiative 2000), and the publicly accessible portals and databases 

such as TAIR (The Arabidopsis Information Resource) and Araport (The Arabidopsis 

Information Portal) (Reiser et al. 2017; Pasha et al. 2020), enable to browse through many 

different types of genomic and epigenomic resources (Cantó-Pastor et al. 2021).    

 

1.2. The genome of Arabidopsis thaliana  

 

The genome of Arabidopsis thaliana is composed of 5 chromosomes (2n=10) and has 

a total size of approximately 135 Megabases (Mb). As previously mentioned, the first nearly 

complete genome assembly was released in 2000 (The Arabidopsis Genome Initiative 2000). 

At that time, 120 Mb have been sequenced, leaving some gaps of uncertainty, mainly in 

regions with high sequence repetitions (The Arabidopsis Genome Initiative 2000).  

Recently, most gaps from this golden path of the genomic sequence have been filled thanks 

to a High-quality genome assembly following Nanopore, and HiFi-Long read sequencing 

(Michael et al. 2018; Wang et al. 2021a). Aside from the 27.500 annotated protein-coding 

genes(Wang et al. 2021a), the Arabidopsis genome also contains around 32.000 Transposable 

Elements (TE), representing approximately 20% of the genome (Quesneville 2020). 
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As described for most eukaryotic organisms, the four bases of the genetic code do not show 

an equivalent usage in the Arabidopsis genome, having global GC content of around 36%  

(The Arabidopsis Genome Initiative 2000; Wang et al. 2021a). The discrepancy between  

GC- and AT- contents was somehow linked to genome size and explained by different 

hypotheses, such as the uptake of usually AT-rich foreign DNA and the increased synthesis 

cost of G/C. (Šmarda et al. 2014; Bohlin and Pettersson 2019). 

The genomic sequence can spatially be subdivided into 3 main regions: telomeres, 

(peri-)centromeres, and chromosome-arms (Fig. 2A)  (The Arabidopsis Genome Initiative 

2000). Telomeres are located at the extremity of chromosomes and shield the coding regions 

of degeneration (Riha and Shippen 2003). In Arabidopsis thaliana, 8 chromosome arms show 

a “classical” sequence pattern with telomeric repeats (CCCTAAA/TTTAGGG) of variable length 

ranging from 1862 to 3563 bp (Fig. 2A) (Wang et al. 2021a). In contrast, 2 chromosome arms, 

the short arms of chromosomes 2 and 4, show an atypical structure with 45S ribosomal-DNA 

(rDNA) clusters at the extremity (Copenhaver and Pikaard 1996; Wang et al. 2021a).  

This specificity can notably be explained by a recent chromosome breaking event, followed by 

de novo telomere formation (Copenhaver and Pikaard 1996).  

 

Centromeres are localized in the chromosome, thereby defining the inner limit of both 

chromosome arms (Fig. 2A) (The Arabidopsis Genome Initiative 2000; Naish et al. 2021).  

The key function of centromeric regions is to direct the kinetochore formation in order to 

allow proper chromosome segregation upon cell division processes (Lermontova et al. 2014; 

Naish et al. 2021). In-plant centromeres contain specific tandem repeat sequences of a length 

ranging from 150 to 180 bp by unit, covering several Mb of the genome (Fig. 2A) (Oliveira and 

Torres 2018; Wang et al. 2021a). In Arabidopsis thaliana, the 178 bp pAL1 repeat (also named 

cen180 or 180bp) is the typical centromeric repeat (Wang et al. 2021a; Naish et al. 2021) and 

has no sequence homology but has the approximatively same size as the alpha-satellites of 

the Human centromeres (Oliveira and Torres 2018; Sullivan and Sullivan 2020).  

The five Arabidopsis centromeres are called CEN1 to 5, and have sizes of 9, 4, 4, 5.5 and 4.9 

Mb, respectively (Hosouchi et al. 2002; Wang et al. 2021a). The composition of the five 

Arabidopsis centromeres slightly differs from each other depending on a mix of four different 

cen180 tandem repeat satellite clusters, transposons, and 5S rDNA arrays (Oliveira and Torres 

2018; Wang et al. 2021a).  
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The predominant type of transposons that invaded the centromeres are long terminal repeat 

(LTR) Retrotransposons derived from Athila2 (106B and TSI, for example) and LTRs from the 

GYPSY family (Simon et al. 2015; Wang et al. 2021a).  Aside from the TEs, a few genes could 

also be found in these regions (Wang et al. 2021a). An additional distinction is often made to 

describe the border of centromeres, also called the peri-centromeres (Fig. 2A) (Fransz et al. 

2000; Talbert et al. 2002; Simon et al. 2015). These pericentromeric regions mostly contain 

TEs and 5S-rDNA clusters but no cen180 repeats (Fig. 2A) (Quesneville 2020; Wang et al. 

2021a). Interestingly, pericentromeric areas build GC-rich isochores (~40% GC-Content) 

mainly because of 5S-rDNA clusters (Zhang and Zhang 2004; Wang et al. 2021a). 

 

Finally, in-between telomeres and centromeres/peri-centromeres, there are the chromosome 

arms. The chromosome arms represent the largest part of the genome and contain a broad 

range of different sequences (The Arabidopsis Genome Initiative 2000; Wang et al. 2021a). 

The probably most essential components of the chromosome arms are the protein-coding 

genes (PCG) (Fig. 2A). Like a blueprint, these PCG encodes for the bricks building the whole 

complexity of the multicellular organism, including its adaptability to various environments 

(The Arabidopsis Genome Initiative 2000; Lynch and Conery 2003; Charlesworth and Barton 

2004). Aside from these PCG, chromosome arms also contain several other components, such 

as sequences encoding for tRNAs (Hummel et al. 2020), Long-non-coding RNAs (Jampala et al. 

2021), micro RNAs (Xu et al. 2018), particular TEs …. (Maumus and Quesneville 2014; 

Quesneville 2020; Yocca et al. 2021).   
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1.3. The epigenome of Arabidopsis thaliana 

 

As presented here above, the Arabidopsis genome contains a large range of sequences 

whose expression and replication must be tightly regulated (Fig. 2A) (Gibney and Nolan 2010). 

For example, the expression of PCG needs to be spatially and temporarily framed to allow 

routine processes, tissue dedifferentiation (Ali et al. 2020), development (Wils and Kaufmann 

2017), and specific responses to environmental stimuli (Chang et al. 2020). At the same time, 

TE needs to be silenced to avoid undesired genomic rearrangements (Quesneville 2020).  

In order to fine-tune the protein-DNA interactions responsible for locus-specific transcription 

(Gibney and Nolan 2010) and replication (Costas et al. 2011) a supplemental set of 

information, completing the DNA sequence, is needed. This additional set of information is 

called the epigenome.  

 

The epigenome is defined as the sum of several epigenetic layers, including DNA methylation, 

nucleosome positioning, histone variant distribution, and histone Post-Translational 

Modifications (PTMs). Generally speaking, the sum of all epigenetic layers ends up in higher-

chromatin structures, subdividing the genome in transcriptionally active euchromatin and 

transcriptionally silenced heterochromatin.   
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Figure 2: Distribution of genetic and epigenetic entities along chromosome 1 

(A) Graphical representation of the global distribution of the protein-coding genes (PCG), transposable elements 

(TE), 180pb repeats, and telomeric repeats along chromosome 1 of Arabidopsis thaliana. Telomeres, 

chromosome arms, pericentromere, and centromere are annotated. (B) Graphical representation of the global 

distribution of DNA methylation, nucleosome positioning, and different histone variants along chromosome 1. 

(C) Graphical representation of the global distribution of the histone PTMs H3K4me3, H3K9me2, H3K27me1, and 

H3K27me3 along chromosome 1. Effect of PTMs on transcription. “ + ” activation ;  “ - ” repression.  
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1.3.1. DNA methylation  

 

A well-studied epigenetic mark is DNA methylation occurring at carbon 5 of Cytosine 

(5-mC) (Law and Jacobsen 2010; Zhang et al. 2018b). How DNA methylation is established, 

maintained, and erased in Arabidopsis was described in the part “Dynamics of DNA 

methylation” in our book chapter untitled “DNA damage and DNA methylation”  

(see § 1.5. “Attached reviews” for details). 

 

1.3.2. Nucleosome positioning 

 

The subsequent epigenetic layers are related to the compaction of genomic DNA in 

building blocks called nucleosomes. A nucleosome is defined as a unit of around 146 bp of 

DNA wrapped around a core histone octamer composed of 2 Histones 2A (H2A), 2 Histones 

2B (H2B), 2 Histones 3 (H3), and 2 Histones 4 (H4; Fig. 3) (Probst et al. 2020). The DNA located 

between 2 nucleosomes has a variable size and is called linker DNA. In some cases, this linker 

DNA is bound by the Histone 1 (H1), which alternatively also binds on top of nucleosomes 

close to the DNA entry and exit sites (Fig. 3) (Probst et al. 2020). This complex DNA-histone 

structure is called chromatin (Probst et al. 2020). Core histones contain a central histone fold 

domain made of 3 α-helices and of more flexible N-tail regions that protrude out of the 

nucleosomes (Koyama and Kurumizaka 2018; Probst et al. 2020; Adhireksan et al. 2020). 

  The linker histone H1, in turn, contains a globular domain and dynamic N- and C- terminal 

regions (Probst et al. 2020; Adhireksan et al. 2020).  
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Figure 3: Schematic representation of a nucleosome 

Schematic representation of DNA molecule wrapped around the histone core octamer composed of histones 

H2A, H2B, H4, and H3. The nucleosome is stabilized by the binding of a linker histone H1.  

 

In Arabidopsis, like in most eukaryotes, the nucleosome positioning and H1 occupancy 

participate, among others, in the regulation of replication, transcription, and alternative 

splicing (Rutowicz et al. 2019; Jabre et al. 2021). Indeed, nucleosome and H1 packaging 

globally inhibit the accessibility of most DNA interacting proteins, thereby regulating the 

protein activity at bounded loci (Liu et al. 2015; Rutowicz et al. 2019).  

The positioning of nucleosomes was shown to depend on at least two factors.  

Firstly, the nucleotide composition and secondly, the intervention of chromatin remodelers 

and histones chaperones (Liu et al. 2015; Yadav and Whitehouse 2016; Muñoz-Viana et al. 

2017). In Arabidopsis thaliana, nucleosomes and histone H1 are enriched in centromeric- and 

pericentromeric- regions and participate in the transcriptional silencing of TEs (Fig. 2B) 

(Chodavarapu et al. 2010; Salih and Trifonov 2015; Pass et al. 2017; Rutowicz et al. 2019). 

Additionally, nucleosomes positioning and H1 are both involved in specifying the sites where 

DNA methylation should be deposited (Chodavarapu et al. 2010; Zemach et al. 2013). 
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Indeed, nucleosome and H1 rich regions are favorable targets of all 3 DNA methylation 

contexts: CG, CHG, and CHH, where H is A, C, or T (Chodavarapu et al. 2010; Zemach et al. 

2013). The methylation of DNA wrapped around nucleosomes shows a periodicity of around 

ten bp (Chodavarapu et al. 2010). This correlates with the periodicity by which the major 

groove of the DNA helix, the target of DNA methyltransferases, is exposed away from 

nucleosomes core (Chodavarapu et al. 2010). 

 

1.3.3. Histone variants and chaperones 

 

Interestingly, to further enlarge the epigenetic multi-functionality of nucleosomes, 

eukaryotic organisms express different histone variants. They differ from each other in 

peptide sequence and genomic distribution (Fig. 2B) (Biterge and Schneider 2014; Probst et 

al. 2020). In Arabidopsis thaliana, 50 annotated genes encode for 9 H3 variants, 13 H2A 

variants, 11 H2B variants, and a single H4 variant (Table 1) (Probst et al. 2020). 

 

The two predominant H3 variants are H3.1 and H3.3, differing by four amino acids (Probst et 

al. 2020). While H3.1 shows an S-phase specific expression indicating DNA-synthesis-

dependent incorporation in chromatin, H3.3 incorporation apparently occurs in a  

DNA-synthesis-independent manner (Okada et al. 2005; Jiang and Berger 2017; Probst et al. 

2020). Interestingly in whole seedlings, H3.1 and H3.3 are both expressed and mainly differ in 

their genomic distribution (Stroud et al. 2012).  

 

In Arabidopsis, like in mammals, this distribution mainly relies on two histone chaperones, the 

CHROMATIN ASSEMBLY FACTOR 1 (CAF-1), which loads H3.1-H4 dimers explicitly upon 

replication, and the Histone Regulator A (HIRA), which predominantly loads H3.3-H4 dimers 

(Duc et al. 2015; Muñoz-Viana et al. 2017; Probst et al. 2020). The Arabidopsis CAF-1 complex 

interacts with the Proliferating Cell Nuclear Antigen (PCNA) at replication forks to primarily 

load H3.1 upon de novo DNA synthesis (Jiang and Berger 2017). H3.3, in turn, serves as 

replacement histone, which is later on incorporated, mainly as a consequence of 

transcriptional activity during interphase (Schneiderman et al. 2012; Duc et al. 2015).  
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H3.1 is found to be enriched in pericentromeric regions, whereas H3.3 is predominantly 

enriched in chromosome arms and positively correlates with transcriptional activity (Fig. 2B) 

(Stroud et al. 2012; Wollmann et al. 2012). The loading of H3.3 on the Arabidopsis genome 

mainly depends on HIRA; however alternative H3.3 loading mechanisms are expected, as HIRA 

loss of function does not abolish H3.3 incorporation (Duc et al. 2015). One known actor 

involved in an alternative H3.3 deposition pathway is the Alpha Thalassaemia/Mental 

Retardation Syndrome X-Linked protein (ATRX) (Duc et al. 2017; Wang et al. 2018).  

In mammals, ATRX seems to function as a recruitment platform for the chaperone Death 

Domain Associated Protein (DAXX) (Dyer et al. 2017). In Arabidopsis, DAXX homologs have not 

been identified, and the exact mechanisms by which ATRX allows the H3.3 loading remains 

unclear (Duc et al. 2017).  

 

The role and specificity of the other more atypical H3 variants remain poorly understood apart 

from HTR12. Indeed, HTR12 encodes for the centromeric H3 variant of Arabidopsis (CenH3) 

(Nagaki et al. 2003; Stroud et al. 2012). CenH3 has a highly divergent amino-acid composition 

compared to all other H3 variants (Nagaki et al. 2003; Le Goff et al. 2020). In addition, CenH3 

is associated with a unique role in centromeric 180 bp repeat binding (Fig. 2B) (Nagaki et al. 

2003; Le Goff et al. 2020). This specific loading of CenH3 most likely depends on the shuttling 

by the orthologue of the mammalian NUCLEAR AUTOANTIGENIC SPERM PROTEIN (NASP) 

chaperone and on the incorporation by a yet unknown partner (Le Goff et al. 2020).  

 

The H2A variants can be subdivided into four groups: the H2A, H2A.X, H2A.Z, and H2A.W 

variants, with the H2A.W type being specific to the plant kingdom (Yelagandula et al. 2014; 

Kawashima et al. 2015; Probst et al. 2020). At the scale of amino acid sequences most 

differences in between H2.A variants are found in the C-terminal, loop1, and docking domain 

(Kawashima et al. 2015). These structural differences induce significant changes in 

nucleosome stability. H2A.Z-H2B dimers are more rapidly displaced (Osakabe et al. 2018), 

whereas the H2A.W C-terminal interacts with the linker DNA (Stroud et al. 2012). 

H2A.X is found all over the genome and has an essential role in DNA Doubles Strand Break 

(DSB) repair (Fig. 2B) (Ismail and Hendzel 2008; Probst et al. 2020). H2A and H2A.Z are mostly 

localized on chromosome arms and are excluded from the pericentromeric region where 

H2A.W variants accumulate (Fig. 2B) (Yelagandula et al. 2014; Probst et al. 2020).  
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Less is known about the H2B variants (Probst et al. 2020). Recent work proposes to subdivide 

the 11 Arabidopsis variants into either two groups (based on their expression in reproductive 

tissues and evolutional apparition linked to seed production in plants) (Jiang et al. 2020) or 

three classes (based on multiple alignments) (Khadka et al. 2020) (Table 1). However, the first 

group of H2B variants (H2B.1, 2, 3, 4, 9 and 11) overlaps with the first class, and the 2nd  group 

of the so-called H2B.S variants (H2B.5, 6, 7, 8 and 10) overlaps with the Class II, except for 

H2B.8  which is set apart in the Class III (Jiang et al. 2020; Khadka et al. 2020).  

First steps characterizing the genomic distribution of some H2B variants reveal that H2B.3 is 

enriched over PCG bodies and is somewhat positively correlated with transcription (Jiang et 

al. 2020). Conversely, H2B.2 mainly localizes in pericentromeric and transcriptionally inactive 

regions (Fig. 2B) (Jiang et al. 2020). In addition, H2B.3 was shown to primarily interact with 

H2A.Z and H3.3, whereas H2B.3 is poorly found in this conformation (Jiang et al. 2020). 

Consequently, the working model proposes that H2B.3 acts, like H3.3 and H2A.Z variants, as a 

replication-independent “replacement” histone (Stroud et al. 2012; Jiang et al. 2020).     

 

The distribution of H2B-H2A dimers depends on five chaperones: NUCLEOSOME ASSEMBLY 

PROTEIN-1 (NAP1), FACILITATES CHROMATIN TRANSCRIPTION (FACT), NAP1-RELATED 

PROTEIN (NRP), Channels Modulator Chlorzoxazone (CHZ), and DECREASE IN DNA 

METHYLATION 1 (DDM1), with different specializations for each H2A variant (Zhou et al. 2015; 

Osakabe et al. 2021). Canonical H2B-H2A incorporation depends on an interplay between 

NAP1, NRP, and FACT (Zhou et al. 2015). H2B-H2A.Z incorporation depended on NAP1 FACT 

and CHZ (Zhou et al. 2015) and was shown to be assisted by the ATP-dependent chromatin 

remodeling complex SWR1 (Mizuguchi et al. 2004). H2B-H2A.Z removal, in turn, was recently 

shown to depend on NRP, thereby fine-tuning the H2A.Z occupancy (Wang et al. 2020).  

H2B-H2AX loading was for now described only for FACT (Zhou et al. 2015). Finally, the 

mechanism of incorporation of the plant-specific H2A.W was recently described to rely on the 

chromatin remodeler DDM1 (Osakabe et al. 2021).  

 

Finally, the Arabidopsis genome encodes three H1 variants, H1.1, H1.2, and H1.3 (Probst et al. 

2020). H1.3 significantly differs from the two others due to short N- and C- terminal tails and 

the lack of DNA binding domain. As a consequence, H1.3 appears to be relatively dynamic 

within chromatin (Rutowicz et al. 2015; Probst et al. 2020).  
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H1.3 was shown to be required for a substantial part of DNA methylation associated with 

environmental stimuli, suggesting that H1.3 may enable chromatin accessibility by entering in 

competition with the more stable H1 variants (Rutowicz et al. 2015). H1.1 and H1.2 are 

enriched in transcriptionally repressed regions and are nearly entirely depleted of H3.3 

occupied territories (Fig. 2B) (Braunschweig et al. 2009; Probst et al. 2020). 

 

 

 

 

Table 1: Arabidopsis thaliana histone variants  

List of all known Arabidopsis thaliana variants. Different subgroups are labeled by shades of the same color.  

The table was modified from (Probst et al. 2020). 

 

1.3.4. Histones PTMs 

 

Once histone variants are loaded all over the genome, their functionality is often 

completed by Post-translational modifications (PTMs). Indeed, an extensive range of PTMs 

can be added on core and H1 linker histones to allow a fine-tuned regulation of transcription 

and replication (Vergara and Gutierrez 2017; Ueda and Seki 2020; Leng et al. 2020).  

Most PTMs are covalently attached to the N- Tail of core Histones (Leung and Gaudin 2020). 

In animals at least 260 amino-acid histone positions were reported to be post-translationally 

modified (Sabari et al. 2017). A comparable number is expected to be found in plants (Zhang 

et al. 2007; Leung and Gaudin 2020).  

Histone H3 Gene Histone H4 Gene Histone H2A Gene Histone H2B Gene Histone H1 Gene

 H3.1 At5g65360 , HTR1   H4 At3g46320   H2A.1 At5g54640 , HTA1   H2B.1 At1g07790 , HTB1   H1.1 At1g06760 , H1.1  

At1g09200 , HTR2  At5g59690   H2A.2 At4g27230 , HTA2   H2B.2 At5g22880 , HTB2   H1.2 At2g30620 , H1.2  

At3g27360 , HTR3  At2g28740   H2A.10 At1g51060 , HTA10   H2B.3 At2g28720 , HTB3   H1.3 At2g18050 , H1.3  

At5g10400 , HTR9  At1g07820   H2A.13 At3g20670 , HTA13   H2B.4 At5g59910 , HTB4  

At5g10390 , HTR13  At3g53730   H2A.X.3 At1g54690 , HTA3   H2B.9 At3g45980 , HTB9  

 H3.3 At4g40030 , HTR4  At5g59970   H2A.X.5 At1g08880 , HTA5   H2B.11 At3g46030 , HTB11  

At4g40040 , HTR5  At3g45930   H2A.W.6 At5g59870 , HTA6   H2B.5 At2g37470 , HTB5  

At5g10980 , HTR8  At1g07660   H2A.W.7 At5g27670 , HTA7   H2B.6 At3g53650 , HTB6  

 H3.6 At1g13370 , HTR6   H2A.W.12 At5g02560 , HTA12   H2B.7 At3g09480 , HTB7  

 H3.7 At1g75610 , HTR7   H2A.Z.4 At4g13570 , HTA4   H2B.10 At5g02570 , HTB10  

 H3.10 At1g19890 , HTR10   H2A.Z.8 At2g38810 , HTA8   H2B.8 At1g08170 , HTB8  

 H3.11 At5g65350 , HTR11   H2A.Z.9 At1g52740 , HTA9  

 H3.14 At1g75600 , HTR14   H2A.Z.11 At3g54560 , HTA11  

 H3.15 At5g12910 , HTR15  

 CenH3 At1g01370 , HTR12  
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The most prominent and well-documented PTMs are methylation, acetylation, 

phosphorylation, and ubiquitination (Leung and Gaudin 2020; Ueda and Seki 2020).  

However, many others are also involved in histone PTMs, such as SUMOylation and  

ADP-ribosylation (Leung and Gaudin 2020). The regulation and impact of this complex 

epigenetic layer is ruled by three classes of actors: the writers, erasers, and readers (Ueda and 

Seki 2020). Writers are proteins that deposit the modifying moiety. Conversely, erasers 

remove the modifying moiety. Finally, readers specifically recognize the PTMs to enable the 

regulatory effect (Zhao et al. 2018; Ueda and Seki 2020).   

 

Given that our study only focuses on a set of PTMs, the following part will concentrate on a 

subset of the most studied histone PTMs in Arabidopsis thaliana: methylation at lysine (K) of 

histone H3 on positions K4, K9, and K27.  

 

The lysine 4 of histone 3 (H3K4) was predominantly shown to be mono-, bi-, and  

tri-methylated. H3K4m2/3 localize near the Transcription Start Site (TSS), and H3K4me1 

localizes all over the transcribed regions with a slight 3’ bias (Cheng et al. 2020).  

In most eukaryotes, H3K4 methylation globally correlates with transcriptional activity and is 

depleted from TEs and highly methylated regions (Howe et al. 2017; Cheng et al. 2020).  

In Arabidopsis, the methylation of H3K4 depends on the Trithorax group (TrxG)  Set-Domain 

group (SDG) proteins (Tamada et al. 2009; Chen et al. 2017; Cheng et al. 2020).  

In yeast, the H3K4 methylation is mainly triggered by nearby H2B mono-ubiquitination 

(H2Bub). Interestingly, in Arabidopsis, a significant part of H3K4 methylation appears to be 

independent of H2Bub, despite its colocalization in transcribed regions (Fiorucci et al. 2019). 

The demethylation of H3K4m1/me2/me3 depends on LSD1 homologs and several members 

of the lysine demethylase KDM5 group Jumonji (JMJ) proteins (Jiang et al. 2007; Liu et al. 2007; 

Lu et al. 2010; Liu et al. 2019; Cheng et al. 2020). H3K4 methylation was notably linked to 

transcriptional elongation through ATX1 (Arabidopsis Trithorax Homologue 1) (Fromm and 

Avramova 2014).  
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In contrast to H3K4, the mono-, di- and tri-methylated Lysine 9 of Histone 3 (H3K9) were 

predominantly linked to expressional repression (Jackson et al. 2004; Lee et al. 2018; Cheng 

et al. 2020). H3K9me1 and H3K9me2 are enriched in pericentromeric regions with high  

DNA-methylation status (Fig. 2C) (Jackson et al. 2004; Cheng et al. 2020), whereas H3K9me3 

localize all over the genome and repress the transcription of a subset of TEs and PCG (Veiseth 

et al. 2011; Lee et al. 2018). In mammals, drosophila, and yeast, H3K9me3 represents the main 

histone PTM in pericentromeric heterochromatin (Jih et al. 2017; Machida et al. 2018; Nicetto 

and Zaret 2019; Wei et al. 2021). Importantly, in Arabidopsis thaliana, H3K9me2 plays this role 

(Fig. 2C) (Xu and Jiang 2020). 

 

The di-methylation of Arabidopsis H3K9 mainly depends on the SET-domain containing 

SU(VAR)3-9 HOMOLOGS SUVH4 (Suppressor of variegation 3-9 homolog protein 4; hereafter 

also called KRYPTONITE : KYP), SUVH5, and SUVH6 (Fig. 4 and 5) (Jackson et al. 2002; Ebbs and 

Bender 2006; Li et al. 2018). Interestingly, the SET and RING-Associated domain (SRA) of these 

methyltransferases show a high affinity for methylated DNA (Stroud et al. 2014; Li et al. 2018; 

Xu and Jiang 2020). At the same time, H3K9me2 serve as anchor signal enhancing non-CG DNA 

methylation either directly through CMT2 and CMT3 (CHROMOMETHYLASE 2/3)  or indirectly 

through the H3K9me2 reader SHH1 (DNA TRANSCRIPTION FACTOR 1/SAWADEE 

HOMEODOMAIN HOMOLOG 1), further recruiting the RdDM machinery (Fig. 4) (Law et al. 

2013; Stroud et al. 2014). Together these complementary mechanisms ensure the 

maintenance of a silenced environment.  Aside from the canonical establishment of H3K9me2 

landscape, the SU(VAR)3-9-RELATED proteins SUVR4 and SUVR5 were shown to convert 

H3K9me1 to H3K9me2/me3 in vitro and to establish H3K9me2 in a DNA methylation-

independent manner, respectively (Fig. 5) (Thorstensen et al. 2006; Caro et al. 2012). 

 In addition, a putative endosperm-specific methyltransferase activity was proposed for 

SUVH7 and SUVH8, albeit it requires further investigations (Gehring et al. 2011; Wolff et al. 

2011; Xu and Jiang 2020). 
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Figure 4: The feed-forward reinforcement loop between DNA methylation and H3K9me2 

SUVH4/5/6 histone methyltransferases recognize methylated cytosines (5mC) on the DNA molecule as an anchor 

to di-methylate proximal Lysine 9 (K9) of histone H3. H3K9me2 is recognized by CMT2/CMT3 and SHH1, thereby 

triggering direct or indirect DNA methylation, respectively.  

 

In Arabidopsis, the erasure of H3K9me2 is catalyzed by the demethylase activity of at least 

five Jumonji (JMJ) C domain-containing proteins, JMJ30, JMJ29, JMJ28, JMJ27, and JMJ25 

(Fig. 5) (Hung et al. 2021). These demethylases are close homologues of the KDM3 group 

protein in Human and Drosophila which regulates H3K9me2 demethylation (Holowatyj et al. 

2015). However, due to H3K9me3-like, pericentromeric localization of H3K9me2, the KDM4 

group which demethylates H3K9me3 in Human, may be considered when comparing 

processes of heterochromatin regulation (Janssen et al. 2019). JMJ25, also called IBM1 

(INCREASE IN BONSAI METHYLATION 1) was the first H3K9me1/me2 demethylase studied 

(Fig. 5) (Cheng et al. 2020). IBM1 was shown to prevent the spreading of heterochromatic 

H3K9 di-methylation in transcriptionally active genes (Saze et al. 2008; Miura et al. 2009), 

thereby participating in Arabidopsis immunity and RdDM (Fan et al. 2012; Chan and Zimmerli 

2019) JMJ27 was reported to coordinate defense against Pseudomonas, to control flowering 

time (Dutta et al. 2017) and to regulate drought stress response (Fig. 5) (Wang et al. 2021b). 

JMJ28 is another H3K9me2 demethylase recently identified as a regulator of flowering 

through activation of the CONSTANS locus (Fig. 5) (Hung et al. 2021). Furthermore, JMJ30 was 

identified as an H3K9me3 specific demethylase, regulating a subset of genes responsible for 

the leaf to callus transition (Fig. 5) (Lee et al. 2018). Finally, JMJ29 was recently described for 

its H3K9me2 demethylase activity, regulating trichome development (Fig. 5) (Hung et al. 

2020).  
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Figure 5: Writers, readers and erasers of H3K9me and H3K27me in Arabidopsis thaliana 

Schematic representation of writers (green), readers (orange) and erasers (red) of the histone PTMs associated 

with methylation of Lysine 9 and Lysine 27 of histone H3. Degree of methylation is specified in brackets.  

 

 

In Metazoan, an essential reader of the heterochromatic H3K9m3 was early identified and 

called Heterochromatin Protein 1 (HP1) (Bannister et al. 2001; Jacobs et al. 2001). 

Interestingly, the closest sequence homolog LHP1 (Like-HP1) in Arabidopsis is not associated 

in vivo to H3K9me2 but to the tri-methylated Lysine 27 of Histone 3 (H3K27) (Turck et al. 2007). 

Instead, recent studies identified the AGDP1 (Agenet domain (AGD)-containing protein 1), also 

known as ADCP1, as H3K9me2 reader and functional homolog of HP1 (Fig. 5) (Zhang et al. 

2018a; Zhao et al. 2019). AGDP1 was shown to have a dual histone sensing faculty, reading, 

on the one hand, the H3K9me2, and on the other hand, the unmethylated H3K4me0. 

Consequently, AGDP1 is suspected to specifically target H3K9me2 in genomic regions that are 

clearly defined as transcriptionally silenced (i.e., within heterochromatin) (Zhang et al. 2018a). 

Thus, AGDP1 mainly participates in the H3K9me2-dependent heterochromatin formation by 

promoting DNA methylation (Zhang et al. 2018a) thanks to a phase separation mechanism, as 

described for HP1-alpha in Human, and HP1a in Drosophila (Zhao et al. 2019).  
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Aside from H3K9 methylation, the methylation on the Lysine 27 of Histone 3 (H3K27) is 

responsible for another essential set of PTMs inducing transcriptional silencing (Fig. 5).  

 H3K27 can be mono-, di- or tri-methylated. Interestingly like for H3K9, each methylation 

status has its own genome-wide distribution profile. H3K27me1 is enriched in silenced 

heterochromatin, consequently overlapping with H3K9me2 (Fig. 2C) (Jacob et al. 2010; 

Sequeira-Mendes et al. 2014). H3K27me2 is spread over the whole genome in gene-rich 

euchromatin as well as in regions with high TE density (Cheng et al. 2020).  

Finally, H3K27me3 predominantly localizes in transcribed regions of the genome, with a 

particular focus on the TSS (Fig. 2C) (Sequeira-Mendes et al. 2014; Carter et al. 2018). 

Surprisingly, H3K27me3 was also shown to be enriched in the telomeric sequences (Fig. 2C) 

(Vaquero-Sedas et al. 2012).  

 

H3K27 di- and tri- methylation depends on the Polycomb Repressive Complex (PRC2),  

firstly identified in Drosophila (Kuzmichev et al. 2002; Cheng et al. 2020). 

In Arabidopsis, the alternative combination of different subunits forms a large set of 

combinations to form PRC2 complexes (Kradolfer et al. 2013; Kim and Sung 2013; Xiao and 

Wagner 2015; Cheng et al. 2020). Each PRC2 complex has distinct roles in the transcriptional 

repression of a subset of H3K27me3 regulated genes (Xiao and Wagner 2015; Cheng et al. 

2020). The methyltransferase activity is carried by the core catalytic subunit, which can either 

be CURLY LEAF (CLF), SWINGER (SWN), or MEDEA (MEA) (Fig. 5) (Cheng et al. 2020).  

The different PRC2 complexes generally drive the transcriptional repression of 

developmental-transition genes and stress-responsive genes representing facultative 

heterochromatin (Xiao and Wagner 2015; Cheng et al. 2020). 

 

In animals, unlike in Arabidopsis, H3K27 mono methylation, is also deposited by PRC2 

complexes (Jacob and Michaels 2009). Indeed, in the model plant, H3K27me1 is established 

by 2 SET-domain containing methyltransferases, Trithorax-Related 5 and 6 (ATXR5 / ATXR6) 

mainly on H3.1 histone variants in a replication-dependent manner (Fig. 5) (Jacob et al. 2009; 

Jacob et al. 2014; Ma et al. 2018). Moreover, H3K27me1 was shown to prevent the release of 

silencing and re-replication events in heterochromatic regions by specific recruitment to the 

replication fork (Davarinejad et al. 2019).  
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More recent studies clarified this role, by highlighting the ATXR5/6- and H3.1K27me1-

dependent repression of H3.1K27 acetylation by the Histone Acetyl transferase (HAT) 

GENERAL CONTROL NON DEREPRESSIBLE 5  GCN5 (Dong et al. 2021). Interestingly, ATXR5/6 

methyl transferase activity was shown to be enhanced by SERRATE, which in parallel prevents 

RNA-dependent RNA polymerase 6 (RDR6)-dependent initiation of RdDM (Ma et al. 2018).  

The demethylation of H3K27 is mainly catalyzed by KDM4/JHDM3 group proteins (Fig. 5).  

Early Flowering 6 (ELF6/JMJ11) and Relative of Early Flowering 6 (REF6/JMJ12) function 

redundantly in H3K27me2/me3 demethylation during multiple developmental processes  

(Lu et al. 2011; Crevillén et al. 2014) and were shown to collaborate with the chromatin 

remodeler BRAHMA (BRM) (Li et al. 2016). In addition, JMJ13, JMJ30, and JMJ32 were shown 

to demethylate H3K27me3 and to regulate the flowering process through the control of 

Flowering locus T and C (FT and FLC) expressions (Fig. 5) (Gan et al. 2014; Zheng et al. 2019). 

REF6 was also shown to demethylate H3K27me1 in euchromatic regions (Fig. 5) (Antunez-

Sanchez et al. 2020). Notably, this non-heterochromatic H3K27me1 is not deposited by 

ATXR5,6 but is a residual product associated with canonical PRC2 H3K27me2/me3 followed 

by uncompleted demethylation (Antunez-Sanchez et al. 2020).   

 

Although H3K27me1 specific readers have not been described for now (Jacob and Michaels 

2009), H3K27me3 is recognized by 3 different readers LHP1, EARLY BOLTING IN SHORT DAYS 

(EBS), and its homolog SHORT LIFE (SHL) (Fig. 5). Interestingly, LHP1 only affects a few loci, 

whereas EBS and SHL binding highly overlap with (H3K4me3 + H3K27m3)-rich regions due to 

their bivalent reading (Qian et al. 2018; Krause and Turck 2018; Yang et al. 2018).  

Both EBS and SHL were shown to be essential for the transcriptional repression of several 

Polycomb loci (Qian et al. 2018; Krause and Turck 2018; Yang et al. 2018).  

Interestingly, H3K9 and H3K27 positions can be both alternatively targeted by histone  

acetyl-transferases, thereby generating H3K9ac and H3K27ac (Benhamed et al. 2006).  

Histone acetylation activates gene expression and thus antagonizes K9 and K27 methylations 

(Benhamed et al. 2006; Rymen et al. 2019). 
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The hereabove described histone PTMs reflect a small proportion of the large repertoire of 

PTMs and their complexity to shape the epigenome landscape. However, the PTMs 

homeostasis contributes to the fine-tuning of DNA accessibility, thereby regulating replication, 

transcription, and other processes, including DNA repair. 

 

1.3.5. Arabidopsis thaliana chromatin states 

 

The combination of the different layers of the Arabidopsis thaliana epigenetic marks 

results in the formation of multiple “Chromatin States” (CS) (Roudier et al. 2011;  

Sequeira-Mendes et al. 2014; Liu et al. 2018). Defining a reduced number of chromatin states 

aims at simplifying the epigenetic annotation of the genome, by classifying together the 

combination of closely related epigenetic marks regulating specific biological processes 

(Roudier et al. 2011; Liu et al. 2018). The Arabidopsis epigenome was firstly divided into four 

and subsequently nine CS (Roudier et al. 2011; Sequeira-Mendes et al. 2014).  

More recently, Liu et al. (2018) collected a large number of publicly available ChIP data and 

defined 36 CS. In our investigations, we will refer to the CS defined by Sequeira-Mendes et al. 

(2014). 

 

As summarized in Figure 6, CS1, CS2 and CS3 have a relatively high level in activating histone 

PTMs (H3K4me2/3, H3K36me4, H2Bub) (Sequeira-Mendes et al. 2014). However, CS1, due to 

its low nucleosome density and H3.3 / H2.AZ occupancy, tends to fit with TSSs, whereas CS3, 

with the presence of H3K4me1, is associated with transcriptional elongation (Sequeira-

Mendes et al. 2014). CS2, in turn, shows an additional enrichment of H3K27me3 and is 

consequently related to Polycomb-regulated genes (Fig. 6) (Sequeira-Mendes et al. 2014). CS4 

and 5 are centrally defined by a high H3K27me3, just like CS2, but lacking activating marks 

(Fig. 6) (Sequeira-Mendes et al. 2014). CS4 largely overlaps with non-coding and intergenic 

regions, and may regulate promoter activity in a distal manner whereas CS2 regulates 

promoters in a proximal manner (Sequeira-Mendes et al. 2014). CS5 Correspond to the 

canonical Polycomb signature, as described in Drosophila (Kharchenko et al. 2011), and is 

characterized by the nearly exclusive H3K27me3 loading in intergenic and genic regions  

(Fig. 6) (Sequeira-Mendes et al. 2014).   
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CS6 and CS7 are typical for intragenic areas, showing a high H2A.Z and H3K4me1 occupancy 

(in the case of CS6), and an important H3K4me1, H2Bub, and H3K36me3 load (in the case of 

CS7) (Fig. 6). Interestingly, state 7 was linked to transcription units, larger than the average 

length (Sequeira-Mendes et al. 2014). Finally, the so-called heterochromatin is defined by CS8 

and CS9 which both show high CG methylation status, H3.1, H3K9me2 and H3K27me1 

occupancy (Fig. 6). CS8 and CS9 can mainly be distinguished by their CG-rich or AT-rich 

contexts, respectively (Sequeira-Mendes et al. 2014). Consequently, CS9 is more closely 

related to pericentromeric regions.  

 

However, the epigenetic landscape is often oversimplified and defined as Euchromatin (EC), 

Facultative-Heterochromatin (FHC), and Constitutive-Heterochromatin (CHC).  

These categories originate from cytogenetics (Trojer and Reinberg 2007).  

Euchromatin represents the transcriptionally active regions and is associated with high H3 

acetylation and H3K4 methylation levels (Tamaru 2010). The facultative heterochromatin 

consists of the transcriptional inactive areas, which differ depending on cell type, 

developmental stage, and environmental stimuli and is generally related to the repressive 

mark H3K27me3 (Trojer and Reinberg 2007; Li and Zhou 2013). The constitutive 

heterochromatin is associated with DNA methylation, H3K9me2, and H3K27me1 in plants, and 

DNA methylation and H3K9me3 in mammals and Drosophila (Tamaru 2010).  
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Figure 6: Arabidopsis thaliana chromatin states  

Chromatin states are visualized through representative exemplary windows on the Integrated Genome Browser. 

Figure originates from the work of the Gutierrez Lab (Sequeira-Mendes et al. 2014). 

 

1.3.6. 3D chromatin organization  

 

Finally, to reach the complete picture of the Arabidopsis (epi-)genome, the spatial 

organization of the chromatin within the nucleus has to be considered. From early on, 

cytogenetic approaches showed the separation of euchromatin and heterochromatin in 

spatially distinct regions (Fig. 7A) (Passarge 1979; Berger 2019).  Indeed, Emil Heitz started to 

describe that “some parts of the mitotic chromosomes are more densely stained than others“ 

(Passarge 1979; Berger 2019). Since our understanding of the spatial distribution of chromatin 

considerably evolved, revealing another regulatory layer of the eukaryotic epigenome (Rowley 

and Corces 2018; Zhang and Wang 2021). 

 

In Arabidopsis, each chromosome was shown to occupy a specific domain, the chromosomal 

territories (CTs) (Bi et al. 2017). However, the relative position of CTs to each other seems to 

be random in interphasic nuclei (Bi et al. 2017). 
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After CTs, the first spatial interaction units of chromatin at 1 to 10 Mb-scale are the A- and B-

compartments where A- represents the euchromatic chromosome arms and B- the 

heterochromatic repeats in pericentromeric regions (Fig. 7B)  (Pontvianne and Grob 2020). 

This compartment organization spatially put CS8 and CS9 apart from the others CS. 

Interestingly, these A- and B- compartments can be easily observed with cytogenetic 

approaches as nucleoplasm at the nuclear inner and chromocenters localized near the nuclear 

envelope, respectively (Fig. 7B) (Fransz et al. 2002). 

 

When only considering the chromosome arms, sub-compartments called loose and closed 

structural domains (LSDs and CSDs) can be identified (Grob et al. 2014; Grob et al. 2014; 

Pontvianne and Grob 2020). LSDs are mainly constituted by active CS, whereas CSD contains 

the facultative heterochromatin, including the H3K27me3 repressive mark (Grob et al. 2014; 

Pontvianne and Grob 2020). In most eukaryotic species, further subdivision of each 

chromosome arm interaction allows defining the topologically associating domains (TADs) 

(Pontvianne and Grob 2020). TADs are Mb-sized interacting units in which several regions 

show a high interaction frequency to each other and a low interaction frequency with all other 

genomic loci (Pontvianne and Grob 2020; Zhang and Wang 2021).  In animals, the TAD 

formation is mainly driven by the sequence motif CCCTC and its binding factor (CTCF) (Guo et 

al. 2015; Pontvianne and Grob 2020).  

 

Interestingly, a plant homolog of CTCF has not been identified yet (Pontvianne and Grob 

2020). Given that TADs have been described in several plant species (Dong et al. 2018; Zhang 

et al. 2018c; Hu et al. 2019b; Pontvianne and Grob 2020), it was assumed that the CTCF 

insulator function might be solely fulfilled by cohesins (Pontvianne and Grob 2020),  

that are known to collaborate with CTCF in mammals (Schwarzer et al. 2017).  

Interestingly, in Arabidopsis, the mutation of cohesin expressing genes leads to a disturbed 

chromatin organization (Schubert et al. 2009). However, Arabidopsis thaliana is not the 

optimal model to investigate 3D genome architecture due to a nearly complete absence of 

TADs (Feng et al. 2014; Grob et al. 2014).  
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Despite the absence of TADs, the role of chromatin folding on Arabidopsis gene expression 

can be observed, for example, at the KNOT structure (Grob et al. 2014; Grob and Grossniklaus 

2019). KNOT is an interacting structure bringing together KNOT-Engaged Elements 1 to 10 

(KEE1 to KEE10) loci which are distributed all over the five chromosomes (Fig. 7B) (Grob et al. 

2014). Interestingly, KEEs show some sequence-specificities. Firstly, KEEs regions often 

harbored ATLANTYS3 and VANDAL6 TEs (Grob et al. 2014) and are thought to be under the 

regulatory processes related to TE biology (Grob et al. 2014). Indeed, a recent study 

demonstrated the role of KNOT in the silencing of foreign DNA (i.e., T-DNA) through a process 

called “KNOT-linked silencing” (KLS) (Grob and Grossniklaus 2019). Upon KLS, the invasive DNA 

is spatially delocalized to the KNOT structure (Grob and Grossniklaus 2019). 

This spatial proximity appears to participate in the invasive DNA silencing independently of 

DNA methylation and canonical silencing pathways (Grob and Grossniklaus 2019). 

Interestingly, KNOT-like structures is shown to be conserved in other plant species and 

resemble the Flamenco Locus of Drosophila, indicating potential conservation of the KLS 

process (Grob et al. 2014; Grob and Grossniklaus 2019).  

 

Aside from the KNOT, two other chromatin interaction hubs, which mainly depend on the 

relative position of chromatin compared to nuclear envelope or nucleoli, have been described: 

the plant lamina-associated chromatin domains (pLADS) and the nucleolus-associated 

chromatin domains (NADs; Fig 7B). 

 

In Metazoan, the nuclear lamin fibers were shown to shape the interaction of large 

heterochromatin domains at the nuclear periphery, the LADs (Pickersgill et al. 2006; Vertii et 

al. 2019).  Plants lack sequence homologs of lamins. However, the plant-specific CROWDED 

NUCLEI proteins (CRWN) appear to function as lamin orthologs, notably essential to anchor 

the heterochromatic pLADS to the nuclear envelope (Fig. 7B)  (Bi et al. 2017; Hu et al. 2019a). 

Interestingly, aside from the typical constitutive heterochromatin feature characterizing 

chromocenters, in boundary regions, pLADs also contain a high level of H3K27me3  

(Bi et al. 2017). This observation fits with the demonstrated interaction of CRWN1 and PWO1 

(PROLINE-TRYPTOPHANE-TRYPTOPHANE-PROLINE (PWWP) INTERACTOR OF POLYCOMBS1), a 

newly discovered plant-specific PRC2 interacting protein (Mikulski et al. 2019). 
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On the “opposite” side, another hub of chromatin interaction domains is the periphery of the 

nucleolus (Fig. 7B) (Pontvianne and Grob 2020). The nucleolus is mainly shaped by the nucleoli 

organizer regions (NORs) and is a subnuclear spherical structure responsible for ribosome 

biogenesis in eucaryotes (Lo et al. 2006). In Human, subparts of all chromosomes were shown 

to interact with each other around the nucleolus, thereby forming the NADs  

(van Koningsbruggen et al. 2010). As in Human, the Arabidopsis NADs mainly contain 

heterochromatic regions (Fig. 7B) (Pontvianne et al. 2016; Pontvianne and Grob 2020).  

The short arm from chromosome 4, which contains transcriptionally active rDNA gene clusters 

(Fig. 7B), represents a main interacting fraction of the NAD structures (Pontvianne et al. 2016; 

Pontvianne and Grob 2020).  However, NADs were also shown to contain telomeric repeats 

and several hundred genes (Fig. 7B) (Pontvianne et al. 2016; Pontvianne and Grob 2020). 

Interestingly, the transcriptionally inactive NAD genes are often developmentally regulated 

(Pontvianne et al. 2016; Pontvianne and Grob 2020). Working hypotheses propose that these 

genes could be moved away from NAD for their transcriptional activation (Pontvianne et al. 

2016; Pontvianne and Grob 2020). In contrast to animal NADs and LADs, Arabidopsis NADs 

and pLADS do not show significant sequence overlap (Kind et al. 2013; Picart-Picolo et al. 

2019). The unique exception to this rule is the short arm of chromosome 4, which interacts 

simultaneously with the nuclear envelope and the nucleoli, indirectly anchoring the nucleoli 

next to the envelope (Kind et al. 2013; Picart-Picolo et al. 2019; Pontvianne and Grob 2020).  

 

Finally, the smallest interaction unit is the genomic loop. It was described as a conserved 

mechanism regulating gene expression in Arabidopsis (Jégu et al. 2014; Guo et al. 2018; 

Pontvianne and Grob 2020). A genomic loop is shaped by the interaction of at least two loci 

of distant genomic regions interacting at the base of an emerging chromatin loop (Guo et al. 

2018; Pontvianne and Grob 2020; Boltsis et al. 2021). The regulation process of genomic loops 

has notably been demonstrated for the flowering repressor gene Flowering Locus C  

(Jégu et al. 2014) and for the bi-functional transcription factor WUSCHEL involved in the 

maintenance of stem cell populations in the shoot (Guo et al. 2018).  
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Despite the major advances in the field of chromatin organization, some points need to be 

further investigated. For example, does the epigenome shape the conformational structures, 

or vice versa? (Boltsis et al. 2021). As recently shown by computational polymer modeling 

approaches, the repulsive inter-chromocenter effect (Arpòn et al. 2021), combined with the 

positioning of heterochromatic NOR at the nucleolar periphery, was sufficient to reproduce a 

coherent spatial organization of the Arabidopsis genome (Arpòn et al. 2021; 

Di Stefano et al. 2021). Consequently, it seems that the phase separation effect associated 

with heterochromatin domain formation is an essential driver explaining the spatial chromatin 

organization in Arabidopsis (Sun et al. 2020; Salari et al. 2021; Di Stefano et al. 2021; 

Bourguet et al. 2021).  

 

More recently, a growing interest in the influence of environmental stresses on 3D chromatin 

folding in Arabidopsis emerged (Sun et al. 2020; Yadav et al. 2021). For example, heat stress 

was shown to induce a significant decrease in the pericentromeric contact map, which goes 

ahead with the reactivation of TE (Sun et al. 2020). 
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Figure 7: 3D organization of chromatin in interphasic Arabidopsis nucleus 

(A) Description of the constitutive heterochromatin and euchromatin components (Left). Organization of 

chromocenter structures visible as a bright structure upon DAPI staining of interphasic Arabidopsis nuclei (Right). 

(B) Left panel: graphical representation of the spatial organization of chromocenters, chromatin loops, 

telomeres, active rDNA genes, and the nucleolus in an interphasic Arabidopsis nucleus. Right panel:  spatial 

distribution of heterochromatic domains (dark blue) such as KNOT, NADs and pLADs. The intra-nuclear 

heterochromatin gradient is shown by the blue arrow.  
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1.4. DNA damages and epigenome 

 

The daily growth of plants depends on the maintenance of genome integrity and the 

proper regulation of the transcriptional programs. Indeed, environmental cues recurrently 

endanger genome integrity by inducing different types of DNA damage. The signaling and 

repair of these damages may, in turn, disturb the epigenetic layers. Given that plants are 

recurrently exposed to the genotoxic effect of sunlight, they may have evolved sophisticated 

mechanisms to cooperatively maintain the integrity of genome and epigenome.  

The following parts introduce our current knowledge of the interplay between UV-induced 

DNA damages, epigenome, and DNA repair processes.  

 

1.4.1. DNA damages 

 

In the book chapter “DNA damage and DNA methylation” we reviewed several types 

of DNA damages associated with photolesions and bases modifications. We additionally 

focused on the crosstalk between DNA methylation and DNA repair.   

 

1.4.2. Photodamage recognition and repair within different epigenomic landscapes 

 

In the following part, we will focus on the DNA damages induced by UV light.  

In the review entitled “Formation and Recognition of UV-Induced DNA Damage within 

Genome Complexity” (Johann to Berens and Molinier 2020), the current knowledge about the 

influence of the epigenome landscape on DNA damage formation, recognition, and repair was 

summarized and discussed.  

 

1.4.3. Oxidatively-induced DNA damage 

 

 As mentioned in our review, aside from the induction of photolesions, UV-light also 

generates oxidatively-induced DNA damage (Johann to Berens and Molinier 2020).  

Especially Guanine is prone to be oxidized, leading to the formation of 8-oxo-7,8-dihydro-2'-

deoxyguanosine (8-Oxo-G) (Johann to Berens and Molinier 2020; Gorini et al. 2021).  
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As reviewed in our book chapter, 8-Oxo-G shows high guanine to thymine transversion 

mutation potential and may further react with surrounding proteins, thereby forming 

deleterious DNA-protein crosslinks. Interestingly, as reported for photolesions, recent studies 

in mammals provide the first evidence for an epigenome-dependent, non-random 

accumulation of 8-Oxo-G in promoters, 5′-UTRs, 3′-UTRs, exons, and introns (Ding et al. 2017; 

Gorini et al. 2020; Gorini et al. 2021). Furthermore, several studies reported that 8-Oxo-G 

accumulation preferentially occurs in transcriptionally active regions (Ding et al. 2017; Gorini 

et al. 2020; Gorini et al. 2021). This localization is consistent with the emerging role of 

8-Oxo-G in the transcriptional activation of a specific subset of genes associated with oxidative 

stress response (Fleming et al. 2017a; Fleming et al. 2017b; Redstone et al. 2019;  

Fleming et al. 2019). This “epigenetic” role of 8-Oxo-G was shown to notably rely on DNA 

repair proteins (Fleming et al. 2017a; Gorini et al. 2021).  

 

The primary repair mechanism of 8-Oxo-G is the removal by specific DNA glycosylases 

followed by either short- or long-patch Base Excision Repair process (BER), which is also 

responsible for repairing other nucleobase alterations and the single-strand breaks (Shinmura 

and Yokota 2001; Jansson et al. 2010). Alternatively, the DDB2 damage recognition protein 

was shown to bind 8-Oxo-G and Apurinic sites (AP) generated by DNA glycosylase activity  

(Jang et al. 2019). Consequently, DDB2 and NER process appear as a multifunctional pathway 

involved in the repair of most UV-induced lesions, thereby reinforcing the canonical BER 

pathway (Jang et al. 2019; Gorini et al. 2021).  

 

The “epigenetic” effect of 8-Oxo-G is somehow sequence-specific and was mainly related to 

the activity of 8-OxoG Glycosylase1 (OGG1) in potentially G-quadruplex forming sequences 

(PQSs) (Fleming et al. 2017a; Ding et al. 2018; Gorini et al. 2021). The production of AP sites in 

PQSs leads to the formation of G-quadruplex structures that impair the enzymatic activity of 

Apurinic/Apyrimidinic Endonuclease 1 (APE1), thereby extending its binding.  

The extended binding of OGG1 and APE1 allows recruiting several TF, which regulates the 

transcriptional activity of proximal regions (Pan et al. 2016; Pan et al. 2017;  

Fleming et al. 2017b). Considering the fact that the UV-DDB complex was shown to transiently 

interact with OGG1 and APE1 to facilitate their dissociation from DNA, it can be expected that 

DDB2 may directly participate in the regulation of 8-Oxo-G contents (Jang et al. 2019).  
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Surprisingly in Arabidopsis, neither the localization nor the “epigenetic” role of 8-Oxo-G was 

investigated for now. However, the Arabidopsis DDB2 was shown to interact with APE1L 

(APE1-Like) and ZDP (ZINC 4 FINGER DNA 3'-PHOSPHOESTERASE) the functional homologs of 

APE1 stimulating their activities, indicating that a similar mode of action likely exists in plants 

(Córdoba-Cañero et al. 2017). 

 

1.4.4. Reconstruction of chromatin upon damage repair 

 

In previous parts, we focused on the interplay between the epigenome and DNA repair 

processes and highlighted the two first steps of the Access-Repair-Restore model (Fig. 8) 

(Green and Almouzni 2002; Polo and Almouzni 2015). 

 

 

 

 

Figure 8:  Access-Repair-Restore model 

Graphical abstract of the successive chromatin opening and chromatin restoration steps occurring during DNA 

repair processes.  
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The following paragraph will discuss the re-establishment of chromatin structure upon repair 

called “Restoration”. This final step involves re-building of the epigenetic landscape at the 

damage site (Green and Almouzni 2002; Polo and Almouzni 2015). In DNA synthesis-

dependent-DNA repair pathways, such as NER and long-patch BER, the restoration of the DNA 

methylation level is an important step for methylome maintenance (also discussed in our book 

chapter)(Johann to Berens and Molinier 2020).  

 

Aside from DNA methylation, the other layers of the epigenome likely undergo a dynamic due 

to chromatin remodeling activities and specific histone modifiers involved in DNA repair 

(Johann to Berens and Molinier 2020). Interestingly, there are growing shreds of evidence that 

the restored epigenome may slightly differ from the initial one in terms of histone variants, 

nucleosome density, DNA methylation, and histone PTMs (Polo and Almouzni 2015;  

Fortuny et al. 2021). Indeed, in the mouse model, 6h upon UV-C irradiation an enrichment of 

H3 and genome compaction were observed (Schick et al. 2015). In addition, this study reveals 

significant changes in the localization of the activating mark H3K27ac, indicating that 

nucleosome positioning and histone PTMs are not accurately maintained (Schick et al. 2015). 

Later on, a more detailed study on Mouse and Human cell cultures, visualized the prominent 

role of DDB2 in successive decompaction, through H1 displacement, and re-compaction of UV-

damaged heterochromatin (Fortuny et al. 2021). Interestingly, upon re-compaction, histone 

chaperones specifically delocalize to the damage site in a DDB2 -dependent manner, to 

reintroduce H3.1 and H3.3 histone variants (Fortuny et al. 2021). 

 

Indeed, CAF-1, in collaboration with PCNA and with HIRA, were described to respectively 

incorporate new histones H3.1 and H3.3 to the repaired sites (Fig. 8) (Moggs et al. 2000; Adam 

et al. 2013). A recent study also reveals that the H3.3 histone chaperone DAXX is exclusively 

recruited at the heterochromatic damage site when assisted by ATRX (Wong et al. 2010; 

Fortuny et al. 2021). Surprisingly, DAXX did not show a strong H3.3 deposition activity in 

comparison to HIRA (Fortuny et al. 2021). Given that ATRX bound H3K9me3 and was shown 

to be somehow essential for its maintenance, it can be speculated that the DAXX ATRX 

complex participates in histone PTM maintenance on newly deposited histones in 

heterochromatin (Dyer et al. 2017).  
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Finally, the histone PTM H3K9me3, essential for silencing, is maintained upon DNA repair by 

the SET Domain Bifurcated Histone Lysine Methyltransferase 1 (SETDB1), that act on the newly 

integrated histones (Fig. 8) (Fortuny et al. 2021). This maintenance of H3K9me3 was also 

described as an essential feature of SIRT6 Deacetylase activity following recurrent DNA 

damaging events upon cell aging (Korotkov et al. 2021). 

 

The mechanisms regulating the maintenance of the epigenetic landscape, genome-wide or at 

damaged sites, are gaining more and more interest. Indeed, interplays between DNA repair 

and DNA methylation factors were recently demonstrated (Schalk and Molinier 2016; Schalk 

et al. 2017; Jiang et al. 2021). This strongly suggests that related mechanisms  

(direct or indirect) likely exist to maintain other epigenetic marks. (i.e., histone PTMs).  

 1.4.5. Epigenetic Inheritance 

 

As discussed in the previous part, emerging notions strongly indicate that genotoxic 

stresses affect not only genetic integrity but also the epigenetic landscape (Schalk et al. 2017; 

Fortuny et al. 2021). Given that plants are submitted to recurrent UV-B exposure, it could be 

assumed that not only mutations are accumulated but also epi-mutations (Jiang et al. 2014). 

In order to further address the question of whether the epigenetic variation that may occur 

upon DNA repair can be inherited to the offspring and thus participates in the evolutionary 

adaptation (Stajic and Jansen 2021) we will briefly review the current knowledge about 

epigenetic inheritance upon sexual reproduction.  

 

The mechanistic of parental epigenetic inheritance is supported by two main assumptions. 

The first one involves regulatory proteins, such as transcription factors and small regulatory 

RNAs that are transmitted through the cytoplasm of gametes and thus, from early on, act as 

regulatory control on the offspring’s genome (Stajic and Jansen 2021). The second one relies 

on epigenetic marks (DNA methylation or histone PTMs) that are faithfully reintroduced 

during meiosis and somehow escape reprograming events linked to germline development, 

thereby imprinting the DNA of the offspring (Stajic and Jansen 2021).  
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In the last decades, several studies demonstrated that several epigenetic reprogramming 

events, in between germ cell development and seed germination, are essential for proper 

development of the offspring (Fig. 9) (Kawashima and Berger 2014; Borg et al. 2021;  

Ono and Kinoshita 2021). This reprogramming includes extensive DNA demethylation in pollen 

and endosperm as well as a replication-independent H3 replacement in male and female 

gametes (Fig. 9) (Hauser et al. 2011; Borg et al. 2021; Ono and Kinoshita 2021).  

 

 

 

Figure 9: Arabidopsis Life-cycle and epigenetic reprogramming  

Schematic view on the key steps of Arabidopsis life-cycle, including main epigenetic dynamics occurring upon 

sexual reproduction. The figure originates from Akemi Ono’s and Tetsu Kinoshita’s review  

(Ono and Kinoshita 2021).  
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Interestingly several examples of epi-mutations/epi-alleles have been described to be 

inherited upon several generations (Durand et al. 2012; Agorio et al. 2017; Blevins et al. 2017; 

He et al. 2018; Pignatta et al. 2018).  

 

Most of these studies propose a central role for small RNAs and the RdDM machinery in 

epiallele inheritance (Durand et al. 2012; Pignatta et al. 2018; Mosher 2021).  

However, for some others, the feedforward loop between DNA and H3K9 methylation (Fig. 4) 

appears to be sufficient for transgenerational imprinting (Agorio et al. 2017).  

Despite this observation, few naturally occurring epimutations could, for now, be linked to 

traceable phenotypes (Silveira et al. 2013). However, the underlying molecular mechanisms 

ensuring epigenetic inheritance upon sexual reproduction remain poorly documented. 

Consequently, it is still debated to which extent epigenetic inheritance may participate in the 

naturally occurring adaptation process (Xavier et al. 2019; Stajic and Jansen 2021).  
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1.5. Attached reviews  
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Abstract 

Exposure to genotoxic stress leads to the formation of various types DNA damages that alter genome 

integrity. Importantly, DNA lesions occur at particular nucleotides sequences and their reactivity is also 

under the influence of genome compaction and epigenetic marks such as DNA methylation. The DNA 

repair pathways that are activated in response to DNA damages rely predominantly on de novo DNA 

synthesis implying that the epigenomic landscape must also be accurately re-established. Therefore, 

complex interplays between bases composition, DNA methylation level and DNA repair pathways likely 

exist to efficiently maintain both genome and epigenome integrity at damaged and repaired genomic 

regions. 
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Introduction 

Living organisms have to cope with environmental cues and with endogenous chemical compounds that 

are deleterious for their genetic information. Indeed, genotoxic stresses challenge genomes by inducing 

changes in the chemical structure of nucleotides. These alterations involving the four canonical bases 

(Adenine (A), Cytosine (C), Guanine (G) and Thymine (T)) or breaking the DNA strand(s) are defined 

as DNA damage/lesions and are specific of particular genotoxic agents 1. Base modification is the 

addition of a chemical moiety resulting from either a reaction with a genotoxic agent (i.e. alkylation) or 

from an enzymatic reaction (i.e. DNA methylation). Thus, bases could be oxidized, deaminated, alkylated 



or methylated leading to different types of modifications 2. Importantly, methylation rather than being 

exclusively considered as a DNA lesion per se is also an epigenetic mark 2. Indeed, one key component 

of the epigenome is cytosine methylation leading to 5-methyl cytosine (5-mC), which is required for the 

stable silencing of transposable elements (TE) as well as for the regulation of gene activity 3. While in 

mammals DNA methylation occurs in the CG context, in plants, 5-mC is found in 2 additional sequence 

contexts: CHG and CHH (where H=A, T, or C) 4. Such base modification likely adds another layer of 

complexity in the reactivity of genomic regions subjected to a genotoxic stress. Given that most of the 

DNA lesions occur at a particular base, the nucleotides composition of the genome is an important feature 

to take into account. Moreover, several studies highlighted that the epigenome landscape tends to play 

an important role in the ability of the DNA/genome to be damaged and to efficiently perform their repair 

5. 

Therefore, this chapter will be devoted to the presentation of the different types of bases modifications 

and their consequences on genome integrity. A particular emphasis will be placed on the influence of the 

DNA methylation profile on damage formation and on the maintenance of methylome integrity upon 

repair. We will focus on the emerging notion that complex interplays exist between genome, methylome, 

DNA damage and repair and, that plants have developed sophisticated strategies to simultaneously 

maintain (epi)genome integrity. 

  

Bases modifications 

Cellular processes as well as environmental factors induce genotoxic stress leading to the formation of a 

large repertoire of base modifications that affect genome stability. These modifications alter DNA 

structure and are sensed either as DNA lesions (i.e. base oxidation) or as epigenetic marks (i.e. DNA 

methylation) 2. Several features of the genomic regions such as nucleotides composition, spatial 

organization may influence their ability to accumulate base modifications that must be accurately 

repaired (for DNA lesions) or fine-tuned (for DNA methylation). Upon detection, these modified bases 

are actively removed via DNA synthesis-dependent repair processes to maintain (epi)genome integrity 

(Figure 1). 

 

 



 

Figure 1. Types of DNA damages  

DNA is subjected to various types of alterations that either lead to (a) bases modifications, (b) mismatch or (c) single/double 

strand breaks (SSB/DSB). These DNA damages are processed and repaired by different pathways that rely on de novo DNA 

synthesis. When the original DNA sequence is methylated (M), the processing of the damaged DNA leads to a transient loss 

of DNA methylation that must be accurately re-established to maintain methylome integrity. 

 

DNA methylation 

DNA methylation is the addition of a methyl group on either adenine to form 6-methyladenine (6-mA) 

or on cytosine to form 5-methylcytosine (5-mC) 3 . 5-mC is the most studied DNA methylation/epigenetic 

mark. 5-mC is detectable at different rates in plants, mammals, bacteria and is thought to be low in 

Drosophila or absent in yeast 6. 5-mC changes DNA flexibility by enhancing stiffness and modulates 

DNA accessibility to different factors 7. Moreover, the presence of 5-mC within a locus may favor the 

preferential formation of DNA damage (i.e. photolesions) 8,9. 

 

Deamination 

In addition to the enzymatic-mediated deamination 10–12, a significant amount of hydrolytic deamination 

can also occur especially on single stranded DNA 13–15. The hydrolytic deamination of cytosine forms 

uracil (U) that is recognized as a DNA lesion. Deamination can also occur on 5-methylcytosine and 



produces thymine (T) creating a T:G mismatch. Replication of these damaged sites including C:G to T:A 

transition prevents maintenance of DNA methylation at this particular genomic sequence and thus leads 

to alteration of both genome and methylome integrities 13. To avoid such base transition and permanent 

loss of DNA methylation, the deamination product is removed by specific glycosylase, via the BER 

pathway 16,17. 

 

Alkylation 

DNA alkylation include all modifications induced by the binding of a new alkyl group on a non-canonical 

position of DNA after a monomolecular or bimolecular nucleophilic substitution (SN1/ SN2) reactions 

18–20. Alkylation can occur on the oxygen atoms in phosphodiesters backbone, as well as on Oxygen and 

Nitrogen atoms of the 4 nucleobases 18,21. The site of DNA alkylation strongly depends on the alkylating 

agent which can be an endogenous metabolite such as S-adenosylmethionine (SAM) 22, or an exogenous 

agent, such as alkylating drugs currently used as chemotherapeutics (i.e. Busulfan) 18. The most 

frequently transferred alkyl group is the methyl group, and the predominant alkylation products are N7-

methylguanine (N7-meG), N3-methyladenine (N3-meA) and O6-methylguanine (O6-meG) 18–20. N7-meG 

and N3-meA are cleaved by spontaneous depurination or by specific DNA glycosylases leaving in both 

case an abasic site with cytotoxic and mutagenetic potential that need further repair by Nucleotide 

Excision Repair (NER) or Base Excision Repair (BER; long- or short-patch BER) 23–25. Conversely, the 

highly mutagenic O6-methylguanine, allowing a preferential pairing with Thymine 26, can be repaired by 

direct reversion leading to the alkylation of a catalytic residue of O6-methylguanine-DNA 

methyltransferase (MGMT) 27. More recently, N3-methylcytosine (N3-meC), a usually rare side-product 

of classical alkylating agents (i.e. Methyl Methane Sulfonate) 20, was shown to be a significant byproduct 

of DNA methyltransferase enzymes (DNMTs) activity responsible for 5-mC synthesis in nematodes 28. 

These results may notably explain the absence of DNA methylation in the nematode Caenorhabditis 

elegans and the observed coevolution of methylation and alkylation damage repair pathways all across 

eukaryotes 28. 

 

Oxidation 

Aside deamination and alkylation, DNA oxidation is another type of base modification, that affects 

genome integrity. Environmental factors, such as UV-light (UV-A and UV-B), as well as endogenous 

cellular processes (i.e. respiration) lead to the formation of reactive oxygen species (ROS): superoxide 



anion (O2
-), hydrogen peroxide (H2O2) and hydroxyl radical (• OH) 29–31. ROS have a genotoxic effect 

by reacting with purines, pyrimidines and the deoxyribose backbone of DNA, to produce more than 20 

different types of oxidatively-induced DNA lesions 31. The yield of these different products is highly 

specific to the molecular redox context. Nevertheless, guanine is described as the major target of 

oxidation, especially at C8 position, thereby forming the highly mutagenetic 7,8-dihydro-8-oxoguanine 

(8-Oxo-G) 31–34. When unrepaired, 8-Oxo-G can pair with the Hoogsteen face of adenine thereby 

generating a guanine to thymine transversion mutation upon replication, generating an un-methylatable 

A:T site 35,36. Additionally, oxidation of 8-Oxo-G/lysine form bulky proteins-DNA cross-links that are 

deleterious 37. As for alkylating damages, 8-Oxo-G is mainly removed by specific DNA glycosylases 

(i.e. MutY and MutT) and further processed by the BER machinery 38. Theoretically, 5-mC can also 

undergo oxidative modification despite its relatively high reduction potential compared to guanine 31,36,39. 

Especially the different oxidation products: 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC) 

or 5-carboxycytosine (5-caC) mainly gained in interest in the last decade. In mammals, the active removal 

of 5-mC occurs upon successive enzymatic-mediated oxidations 40,41. These serial oxidations of 5-mC 

produce 5-hmC, 5-fC, and 5-caC and are catalyzed by the Ten-eleven translocation (TET) protein family 

members 42. In absence of bona fide 5-mC glycosylases in mammals, this alternative process allows 

efficient active DNA demethylation 43. The existence of a TET-like demethylation pathway in plants, as 

alternative strategy is as yet undetermined 44–46. 

 

Cross-links 

DNA-DNA cross-link (CL) has a great potential to alter genome integrity. CL can occur within one DNA 

strand (intra-strand crosslinks) or in between the 2 DNA strands (inter-strand crosslinks) 47. Intra-strand 

crosslinks are very common for light-dependent living organisms. Indeed, the UV spectrum of sunlight 

induces crosslinks between di-pyrimidines 5,48,49. Two successive pyrimidines (CC, TT, TC or CT) can 

be raised to their highly reactive singlet or triplet states when absorbing UV radiation, especially in the 

UV-C and UV-B wavelength ranging from 100 to 280 nm and 280 to 315 nm, respectively 48,49. Once 

reached the reactive singlet or triplet states fast photochemical reactions lead to the formation of three 

main DNA intra-strand crosslink damages or photoproducts: cyclobutane pyrimidine dimers (CPDs), 

pyrimidine 6-4 pyrimidone photoproducts (6-4PPs) and the 6-4PPs Dewar isomer 49. 

Conversely to intra-strand cross links, inter-strand crosslinks (ICLs) are relatively rare events, often 

thought to be a consequence of drug treatments 50. For example, Mitomycin C induces inter-strand 



crosslinks between the guanines of both strands and also shows specificity for CpG sequences 50,51. 

Recently, the biological impact of the oxidation product of adenine, 7,8-dihydro-8-oxoadenine (8-Oxo-

A) was shown to have significant potential to form ICL with adenine and guanine on the opposite strand 

52. The repair of ICL is complex and triggers de novo DNA synthesis of both strands in the vicinity of 

the damaged regions, endangering the maintenance of the DNA methylation footprints 47,53. 

 

DNA methylation and DNA damageability 

Endogenous and exogenous stimuli form directly or indirectly DNA lesions in a sequence specific 

context 20,32,49,54. Recent studies highlighted the heterogenicity of the formation of DNA lesions within 

genome complexity, hereafter called as “damageability” 9,55–59. DNA damageability can be defined as 

the degree of susceptibility of a locus, within a genome, to be damaged by a particular genotoxic agent. 

This damageability depends on the whole complexity of the local chemical context and should be 

considered as highly variable during lifespan and only partially predictable. The putative reverse-

influence of the epigenome on the DNA damageability drew the attention of many research group in the 

last decade 5,55–57,60,61. 

DNA methylation (5-mC), as main epigenetic mark, has the potential to influence the damageability of 

the genome. The influence of 5-mC on the formation of spontaneous hydrolytic deamination, was shown, 

in vitro, to occur twice more often compared to unmethylated cytosine 15. Moreover, a 5-mC adjacent to 

a pyrimidine is more prone to form photoproducts than an unmethylated cytosine in combination with 

another pyrimidine 49. In vitro ligation-mediated PCR, in vitro irradiation of genomic DNA and in vivo 

Immuno-precipitation of UV-Damaged DNA (IPOUD) experiments all highlighted a significant 

increased potential of methylated DNA to form photodamage upon UV exposure 9,55,62. Given that 3/4 

of the di-pyrimidines combinations (CC, TC or CT) involve at least one cytosine and that in plants, DNA 

methylation occurs also in CHG or the CHH contexts (where H is A, T or C), the highly methylated 

genomic regions may be more reactive to form photodamage. In other words, the sequence context in 

combination with the methylome landscape may influence the UV damageability and likely the repair 

machinery that act at particular loci 9,55,62. 

Additionally, 5-mC can also indirectly influence DNA damageability through its role in the establishment 

of higher chromatin structures such as nucleosome occupancy, histone post-translational modifications 

(PTM) and genome folding 63,64. Nucleosome displacement for example was shown to influence the 

formation of DNA strand break upon zeocin treatment 56. 8-Oxo-G distribution was identified to 



accumulate in H3 enriched regions of the Yeast genome 61, and was consistently more frequently 

observed in the rather compact lamina-associated-domains of chromatin, displaced at the nuclear 

periphery, in rat 57. 

Finally, 5-mC can also indirectly impact the DNA damage dynamics, by controlling DNA repair. For 

example, when preventing transcription 64, 5-mC can hinder the damage recognition by the Transcription 

coupled repair (TCR) pathway 65. 

  

Dynamics of DNA methylation  

 

Establishment of DNA methylation  

In plants, the mechanism called RNA-directed DNA methylation (RdDM) targets genomic DNA with 

small homologous interfering RNAs (siRNA of about 24-nt in length) and triggers, in cis, cytosine 

methylation in all sequence contexts 66. This process is observed along the entire development of plants 

including both vegetative and reproductive phases 67–69. The biogenesis of these 24-nt siRNAs depends 

on the plant specific RNA Polymerase IV (POL IV), on RNA-Dependent RNA Polymerase 2 (RDR2) 

and on DICER-Like 3 (DCL3) 4. The siRNAs are incorporated into Argonaute 4 (AGO4) or its surrogate, 

AGO6, to direct cytosine methylation catalyzed by DRM2 66. Importantly, another plant specific RNA 

Polymerase V (POL V) is also required for siRNA accumulation at a subset locus 4. In addition to the 

canonical RdDM pathway to initiate DNA methylation, RNA Polymerase II was also identified to be 

required to trigger transcriptional gene silencing in non-canonical pathways 70. In these pathways AGO2, 

DCL2, DCL4, RNA-DEPENDENT RNA POLYMERASE 6 (RDR6), DRM2 and eventually POL 

IV/POL V are mobilized at some loci (Figure 2) 66,71. 



 

 

Figure 2. Canonical and non-canonical RdDM pathways  

In the case of Canonical RdDM, single-stranded RNAs transcribed by POL IV is copied by RDR2 into a dsRNA that is 

processed by DCL3 into 24-nt siRNAs. Following incorporation into AGO4 (left panel), the 24-nt siRNAs base-pair with Pol 

V scaffold transcripts, which results in DRM2 recruitment and dense methylation. SiRNAs are continuously produced from 

the methylated template by POL IV pathway components, which reinforces TGS that can be maintained in siRNA-

independent manner by methyltransferases. In the case of non-canonical pathway (right panel), RNAs transcribed by POL II 

are processed by RDR6 to produce double-stranded RNAs (dsRNAs), which are transformed by DCL2 and DCL4 into small 

interfering RNAs (siRNAs) of 21-22 nucleotides (nt). Some if these siRNAs are loaded into AGO2 to trigger low levels of 

DNA methylation depending on DRM2 and RNA POL V, which interact with Needed for RDR2-independent DNA 

Methylation (NERD). 

 

Maintenance of DNA methylation patterns 

After establishment and upon cell division or synthesis-dependent DNA repair, DNA methylation must 

be maintained to ensure, for example, TE silencing or cell type identity 4. Whilst in mammals DNA 

methylation occurs almost exclusively in the CG context, in plants, cytosines are additionally methylated 

in both CHG and CHH contexts (where H= A, T or C) 4. The model plant Arabidopsis thaliana exhibits 

genomic DNA methylation rates of approximately 24%, 6.7%, and 1.7% for the CG, CHG and CHH 

contexts, respectively 72. DNA methylation is maintained by context specific DNA methyltransferases 4. 

CG is mediated by DNA methyltransferase 1 (MET1, orthologue of DNMT1 in mammals), CHG 

methylation is maintained by the Chromomethylase 3 (CMT3), a plant specific DNA methyltransferase, 

and finally CHH methylation is maintained by DRM2 through the RdDM pathway as well as 



Chromomethylase 2 (CMT2) 73,74. DRM2 is involved in CHH methylation in euchromatic regions, short 

TE and long TE border regions whilst CMT2 preferentially methylates pericentromeric heterochromatin 

and long TE bodies 75,76. 

DNA methylation shows periodicity based on nucleotide resolution 77. Indeed, DNA methylation is more 

prone to occur in core nucleosome compared to inter-nucleosomal regions 77. Therefore, DNA 

methyltransferases tend to act preferentially at nucleosomes by entering the major groove to reach and 

methylate the cytosine on the outside of the nucleosome 78. CHH methylation displays a genome-wide 

periodicity of about 10 bp whereas CHG methylation, exhibits a period of about one nucleosome size 

(167-nt) 72. Importantly, it was recently shown that mammalian Dnmt3a (orthologue of DRM2 in plants) 

acts as a tetramer with Dnmt3L allowing methylation of two CG sequences separated by about 8 to10-nt 

79. 

Although DNA methylation is a stable epigenetic mark in most cases, a reduction in methylation level is 

observed during development. Two cases may account for this loss of methylation: either an absence of 

efficient/functional methylation maintenance upon replication (passive demethylation), or cytosine 

methylation is actively removed and this is referred to as active demethylation 4,43. 

 

Active DNA demethylation 

The model plant Arabidopsis thaliana contains four 5-mC specific DNA glycosylases that recognize and 

remove methylated cytosines from double strand DNA across all sequence contexts 80,81 : Repressor Of 

Silencing (ROS1) 82, Demeter (DME) 83, Demeter-like 2 and 3 (DML2 and DML3) 81,84. Plants defective 

in expression of these 5-mC demethylases exhibit an increase in DNA methylation rate in all sequences 

contexts at specific genomic loci 80–82,85,86. These demethylases have distinct biological roles. DME 

ensures the establishment of imprinting during gametogenesis 87 while ROS1 acts in vegetative tissues 

antagonizing the RdDM pathway 81,88,89. Like ROS1, DML2 and DML3 are also expressed in vegetative 

tissues 82,84. Although some specificity has been observed, ROS1, DML2 and DML3 work redundantly 

88. Like during all excision repair pathways (BER, NER, Mismatch Repair; enzymatic removal of 5-mC 

is also predicted to generate DSB 90. 

 

DNA repair factors and DNA methylation 

Interestingly, several DNA repair factors have been shown to regulate the shaping of DNA methylation 

landscape. In Arabidopsis, defect in expression of the Mismatch Repair factor MSH1 leads to heritable 



alterations of DNA methylation profiles 91. In mammals, NER contributes to active DNA demethylation 

92,93. Indeed, Growth Arrest and DNA Damage inducible 45 å protein (GADD45å) forms a complex with 

the NER factor XPG (Xeroderma pigmentosum, complementation group G) and influences the active 

DNA-demethylation process 94. The two NER endonucleases, XPG and XPF (Xeroderma Pigmentosum, 

complementation group F) participate in active DNA demethylation and in the formation of 

transcriptionally permissive chromatin, thereby influencing gene expression 92. Another NER factor, 

DDB2 has been demonstrated to influence both de novo DNA methylation and active DNA 

demethylation. Indeed, the loss of DDB2 function in Arabidopsis, alters DNA methylation patterns at 

many repeat loci 95. DDB2 belongs to a protein complex with AGO4 that modulates the local abundance 

of 24-nt siRNAs and de novo DNA methylation at particular genomic sites 95. Similarly, mammals 

depletions of cognate Arabidopsis NER factors also lead to alterations of DNA methylation profiles 

strengthening the identification of the interplays between repair factors and DNA methylation pathways 

96. Moreover, DDB2 was found to negatively regulate the expression and the activity of the DNA 

demethylase ROS1 highlighting a direct interconnection between the NER and the active demethylation 

machineries 97(p2). Altogether, DDB2 acts unexpectedly outside DNA repair as regulator of two 

antagonistic pathways: de novo DNA methylation and active DNA demethylation, likely controlling 

methylome homeostasis 95, 97(p2). Finally, DDB2, which predominantly exhibits high affinity for 

photodamage also senses abasic sites and G/T mismatches 98. Interestingly, these damages are products 

of either the BER pathway or of 5-mC deamination. This allows considering that particular factors likely 

evolved sophisticated features to ensure both genome and epigenome stability upon direct or indirect 

formation of the broad spectrum of base modifications. 

 

DNA methylation upon DNA repair 

Most of the DNA repair pathways depends on the enzymatic removal of the damaged DNA fragment 

followed by de novo DNA synthesis. Indeed, BER, NER, mismatch repair and homologous 

recombination are repair pathways that entail DNA synthesis 99. Therefore, in methylated genomic 

regions, the removal of methylated cytosines within the damaged fragment leads to a transient loss of 

DNA methylation. The efficient re-establishment of the DNA methylation landscape would rely on the 

maintenance pathways. In plants, it was recently established that DDB2 also forms a complex with the 

RNA silencing effector AGO1 and 21-nt siRNA overlapping genomic regions enriched in photo-lesions 

100. These 21-nt siRNAs, referred as uviRNAs (UV-induced small RNAs), are produced by a non-



canonical biogenesis pathway relying on the RdDM transcriptional machinery RNA POL IV-RDR2 and 

on the post-transcriptional gene silencing factor DCL4 (Figure 3) 100. The DDB2-AGO1-uviRNA 

complex was shown to be loaded on chromatin upon UV exposure likely to recognize the UV-induced 

DNA lesions in a non-canonical NER pathway 100. Interestingly the ribonucleotide sequences of these 

21-nt uviRNAs share similarity with those of 24-nt siRNA involved in de novo DNA methylation, 

highlighting their common origins 100. The discovery of such interconnections between core siRNAs 

biogenesis factors, leading to the widening of the repertoire of small RNAs, allows speculating that they 

may be used to cooperatively maintain genome/epigenome integrities. 

Very little is known about the accuracy of the methylome integrity at damaged sites. Most of the studies 

either focused on the damageability or on the repair machinery mobilized at particular genomic regions. 

Recently, it has been reported that photolesions are sources of DNA methylation changes in repressive 

chromatin 62. In addition, specific DNA repair pathways involved in the removal of photolesions prevent 

alterations of the DNA methylation landscape in Arabidopsis 62. Altogether, these studies highlight that 

DNA repair and DNA methylation factors interplay, opening new perspectives in the decryption of the 

mechanisms controlling both genome and epigenome integrity. 

  



 



 

Figure 3. Canonical RdDM and interplay with the small-RNA mediated Global Genome Repair pathway 

Particular methylated genomic regions are transcribed by the RNA POL IV and processed by RDR2 to form double strands 

RNA precursors (dsRNAs). These dsRNAs are diced by DCL3 into 24-nt siRNAs and loaded into AGO4 to trigger DNA 

methylation via the DNA methyltransferase DRM2. In parallel and upon UV exposure, damaged genomic regions produced 

dsRNAs in RNA POL IV-RDR2-dependent manner. These dsRNAs are diced by DCL4 into 21-nt uviRNAs and subsequently 

loaded into an AGO1 nuclear pool that forms a complex with DDB2, likely to recognize photolesions. Upon processing of 

the photodamage the methylome is re-established by the DNA methyltransferases (MET1, CMT2, CMT3 and DRM2) acting 

in different contexts (CG, CHG and CHH). 
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Abstract: Ultraviolet (UV) light is a natural genotoxic agent leading to the formation of photolesions

endangering the genomic integrity and thereby the survival of living organisms. To prevent the

mutagenetic effect of UV, several specific DNA repair mechanisms are mobilized to accurately

maintain genome integrity at photodamaged sites within the complexity of genome structures.

However, a fundamental gap remains to be filled in the identification and characterization of factors at

the nexus of UV-induced DNA damage, DNA repair, and epigenetics. This review brings together the

impact of the epigenomic context on the susceptibility of genomic regions to form photodamage and

focuses on the mechanisms of photolesions recognition through the different DNA repair pathways.

Keywords: ultraviolet; photolesions; photodamage recognition; chromatin; photolyase; nucleotide

excision repair; transcription coupled repair; global genome repair

1. Introduction

Solar radiation that reaches the surface of the Earth consists of 3 main spectra: ultraviolet (UV;

100–400 nm), visible light (400–700 nm), and infrared (IR; 700 nm to over 1 mm). Each of these

ranges of wavelengths plays essential roles in providing light, heat, and energy, allowing the proper

development of life. In addition to their beneficial impacts for living organisms, these types of

irradiation can lead to deleterious effects, affecting cellular structures, interfering with biological

processes, and damaging DNA.

The genotoxic effect of UV radiation from sunlight (UV-R; UVA: 320–400 nm and UVB: 280–320 nm)

has been studied for a long time [1]. UV-induced DNA damages are formed between dipyrimidines,

leading to DNA helix distortion and alterations of transcriptional programs [2]. To prevent such

dramatic changes as well as mutations and genome rearrangements, specific DNA repair pathways

are mobilized [2,3]. Depending on the organism and on the growth conditions, photodamages are

processed by light-dependent (photoreactivation) and/or by light-independent repair pathways (i.e.,

nucleotide excision repair, NER), allowing an efficient maintenance of genome integrity [2,3].

These specific DNA damage repair pathways rely on a photodamage recognition step within

the complexity of genomic regions displaying variations in accessibility (i.e., chromatin compaction).

The emergence of sophisticated approaches to map the photolesions genome wide, to decipher

(epi)genome shapes and protein occupancy at particular loci, allowed considering that DNA damage

formation, together with the choice and the efficiency of the repair pathways, could likely be under the

multifactorial influence of genome and epigenome organizations.

This review will describe the different types of UV-induced DNA lesions and will present

the current knowledge in the putative interconnections existing between epigenetic marks and

photodamage formation. In addition, the mode of action and the structural features of photolesions

recognition factors, acting in the different DNA repair pathways, will be highlighted.

Int. J. Mol. Sci. 2020, 21, 6689; doi:10.3390/ijms21186689 www.mdpi.com/journal/ijms
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2. Impact of UV Radiation on DNA

The DNA, as support of the genetic information, is the target of UV-R. Indeed, nucleotides absorb

UV-R, especially in the wavelength ranging from 100 to 280 nm (UV-C) and from 280 to 315 nm

(UV-B) [4]. These short UV-R wavelengths can raise DNA bases to their highly reactive singlet or triplet

states, which are prone to undergo different photochemical reactions. Interestingly, recent studies

propose that DNA adopts “collective” excitation states, delocalized over at least two bases, when

irradiated with UV-C/UV-B and to some extent with UV-A (315–400 nm; [5]). Three main types of DNA

lesions are formed by these photochemical reactions and involve two successive pyrimidine bases (CC,

TT, TC, and CT): cyclobutane pyrimidine dimers (CPDs), pyrimidine 6-4 pyrimidone photoproducts

(6-4PPs), and their Dewar isomers (Figure 1a). CPDs can be detected nearly instantly after UV-R (1 ps)

as a result of the formation of a stable ring structure between the C5 and C6 atoms of two adjacent

pyrimidines [6]. 6-4PPs are formed in a slightly slower process (4 ms) involving the C4 of an oxetane or

azetidine intermediates (at the 3′-end) and the C6 of the (5′-end) pyrimidine to build a stable noncyclic

bond [7]. The quantum yields (Φ) ratio ΦCPD/Φ6-4 PP upon UV-R was estimated in a range of seven

double-stranded DNA by in vitro and in vivo assays [8,9].

 

 

Figure 1. Photolesions and genome reactivity. (a) Schematic representation of the chemical structure

of the most frequent direct and indirect photolesions induced upon UV exposure. From left to

right: Cyclobutane pyrimidine dimer (example within two thymines T-T CPD), 6-4 photoproduct

(example within two thymines T–T 6-4PP), Dewar valence isomer of the T-T 6-4PP (T-T 6-4PP Dewar),

8-oxo-7,8-dihydroguanine (8-oxo-G) indirectly induced by reactive oxygen species (ROS), single or

double-strand breaks (SSB/DSB). (b) Schematic representation of the epigenetically mediated context

reactivity to form photodamage upon UV radiation. Dark violet and light violet arrows signify a high

or low sequence reactivity, respectively, compared to “naked DNA”. Methylated cytosines are labelled

with a green CH3 group. CPD: cyclobutane pyrimidine dimers, 6-4PP: 6-4 pyrimidone photoproducts.

Upon absorption of UV-R, the 6-4PP photolesions can further evolve to their Dewar valence

isomers in a fast (130 ps) electrocyclization reaction between the N3 and the C6 in the pyrimidine

ring structure of the 3′ base of the 6-4PP (Figure 1a) [10]. The formation of these photolesions leads to

weak base pairing reflected by changes in the helical DNA conformation [3]. Importantly, the DNA

double helix distortion induced by the 6-4PP is much greater than that of the CPD [3]. In addition to

the formation of direct photolesions, several indirect forms of DNA damage can occur by an interplay

of photosensitization and oxidation reactions [11]. Through mechanisms of photosensitization,

neighboring biomolecules excited by UV-R have the potential to directly or indirectly induce a chemical

modification of the DNA. One example of such a photosensitization process is the triplet–triplet electron

transfer (TTET) from UV-A excited benzophenone compounds to a nearly located thymidine to create



Int. J. Mol. Sci. 2020, 21, 6689 3 of 23

a CPD photolesion [12]. Photosensitization mechanisms involving non-DNA chromophores were also

described, by the side of enzymatic activation and bystander effect, as a predominant source of reactive

oxygen species (ROS) upon UV irradiation [11]. In further reactions, ROS and especially hydroxyl

radicals (OH•) can induce the oxidation of purine and pyrimidine bases and of the deoxyribose

backbone of DNA [11]. The predominant indirect photodamage caused by the oxidative burst is the

highly mutagenetic 8-hydroxyguanine (8-oxo-G; Figure 1a) and in a smaller extent, DNA single and

double-strand breaks (SSB and DSB; (Figure 1a) [11,13]. Additionally, UV-induced ROS can indirectly

lead to base alkylation and DNA–protein or DNA–DNA cross-linking [14,15]. The recognition of

8-oxo-G, SSB, and DSB [16–19] will not be reviewed in the following parts.

3. Influence of (epi)Genomic Features on Photolesions Formation

3.1. Dipyrimidines Composition

For decades, the susceptibility of the genome to form photolesions upon exposure to UV-R

was thought to be quite homogenous, although the frequency and the genome-wide distribution

of pyrimidine dimers (CC, TT, CT, and TC) may significantly differ among living organisms [20].

In human, CPDs and 6-4PPs are mostly formed between TT and TC, and with a lower frequency at

CT and CC sequences [21]. In the model plant Arabidopsis thaliana, CPDs are predominantly formed

between CT and TC and to a lower extent between TT and CC [22,23]. Given that dipyrimidines

frequencies are quite similar between human and Arabidopsis [21–23], such differences in reactivity

cannot be only explained by a strong bias in dinucleotides composition. Other factors such as sequence

context and chromatin structure should also be considered as putative parameters influencing the

formation of UV-induced DNA damage.

Indeed, the composition of neighboring nucleotide sequence of pyrimidine dimers was also shown

to impact damage frequency, which is in agreement with the hypothesis of a putative “collective”

excitation state [24]. All together, these observations highlight that photolesions formation likely

differs within a genome but also between kingdoms. The availability of whole-genome sequencing

data and photoproducts maps may provide an added value to better assess the underlying features of

genome reactivity.

3.2. DNA Methylation

Recent studies hypothesized that the epigenomic context may influence the susceptibility of

particular loci to form photolesions (Figure 1b). Indeed, in addition to the nucleotidic sequence,

epigenetic marks (DNA methylation, histone post-translational modifications [PTMs]) may affect

the UV-R-associated damaging processes. In eukaryotic cells, the DNA is mostly packaged into

chromatin fiber. The smallest repeating units of these chromatin fibers are the nucleosomes, which

are composed of 145 to 147 DNA base pairs (bp) wrapped around histone core proteins, which are

separated from each other by a “linker DNA” of 20 to 100 bp (organism dependent) often complexed

with the H1 linker histone [25]. The DNA binding to histones serves as a platform for PTMs to regulate,

amongst others processes, gene expression, higher chromatin structure, and DNA repair [26]. Several

in vitro assays started considering the role of cytosine methylation, relative nucleosome positioning,

and protein binding in the damage formation. Indeed, the methylation of DNA at C5 of cytosine

(5-mC), an important epigenetic mark regulating gene expression [27], was shown to increase by 80%

the CPD quantum yield and to decrease by a factor 3 the 6-4PP quantum yield [8]. The higher sensitivity

of 5-mC to form CPD could be due to the redshift of its absorption spectrum and its diminished

amplitude of conformational motions in a DNA duplex [8,28].

Regarding the relatively high quantum yield of CPD compared to 6-4PP, 5-mC could be considered

as an epigenetic mark favorizing photolesion formation (Figure 1b). Unlike animals, where DNA

methylation is predominantly found in CG islands, DNA methylation occurs in 3 different contexts

in plants: CG, CHG, and CHH (where H is A, C, or T) [29]. Therefore, it is tempting to speculate
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that plant genomes would be more prone to form photoproducts because of (i) their light-dependent

lifestyle and (ii) the higher probability to find two consecutive pyrimidines in combination with a 5-mC

(i.e., CTG or CCG in the CHG context). Such features have to be considered for deciphering genome

responsiveness to UV-R (i.e., the formation of photolesions) and the complex interplays between DNA

repair processes identified in plants [30].

The mapping of photolesions in a histone-loaded DNA context showed that upon UV-R, CPDs

are formed around the core histone and in the linker DNA sequence, while 6-4PP is preferentially

formed in the linker region of chromatin [31]. A deeper analysis at single-nucleotide resolution

identified that CPD but not 6-4PPs occurred in a periodic pattern every 10.3 bp around the histone

core [31] (Figure 1b). This periodicity reflects the conformational dynamics of DNA within chromatin.

Every 10.3 bp, the DNA phosphate backbone is exposed away from the histone core, locally increasing

its conformational motion potential and creating an energy “sink” [32,33]. Interestingly, due to the

anisotropic bending preferences of the DNA, the more exposed sequences tend to be enriched in G and

C, while the sequences close to the histone core tend to be enriched in A and T [34,35]. Interestingly,

the ratio of CPD quantum yield in vivo versus naked DNA at sequences of strongly positioned

nucleosomes appears to reach a maximum of around 1.2 for the exposed sequences and a minimum

of around 0.9 for the sequence close to the nucleosome [31]. Thus, it is likely that DNA bound to

nucleosomes is more prone to form CPDs than naked DNA. The in vivo impact of histone variants,

histone PTMs, on DNA reactivity to form photolesions is a challenging area of research in the future.

3.3. Chromatin States

Taking into account the potential role of the above discussed genomic and epigenomic features in

photoproducts formation, it could be expected that photolesions distribution may not occur randomly

all over the genome in vivo.

According to the speculations of theoretical chemistry, in a biological system, a compacted DNA

structure would be more reactive upon UV-R [5]. In the model plant Arabidopsis thaliana, this hypothesis

seems to partially hold true. Indeed, CPD and 6-4PP mapping show significant enrichment in highly

compacted heterochromatic regions [23].

In human, recent studies using HS (High Sensitivity)-damage-seq or ChIP (Chromatin

Immuno-precipitation) assay followed by ELISA quantification did not reveal differences in CPD

enrichment in specific chromatin states [21,36]. Nevertheless, CPD immune-staining assays show

a non-homogeneous distribution of the photolesion upon acute UV-R, and several hotspots of

photolesions have been identified [36,37]. How far the epigenetic context is involved in this

hotspot formation, in humans, remain unclear. Similarly, in arabidopsis, genomic regions exhibiting

heterochromatic features (high compaction, high DNA methylation levels) are more prone to

form photoproducts, suggesting that particular epigenomic marks may contribute to such accurate

reactivity [22,23].

Moreover, the impact of DNA binding proteins on photolesions formation was also taken into

account. In vitro experiments showed altered reactivity of the binding sequences depending on the

class of transcription factors (TF) [31]. In some cases, a subpart of the binding sequence even becomes

a hotspot of photolesion, highlighting a putative role of DNA binding factors in genome damaging

processes [38,39]. The UV reactivity of TF binding sites differs for each DNA binding protein and most

probably depends on the conformational changes induced in the helical structure upon binding [39].

This hypothesis holds true in recent in vivo whole genome photolesion mapping assays, where the

same TF binding sequence shows differential CPD enrichment at different loci depending on the

secondary binding proteins [31]. In conclusion, protein binding is neither strictly correlated nor

anticorrelated with a higher reactivity of DNA upon UV-R in vivo.

Considering these several lines of evidence supporting the idea that genomic and epigenomic

contexts likely influence the formation of photolesions, the DNA repair pathways may have specifically

evolved to efficiently recognize such damage in the complexity of the different chromatin landscapes.



Int. J. Mol. Sci. 2020, 21, 6689 5 of 23

4. Photolesion Repair Pathways

Two main strategies exist to repair UV-induced DNA lesions. A light-dependent process (referred

as “light repair”) that reverts photodamage using particular wavelengths and a light-independent

process (referred as “dark repair”) that excises the UV-damaged region followed by de novo synthesis

of an intact DNA strand. Although most of the living organisms possess both pathways, the light repair

pathway is predominantly used [40]. Importantly, growth conditions (i.e., full light versus shadow),

tissue specificities (i.e., roots versus leaves), and the transcriptional level of particular genomic regions

(i.e., euchromatin versus heterochromatin) are some examples of parameters that could determine the

predominant use of one or the other pathway. For each of these pathways, specific factors/complexes

recognize the photolesions and trigger the repair process.

4.1. Light Repair

An essential repair pathway of photon-induced damage is the direct repair (DR) pathway, which,

interestingly, depends on photon-triggered enzymes called photolyases (PLs) (Figure 2a) [41,42].

Photolyases perform the repair of photolesions by reverting the damage [42]. In other words,

this repair pathway does not rely on de novo DNA synthesis. According to phylogenetic analyses,

it was proposed that 3.8 billion years ago, all living organisms possessed photolyase-like genes,

making DR the oldest known DNA repair mechanism [43,44]. DNA photolyases genes evolved in all

branches of life, including eukaryotes [44]. However, PLs are not found in placental mammals but

exist in marsupials [44–46]. Despite their high sequence and structure similarities, photolyases with

conserved DNA repair activity are distinct from cryptochromes (CRYs), which gained new functions

as a light receptor involved in the regulation of gene expression or phototaxis [44,47]. PLs can further

be classified as CPD- or 6-4-photolyases, according to their exclusive substrate specificity for CPDs

or 6-4PPs, respectively [48]. Extensive studies in several model organisms such as E. coli [49,50],

S. cerevisiae [51,52], D. melanogaster [53,54], and A. thaliana [55–57] allowed deciphering the specificities

and the modes of action of several PLs. Surprisingly, a bifunctional photolyase, with a CPD and 6-4PP

substrate recognition and repair activities, was recently identified [58].

PLs are structurally composed of an N-terminal dinucleotide binding domain and a C-terminal

binding domain for the catalytic cofactor: flavin adenine dinucleotide (FAD) [42,47]. Besides

FAD, many PLs also bind additional chromophore such as methenyltetrahydrofolate (MTHF) or

8-hydroxy-7,8-didemethyl-5-deazariboflavin (8-HDF) [42,47]. The electrostatic surface potential map

shows an accumulation of positively loaded residues flanking a cavity localized in the vicinity of

the flavin cofactor [59,60]. These positively charged residues bind the negatively loaded phosphate

backbone of the DNA helix, whereas the hydrophobic cavity specifically binds the pyrimidine

dimer [59,61]. Localization of the pyrimidine dimer in the enzymatic active binding pocket depends

on a helical out-flipping of the damaged nucleotides (Figure 3a) [59–62]. The most recent study of

CPD photolyase substrate binding kinetics suggests that conversely to other DNA repair proteins,

CPD recognition does not rely on one-dimensional sliding or hopping along the DNA, but on

the three-dimensional search for an extrahelical out-flipped photolesion [63,64]. Once out-flipped,

the intrahelical bubble is stabilized by a bubble-intruding region (BIR) in Class II photolyases [65,66] and

by a conserved Arg421 in 6-4PP photolyases (Figure 3a) [61,62]. In Class I photolyases, the structure is

most probably stabilized by another type of interaction that remains to be further characterized [59,67].
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Figure 2. Photolesion recognition and repair pathways. (a) The direct repair pathway (light repair)

relies on specific photolyases, which either recognize CPD or 6-4PP. The photolyase interne flavin

adenine dinucleotide (FAD) cofactor, excited by blue light, catalyzes photoreversion to restore the initial

undamaged sequence. (b) The transcription coupled repair (TCR) pathway (dark repair) is specific

to transcribed genomic regions and depends on the RNA Pol II–CSB (RNA Polymerase II-Cockayne

Syndrome protein B) complex for the recognition step. RNA Pol II stalls and arrests at the damage site.

(c) The global genome repair (GGR) pathway (dark repair) primarily recognizes the photolesion by

the damage sensor complex UV–DDB (DNA damage binding protein), which is able to scan DNA in

compacted chromatin. (d) Once bound to the damage, UV–DDB recruits the Rad4/XPC (Xeroderma

Pigmentosum complementation group C) complex for a second recognition step. The stalled RNA

Pol II–CSB and The Rad4/XPC complex recruit the TFIIH (Transcription Factor II H) protein complex.

(e) XPD (Xeroderma Pigmentosum complementation group D) proceeds to a damage validation step.

Upon this final recognition step, the damaged DNA region is excised by a dual incision process, and

the gap is filled by de novo DNA synthesis and nick ligation.

The above described binding structures were always determined in a nucleosome-free

environment [59,61]. Given that the binding of photolyases induces a local DNA bending [59],

the chromatin environment might be recalcitrant to such conformational change and hence would

inhibit the recognition process [68]. Indeed, in yeast, in vivo photolyase-mediated photolesion repair

is slowed down in nucleosome-bound regions [68]. However, photolesions located in the core regions

of the nucleosome can also be repaired by PLs, but this process needs more time, arguing in favor of a

chromatin remodeling mechanism [68]. Importantly, no shreds of evidence for a photolyase-specific

chromatin remodeling mechanism have been described so far. Upon stable binding to the CPD or 6-4PP

photolesions, the photolyase performs the “direct repair” reaction (Figure 2a). For this purpose, FAD

and additional photo-antenna molecules collect energy through the absorption of a blue light spectrum

photon [42]. The energy transfer generates excited FADH−• [42]. In the case of CPD photolyases,
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FADH−• donates an electron to the CPD to catalyze the reversal repair reaction by cleaving the C5-C5

and C6-C-6 bonds of the cyclobutane ring [42,48]. The repair reaction of 6-4 photolyases also uses

FADH−• as an electron and proton donor to generate a transient oxetan-type residue followed by

C6-C4 bond splitting [42,69]. In both cases, the result is the restoration of the native DNA sequence

and photolyase release in a DNA synthesis-independent manner [42].

4.2. Dark Repair

The dark repair pathway, also called NER, promotes the repair of photolesions in a

light-independent manner via two sub-pathways: transcription coupled repair (TCR) and global

genome repair (GGR) processing photodamage along actively transcribed DNA strands or throughout

the genome, respectively. NER is a DNA synthesis-dependent repair pathway. Thus, it implies that,

in addition to the nucleotidic sequence, the epigenomic landscape (i.e., DNA methylation) must be

accurately re-established.

4.2.1. Transcription Coupled Repair

The first experiments providing evidence for the existence of a TCR pathway in eukaryotes was

performed on Chinese hamster ovary deficient in global genome repair [70]. The authors showed

that CPD repair was more efficient in transcribed genomic regions compared to the transcriptionally

silent upstream sequences [70]. The TCR damage recognition step was shown to rely on the stalling

of RNA Polymerase II (RNA Pol II) [71]. As a consequence, TCR predominantly repair lesions on

the transcribed DNA strand [71,72]. The RNA Pol II translocates along the DNA template strand,

synthesizing the complementary RNA molecule. Gaps, breaks, and modified nucleotides can lead to

stalling and arresting of the polymerase (Figure 2b) [73]. This stalling, identified to be the recognition

step [71], mainly depends on the two highly conserved critical residues (R1386 and H1387) in the

switch1 region of Pol II, which is described as a sensor of structural barriers in the minor groove of

the DNA helix upstream of the polymerase (Figure 3b) [74]. However, RNA polymerase stalling can

also be induced, in the absence of DNA damages, by extra-stable chromatin structures, a weak affinity

between DNA and nascent RNA, or secondary structure in the nascent RNA [73].

Interestingly, a recent study investigated the role of early TCR factors in a potential differentiation

mechanism, which can help to overcome some type of obstacles or lead to the recruitment of the

damage repair machinery [75]. Considering these observations, the decisive recognition step only

occurs by an interplay between RNA Pol II and the SWI2/SNF2 (SWitch 2/Sucrose Non fermenTable 2)

protein Rad26 in Saccharomyces cerevisiae, which is the homolog of the human CSB (Cockayne Syndrome

protein B) and the arabidopsis CHR8 proteins [75]. Mutations in the CSB gene result in a rare genetic

disease called “Cockayne syndrome” [76]. In the proposed model, Rad26/CSB/CHR8 binds stalling

RNA Pol II between the clamp (Rpb2 side) and stalk (Rpb4/7) regions, and it promotes its forward

translocation, increasing the bypass efficiency at minor barriers [75,77]. While base alkylation [77],

abasic sites [78], and 8-oxo-G [79] can be bypassed by the RNA Pol II, photolesions induce stalling and

arrest [80,81]. In the example of (T<>T) CPD, the stalling occurs by the stacking above the bridge helix

of Pol II (Figure 3b), slow incorporation of an A in front of the first T involved in the dimer, and an

even slower misincorporation of a U in front of the second T [81,82]. This misincorporation finally

leads to the arrest of transcription [81,82].
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The persistent binding of Rad26/CSB/CHR8 to the arrested RNA Pol II signals the sequential

recruitment of the NER machinery to complete the recognition step. The CSA (Cockayne Syndrome

protein A)–Cullin 4 E3 ubiquitin ligase complex is recruited to ubiquitinate CSB and the Pol II subunit

RPB1 at position K1268 [75,83,84]. The stability of CSB seems to be regulated by a complex interplay

between SUMOylation (Small Ubiquitin-like MOdifier) and ubiquitination homeostasis, opposing the

CSA–Cullin 4 E3 ubiquitin ligase complex and the ubiquitin C-terminal hydrolase 7 (USP7) [85–87].

In parallel, the monoubiquitination of UVSSA (UV-sensitive syndrome (UVSS) A), at position K414,

triggers TFIIH (Transcription Factor II H) recruitment, leading to DNA unwinding (Figure 2b,e) [83,88].

TFIIH binding requires USP7 to leave the complex, enabling CSB polyubiquitination and release.

At this point, TFIIH is proposed to forward-translocate on the DNA using its 5′–3′ XPD helicase

promoting the Pol II backtracking, in order to efficiently access the damage site [89–91]. Importantly,

RPB1 polyubiquitination triggers RNA Pol II targeting to the 26S proteasome for degradation only

when TCR is not functional in order to remove the arrested transcription complex from the DNA

template [84,92]. After TFIIH binding and prior repair, a further step of validation of photodamage

recognition is performed. This mechanism will be discussed in Section 4.2.3.

The core TCR process seems to be globally conserved in eukaryotes [93,94]. Even in drosophila

lacking for CSB, CSA, and UVSSA homologs, a recent study revealed the existence of a TCR-like

process [95]. Interestingly, in bacteria, the coupling factor Mfd (Mutation Frequency Decline) [96–98],

which autonomously translocates on DNA, patrols for stalling polymerase [99]. Indeed, the binding of

Mfd on a stalling RNA polymerase promotes its translocation [100]. If the arrest persists, because of

severe obstacles, Mfd induces displacement of the RNA Pol and recruitment of UvrA, UvrB, and UvrC

for NER. [97,98]. Alternatively, another TCR recruiting mechanism, independent of Mfd, was proposed

to occur after RNA Pol II backtracking promoted by UvrD [101,102].

The RNA Pol II is not the only RNA polymerase stalling at UV-induced photolesions. A recent

study showed that RNA Pol I stalled and arrested even earlier than the Pol II when encountering

CPD [103]. In addition, RNA Pol I was also shown to form a complex with CSB [104] and to interact

with TFIIH [105]. Besides, TCR was also observed in rDNA regions [106]. More recently, the analysis

of the Pol I behavior upon UV irradiation revealed a considerable backtracking capacity but a low

dissociation rate [107]. Altogether, these facts argue in favor of an alternative TCR pathway involving

Pol I as a damage recognition platform that is so far poorly understood. Therefore, it may be of

interest to reconsider the RNA Pol III involved in tDNA and in 5S rDNA transcription [108] and the

plant-specific RNA Pol IV/Pol V [109], which are evolutionarily related to the RNA Pol II [110] as

putative key players of the DNA repair machinery. Both RNA Pol IV/Pol V predominantly act in

genomic regions containing high DNA methylation and compaction levels [29], suggesting that a

non-canonical TCR process may exist in plants or that complex photodamage repair mechanisms may

have evolved.

In brief, the TCR pathway acting in transcribed genomic regions displays an efficient recognition

mechanism of UV-induced pyrimidine dimers. This process depends on the stalling of the

RNA Pol II and the complexation with CSB at the damaged site (Figure 2b). This implies that

transcriptional activation directly promotes the control of genome integrity. Consequently, epigenetic

features impacting transcription initiation and elongation may also indirectly regulate genome

surveillance pathways.
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Figure 3. Structural views of the main photolesions recognition factors. (a) Left panel: in silico

modeling of the Drosophila melanogaster (6-4) photolyase bound to double-stranded (ds) DNA with a

“out-flipped” T-T 6-4PP. Figure is based on the PDB structure 3CVU [62]. The photolyase and these

residue Arg421 are colored in green, the catalytic FAD ligand is colored in cyan blue, and the 6-4PP
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is in light pink. Right panel: Zoomed-in detailed view of the photolyase–lesion interaction. (b) Left

panel: in silico modeling of a Saccharomyces cerevisiae RNA polymerase II elongation complex arrested

at a CPD lesion. Figure based on the PDB structure 6O6C [75]. The RNA Pol II is colored in salmon,

the Pol II bridge helix and the residues R1386 and H1387 are colored in gray-blue, the nascent RNA

is in gold, and the CPD is in violet. Right panel: Zoomed-in detailed view of the RNA Pol II–lesion

interaction. (c) Left panel: In silico modeling of the Homo sapiens UV–DDB complex bound to a

“out-flipped” 6-4PP in double-stranded DNA (dsDNA) wrapped around a nucleosome. Figure is

based on the PDB structure 6R8Y [111]. The UV–DDB complex is colored in blue, the DDB2 residues

Lys244, Phe34, Gln335, and His336 are in cyan, the nucleosome is in green, and the 6-4PP is in light

pink. The photolesion binding pocket is highlighted with a blue hallow. Right panel: Zoomed-in

detailed view of the DDB2–lesion interaction. (d) Left panel: In silico modeling of a Saccharomyces

cerevisiae Rad4–Rad23 complex (XPC complex homologue) bound to a 6-4PP photoproduct. The figure

is based on the PDB structure 6CFI [112]. The Rad4 TGD (Transglutaminase homology domain) is

colored in yellow, the BHD1 (ß-hairpin domain 1) is in lime-yellow, the BHD2 domain is in gold,

the BHD3 domain is in pale-yellow, the Rad23 R4BD domain is in white, and the 6-4PP is in light

pink. Right panel: Zoomed-in detailed view of the Xeroderma Pigmentosum complementation group

C (XPC)–lesion interaction. The helix insertion hairpin from the BHD3 domain is highlighted with a

yellow hallow. (e) Left panel: In silico modeling of the Homo sapiens core TFIIH–XPA–DNA complex

without photolesion. Figure is based on the PDB structure 6RO4 [113]. The TFIIH is colored in white,

the XPA (Xeroderma Pigmentosum complementation group A) protein is in salmon, the FeS cluster is in

yellow and orange, and the XPD protein and its Arg112, Cys134, Tyr192, and Arg196 residues are in pale

green. Right panel: Zoomed-in detailed view of the XPD–lesion interaction. The theoretical localization

of the photolesion during the recognition step is highlighted with a violet hallow. All figures were

created using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.).

4.2.2. Global Genome Repair

In addition to TCR, the global genome repair pathway (GGR) acts in poorly transcribed/

untranscribed genomic regions to efficiently repair photolesions. In this NER sub-pathway, the damage

recognition is performed independently of RNA Pol II [3]. In GGR, the central actor is the Xeroderma

Pigmentosum complementation group C (XPC)–RAD23 protein complex (hereafter called the XPC

complex). This complex was identified as the initiator of GGR because of the ability of XPC to

bind DNA lesions (Figure 2d) [114]. The XPC–RAD23 complex is well conserved in eukaryotes:

RAD4–Rad23 in Saccharomyces cerevisiae [115], XPC–RAD23B in human [116], and XPC–RAD23 in

Arabidopsis [117,118]. RAD23 binds RAD4 through its R4BD domain (Figure 3d) [112], thereby regulating

RAD4 stabilization [119] and promoting lesion recognition activity [120]. Additionally, the XPC complex

is stabilized at damage sites when associated with Cdc31 and Rad33 in yeast [121,122]/Centrin2 in

human [123,124] and AtCentrin2 and CML19 [125,126] in Arabidopsis [121–126].

The first crystal structure of the RAD4–RAD23 complex binding a CPD containing DNA

helix confirms the underlying recognition process previously described for the human XPC by

Maillard et al. [127,128]. RAD4 contains TGD (Transglutaminase homology domain), BHD1 (ß-hairpin

domain 1), BHD2, and BHD3 domains (Figure 3d). TGD and BHD1 regions bind to 11 bp of undamaged,

double-stranded DNA (Figure 3d). Simultaneously, the BHD2 and BHD3 domains bind to a 4 bp DNA

lesion site by insertion of a β-hairpin of the BHD3 in the helix (Figure 3d) and a groove of BHD2–BHD3

interacting with the backbone of the undamaged strand (Figure 3d) [127]. This structure forces the

damaged dimers to flip out of the helix structure, leaving them accessible (Figure 3d) [127].

To stably adopt the bound conformation, the XPC complex needs to overcome a consequent

energy barrier, which was described as a primary regulator for the recognition specificity [129,130].

Indeed, DNA damages induce structural changes of the DNA helix structure and weak base pairing,

leading to a decrease of the energy barrier that the recognition complex needs to overcome for efficient

binding [131]. In other words, XPC may patrol along the DNA until encountering a disturbed helical
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structure with weak base pairing, allowing XPC to stably bind the lesion site [128–132]. This process

likely explains how the XPC complex detects several different types DNA damages and why the

identification of particular lesions is more efficient. For example, 6-4PP lesions causes a massive

thermodynamic destabilization of the helical structure [133,134]. As a consequence, 6-4PP recognition

by the XPC complex is preferred compared to CPD [135].

Additionally, the recognition efficiency is limited by the residence time of the XPC complex at lesion

site [129]. By single-molecule tracking, XPC complex was shown in three different motions: (i) sliding

on DNA, most probably scanning for damage site; (ii) in a constrained motion, approximatively 2 kb

around the DNA lesion, and (iii) in the non-motile complexes [132]. As in TCR with the arrested RNA

Pol II and CSB, the persistent binding of the XPC complex at the damage site recruits TFIIH and further

NER factors (described hereafter in Section 4.2.3), ending the recognition step of the GGR.

Cell-free systems have significantly contributed to improving the understanding of the underlying

mechanism of XPC photodamage recognition [127,129,132]. However, most of these systems used DNA

substrates of relatively small sizes without nucleosomes and hence did not consider the substantial

complexity of the recognition step in vivo. Unlike TCR, the GGR also acts in transcriptionally repressed

regions with a high nucleosome density [136]. To efficiently fulfill its role in damage recognition

in the context of chromatin, the XPC complex is assisted by damage pre-recognition and chromatin

remodeling mechanisms.

The pre-recognition mechanisms involve the UV–DDB complex composed of DDB1 and DDB2

(DNA damage binding proteins 1 and 2), which are also known in human as p127 and p48, respectively

(Figure 2c). Mutations in this complex lead to repair deficiency and UV sensitivity [137–139].

The UV–DDB complex enables a recognition of 6-4PP, CPD, mismatches, and apurinic/apyrimidinic

sites in vivo [111,140,141]. The recognition of different damage is based on a mechanism of helical

structure stability verification, resembling the scanning mechanism previously described for the XPC

complex [111,142]. The human DDB2 contains a helix–loop–helix domain (residues 101 to 136) and a

7-bladed WD40 β-propeller domain (residues 137 to 455). The DNA binding of the UV–DDB complex

is exclusively performed by the β-propeller. DDB2 binds 7 bp DNA by charge-stabilizing hydrogen

bonds to the phosphodiester backbone [111,142]. This binding depends, among other residues, on a

well-conserved Lysine (Lys244 in human) [111,142,143]. The point mutation of Lys244 causes DDB2

loss of function [143]. As described for the XPC complex, DDB2 can trigger a helical out-flipping of

the lesion in the condition of helical structure distortion and weak base pairing (Figure 3c) [111,142].

This strand separation depends on the insertion of a 3 bp residue in DDB2 hairpin Phe334, Gln335,

and His336 (Figure 3c) [111,142]. Unlike the XPC complex, which only interacts with the undamaged

strand, DDB2 binds the displaced DNA lesion in a shallow pocket [111,142]. However, the shape

and the composition of the pocket do not provide lesion binding specificity but limit the size and the

chemical nature of the lesion that can be recognized [111,142]. This recognition mechanism holds

true if the DNA is wrapped around a nucleosome, and a register shifting seems to be sufficient to

allow DDB2 to stably bind the lesion (Figure 3c) [111]. In that way, DDB2 can act as UV-induced DNA

damage pre-recognition platform, even in the context of dense chromatin [111].

The stable DDB2 binding to the lesion site activates the Cullin4 E3 ubiquitin ligase complex,

which interacts with UV–DDB through the three β-propeller domains of DDB1 [144], leading to the

ubiquitination of DDB2, XPC, and nearby histones [145,146]. Additionally, the UV–DDB complex was

shown to recruit several chromatin remodelers [147–149] and histone methyltransferases: ASH1L [150]

DOT1L [151], and NSD2 [152], suggesting that histone PTMs may also play a critical role in this

recognition process [153].

The exact timing of interactions and the underlying interplays are only partially understood.

ASH1L was shown to ensure the DNA lesion handoff between a DDB2 pre-recognition complex and

the XPC recognition complex through H3K4 tri-methylation [150]. Additionally, the DDB2 dynamics

are tightly regulated by PTMs, modulating its stability and retention time on chromatin [154]. Indeed,

after stable damage recognition, DDB2 can be ubiquitinated [154], SUMOylated by PIASy (Protein
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inhibitor of activated STAT Y) [155,156], and poly-ADP-ribosylated by PARP1 (Poly ADP-Ribose

Polymerase) [149]. The poly-ADP-ribosylation of DDB2 increases its retention time on chromatin [149].

In contrast, the ubiquitination leads to the proteasomal degradation of DDB2 to complete the

pre-recognition step [154,157].

Although the exact function of SUMOylation is as yet undetermined, a recent study highlighted the

role of SUMOylation in DNA–protein cross-link (DPC) labeling and clearance in higher eukaryotes [158].

Considering the increased probability of DNA–protein cross-linking upon UV exposure [15] and the

SUMOylation of several other NER proteins [159] such as XPC [160], SUMOylation may serve as

priming mark for DPC surveillance. This hypothesis is reinforced by the recent evidence that DDB2

can recognize another type of UV-induced DNA lesion, 8-oxo-G [161], which shows a considerable

DPC reactivity [14,15]. Alternatively, SUMOylation may feed the recently described SUMO-Targeted

Ubiquitin Ligases (STUbL) process to promote protein ubiquitination [162].

Histone ubiquitination and chromatin remodelers likely play a promoting role for the efficiency

of the following NER steps, as shown for the CHD1 chromatin remodeler, ensuring the XPC to TFIIH

handover of UV photolesions bound to nucleosomes [163].

However, DDB2 was shown to spatially and temporally regulate XPC recruitment and thereby

NER (Figure 2c,d) [164]. In the nucleosome-bound sequence, a close handover may occur through the

interaction between DDB2 and the BHD1 domain of XPC at the damage site [164]. By this mechanism,

XPC may access compact chromatin and stick the damaged site for a later repair [164]. Furthermore,

DDB2 can also induce chromatin relaxation, which may prefer a contactless handover to XPC [165].

One working hypothesis would be that photolyases could also take advantage of this relaxed chromatin

microenvironment formed by DDB2 to access photolesion in heterochromatic structures.

In Saccharomyces cerevisiae, Rad7 and Rad16 functionally substitute the UV–DDB2 complex by

an ATP-dependent UV-damage sensor [166]. The Rad7–Rad16 complex interacts with elc1 and

Cullin3 to form a Cullin-based E3 ubiquitin ligase necessary for Rad4 ubiquitination in response to

UV radiation [167,168]. The exact mechanism and sequence context of Rad7–Rad16 lesions binding

remains unclear.

Interestingly, Rad7–Rad16 and UV–DDB are both conserved in the model plant Arabidopsis

thaliana [169]. The UV–DDB pathway was already extensively characterized [157]. Importantly,

in addition to the canonical DDB2 recognition pathway, Arabidopsis thaliana evolved a small

RNA-mediated photolesion detection mechanism [22]. The model proposes that upon UV exposure,

small RNA, with sequence complementarity to DNA damaged sequences, accumulate. Upon UV

exposure, these 21-nt UV-induced small RNAs (uviRNA) are loaded into ARGONAUTE 1 (AGO1)

and form a complex with DDB2 to be targeted at damaged site, leading to efficient photolesions

recognition [22].

To summarize, GGR is composed of an essential pre-recognition step performed by the

UV–DDB/Rad7-16 complex, which enables, among other processes, the recognition of 6-4PP and CPD

in DNA bonded to nucleosomes [111,166]. This pre-recognition step induces histone methylation [153]

and chromatin remodeling [147–149] to promote the recruitment of the XPC complex for the central

damage recognition step of the GGR pathway [150,164]. Alternatively, the damage handover between

DDB2 and XPC may occur in a transient interaction at damage sites in nucleosome-rich regions [164].

DNA binding of the UV–DDB complex also activates the Cullin4 ubiquitin E3 ligase complex,

which, ubiquitinated DDB2 and XPC to coordinate the end of the pre-recognition and recognition

steps [145,154]. Once bound to the damage site, the XPC complex, in an interplay with the chromatin

remodeler CHD, recruits TFIIH for the validation step of the NER recognition process [163].

4.2.3. Validation of NER Recognition Steps

Both TCR and GGR recognition steps end up by recruiting the TFIIH complex (Figure 2e), which

is well conserved among eukaryotes [170–173]. In human, TFIIH is composed of a core complex

with the 2 DNA helicases XPB and XPD as well as p62, p52, p44, p34, and p8 [174]. The additional
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CDK-activating kinase subcomplex is formed by CDK7, cyclin H, and MAT1 subunits, which are

required for transcription initiation but not for DNA repair [175]. In the context of NER, TFIIH interacts

with XPA and XPG (Xeroderma Pigmentosum complementation group G) instead of MAT1, inducing a

conformational change [113]. XPA clamps the TFIIH complex to DNA, whereas the endonuclease XPG

competes with MAT1 [113]. XPA binds XPB with its extended helix, forming a tunnel for the DNA

helix and promoting the translocation activity of XPB [113]. Simultaneously, XPA intercalating hairpin

interacts with XPD at the 5′-edge of the DNA repair bubble, promoting strand separation and the

5 —> 3′ helicase activity of XPD [113].

XPD performs the final DNA lesion recognition step of NER, which is also called the “validation

step”. The mechanism by which the DNA strand is loaded into XPD was proposed to depend

on the interaction between the HD2 domain of XPD and the ssDNA of the repair bubble [176].

This contact may subsequently initiate a transient opening of the interface between the Arch and the

iron–sulfur cluster (FeS) domains to slip the DNA strand inside a cavity between the ATPase lobe1,

the FeS cluster domain, and the Arch domain (Figure 3e) [176]. The damaged DNA strand is actively

translocated through this cavity, enabling the proofreading DNA bases and the recognition of abnormal

structures such as CPDs [113,176–178]. Indeed, the amino acids Y192 and R196 of the FeS domain,

stabilizing the sugar–phosphate backbone, were shown to be essential for XPD retention at a bulky

DNA lesion to (Figure 3e) [178]. The retention at the damaged site was proposed to depend on the

lack of DNA-mediated charge transfer (CT) [179,180]. According to this hypothesis, electrons can be

transferred between two FeS cluster proteins through the undamaged DNA duplex [179]. In the case

of XPD, the amino acids R112 and C134, shaping a bridge between DNA and the FeS cluster, may allow

the electron transfer, promoting the displacement of XPD (Figure 3e) [179]. In the presence of DNA

damage, the CT through the DNA is altered, and XPD is stabilized, thereby labeling the damage

site [179].

This last recognition step is followed by the recruitment of the endonucleases ERCC1–XPF and

XPG in 5′ and 3′ of XPD, respectively [175]. These endonucleases perform a dual incision releasing a

30-nt DNA fragment containing the photolesion [175]. At the same time, the non-damaged strand is

protected by the Replication Protein A (RPA) [175,181]. This excision step is followed by de novo DNA

synthesis and nick ligation to restore the original DNA sequence (Figure 2) [175,182].

5. Conclusions and Perspectives

This review brought together several lines of evidence highlighting the existence of potential

connections between the (epi)genomic landscapes, photolesions formation, and processing.

Indeed, genomic and epigenomic contexts (nucleotides composition, DNA methylation,

nucleosome binding) lead to a differential reactivity of loci to form photolesions. A higher chromatin

structure, determined by the epigenetic landscape, pins down the frame for recognition and repair

specificities. In addition to the motif/amino acid-based recognition mechanisms of the core protein

complexes, sequential handover between recognition and repair factors is partially mediated by

chromatin remodelers and epigenome writers [150,153,183].

Given that the recognition step promotes histone eviction/sliding and also de novo DNA

synthesis, it becomes evident that the accurate re-establishment of the epigenomic landscape is

a part of the genome maintenance process. However, epigenome changes at damaged sites have been

reported [23,184,185]. Such alterations may modulate the transcriptional programs, redirecting the

choice of the photodamage repair pathway to be mobilized. Hence, it is likely that variabilities of

DNA methylation, base composition, UV damage formation, recognition, and repair contribute to

genome evolution [186]. This extended view on photodamage recognition mechanisms highlights the

importance of future works to study the chromatin landscape at damaged loci upon UV exposure and

repair, and it paves the way toward new concepts regarding the evolution of eukaryotic (epi)genomes.
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Abbreviations

CPD cyclobutane pyrimidine dimers

CS Cockayne syndrome

DDB DNA damage binding protein

DR direct repair

GGR global genome repair

6-4PP pyrimidine 6-4 pyrimidone photoproducts

8-oxo-G 8-hydroxyguanine

NER nucleotide excision repair

PL photolyase

PTM post-translational modification

ROS reactive oxygen xpecies

SUMO Small Ubiquitin-like MOdifier

TCR transcription coupled repair

UV-R ultraviolet radiation

uviRNA UV-induced small RNAs

XP Xeroderma pigmentosum
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1.6. Objectives of the Ph.D. project 

 

The formation of DNA damages depends on the chemical environment of the DNA 

molecule. As part of this environment, the epigenome would be able to act as shield or 

lightning rod to prevent or enhance the damage formation. In Arabidopsis, photodamage 

repair processes (DR and GGR) are involved in the maintenance and/or in the reshaping of the 

methylome landscape, genome-wide and at damaged sites (Graindorge et al. 2019). Thus, it 

could be assumed that such reshaping might participate in modulating the environment of the 

DNA to avoid further damage accumulation or to act as epigenetic memory to prevent, for 

example, undesired TE mobilization and thus ensuring genome integrity. Therefore, it is  

of prime interest to better understand the mechanisms related to DNA damage formation, 

recognition, and repair in the different chromatin states. In this project, the emphasis will be 

on the photodamage repair of constitutive heterochromatin and the dynamics of its 

associated epigenetic marks (Fig. 10). For this, we will use Arabidopsis thaliana as model 

organism and UV exposure as genotoxic stress to address the following questions:  
 

• Where are formed photodamage? 

• Does the epigenetic landscape influence DNA damageability? 

• What are the epigenome dynamics during photodamage repair? 

• What are the underlying molecular mechanisms? 

• Do UV-induced DNA damages generate an epigenetic memory? 

 

Figure 10: Graphical abstract of the 4 main research axes tackled in the following study.  
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2. Material & Methods  
  

2.1. Plant materials 

 

Arabidopsis thaliana plants used in these studies are described in Table 1. 

 

2.2. Plant growth conditions 

 

Plants were cultivated in vitro on solid GM medium [MS salts (Duchefa), 1% sucrose, 

0.8% Agar-agar ultrapure (Merck), pH 5.8] and grown in a culture chamber under a 16h light 

(light intensity ∼150 μmol m−2 s−1; 21°C) and 8h dark (19°C) photoperiod. Alternatively, plants 

were grown in soil under similar photoperiod and light intensity.  

 

2.3. Exposure of plants to genotoxic stresses 

 

2.3.1. UV-C irradiation  

 

In vitro- or soil-grown, 21-day-old Arabidopsis plants were exposed to 3000 J/m2 of  

UV-C using the Stratalinker 2400 (Stratagene). Plant material was harvested before irradiation 

for control (0) and during a time course upon irradiation (1’’ 15’, 30’, 1h, 2h, 24h).  

 

2.3.2. UV-B irradiation  

 

Soil-grown 21-day-old Arabidopsis plants were exposed during 15 min to 4 Philips  

UV-B Broadband - TL 40W/12 RS SLV/25, delivering a total dose of 6.750 J/m2. For “directed 

evolution” assays, a dose of 13.500 J/m² (30 min) was used. The material was harvested before 

irradiation for control (0) and during a time course upon irradiation (1’’ 30’, 1h, 2h, 24h).  
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2.3.3. Proton irradiation  

 

One leaf of soil-grown 21-day-old Arabidopsis plants was exposed to 100 Gy of protons 

using a 25 MeV proton beam (Cyrcé, IPHC, Strasbourg). Irradiation was deposited on a single 

leaf on a surface of 5 mm in diameter. Leaves disks were harvested prior (0), 1’’ and 24h upon 

irradiation. For some experiments, aside from irradiation targeted (Tar) leaves, un-irradiated 

opposite (Opo) leaves were also used to test the bystander effect. 

 

2.3.4. Paraquat Treatment  

 

Leaf disks (15 mm diameter) of soil-grown 21-day-old Arabidopsis plants were 

incubated 10h (light intensity ∼150 μmol m−2 s−1; 21°C) in 8 well plates in PBS solution  

(for control) or in 100 μM paraquat (SIGMA M-2254) solution. After incubation, leaf disks were 

washed twice in PBS and harvested in a fixative solution for immunolabeling. 

 

2.4. Ecotypes UV-B dose regimes 

 

Ecotypes specific longitude and latitude are extracted from https://1001genomes.org/ 

and used as a query for the glUV dataset (Beckmann et al. 2014) using the QGIS software  

(QGIS on GitHub). The results table is available in “Supplemental data” 

(https://tinyurl.com/JotoBe).  

 

2.5. UV-C sensitivity assay 

 

UV-C (λ = 254 nm) sensitivity was evaluated on 6-day-old in vitro-germinated 

Arabidopsis plants. Plants were transferred to square plates containing GM medium and 

grown vertically. Root length was measured 24h upon UV-C exposure (300, 600, and 900 J/m2) 

using the Stratalinker 2400 (Stratagene). The relative root growth was calculated as follows: 

(root length treated/root length untreated) × 100 (± SD). Eight plants per replicate were used. 

Experiments were performed in triplicates. 

 

 

https://1001genomes.org/
https://tinyurl.com/JotoBe
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2.6. Photodamage removal assay 

 

21-day-old in vitro-grown Arabidopsis seedlings (n=40 per genotype) were irradiated 

with UV-C (3, 000 J/m2). Half of the samples were harvested immediately after irradiation (0), 

and the other half was kept under normal light conditions and harvested 1h later.  

Genomic DNA was extracted using a plant DNA extraction kit (Macherey-Nagel). DNA samples 

were processed as described in Schalk et al. (2017). The repair efficiency was determined by 

the quantification of the remaining photodamage amounts after 1 h relative to the 

photodamage content at time 0.  

 

2.7. Generation of transgenic plants 

 

The Arabidopsis JMJ27 coding genomic region was amplified by PCR using primers 

described in Supplemental Table 7. This region was cloned into the pEAQ_ΔP19 vector  

(Figure 1). The resulting plasmid was mobilized into Agrobacterium tumefaciens and used to 

transform jmj27 mutant plants. The pOEX2 DDB2-FLAG plasmid (Molinier et al. 2008) was used 

to transform ddb2 and ddb2jmj27 plants. 

 

2.8. 8-oxo-G detection and metabolome analysis 

 

21-day-old Arabidopsis plants grown in soil and irradiated with UV-B (6, 750 J/m2) were 

used. Directly upon irradiation, 16 replicates of 300 mg (+/- 5 mg) of control non-irradiated 

WT (Col-0) leaves and 16 replicates of 300 mg (+/- 5 mg) of irradiated WT (Col-0) leaves were 

collected in 1.5 ml Eppendorf tubes and shock froze in liquid nitrogen. The 16 controls and 16 

treated replicates were divided into two groups, one for nucleoside preparation and the other 

for whole leaves extraction.  

For nucleoside preparation, DNA was extracted for 8 control, and 8 UV-B treated replicates 

using the GenElute Plant Genomic DNA Miniprep Kit (G2N70-1KT). DNA was digested into 

nucleosides using the Zymo Research DNA Degradase Plus kit (E2020) following the 

manufacturer's instructions. Nucleoside samples were diluted in 4 volumes of ice-cooled 

methanol, and ²H6 ABA (OlChemIm 034 2721) was added as an internal control to a final 

concentration of 1 μg/ml. 
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For whole leaves metabolite extraction, grinding of tissue was performed in ice-cooled 

methanol solution, using the tissue-lyser (4 times 2 min at 30 Hz). Samples were incubated 

18h at -20°C and centrifuged at 4°C, 13, 200 rpm. Supernatants were transferred in vials and 

dried in a SpeedVac. 1.5 ml ice-cooled methanol was added on top of the pellets.  

Samples were vortexed and mixed 10 min at 4°C (1, 400 rpm) before being centrifugated at 

4°C, 13, 200 rpm. Supernatants were transferred in the previously dried vials and put again 

for drying in the Speed vac. The pellet washing step was repeated twice more times.  

Finally, the dried vials were filled with 300 μl of an ice-cooled methanol solution containing 1 

μg/ml ²H6 ABA. In addition, nine different dilutions of 8-hydroxy-2’-deoxyguanosine standard 

(8-oxo-G; Sigma-H5653) samples were prepared as a control for targeted analysis.  

 

Samples were analyzed by Liquide-Chromatography High-Resolution Mass-Spectrometry (LC-

HRMS) using the QTOF for non-targeted whole metabolome analysis. A follow-up analysis was 

performed using the Bruker T-ReX® software to filter out molecules that appear in less than 

80% of the replicates (less than 6 from 8). Detected metabolites were annotated querying 7 

online libraries (KNApSAcK ,FoodDB ,PhenolExplorer ,LipidMaps ,Librairies spectrales 

,PlantCyc  and Natural products atlas (NPA)).  

 

All samples were also analyzed by a Liquide-Chromatography followed by High sensitivity 

tandem quadrupole Mass Spectrometry approach (LC-TQ-MS/MS) specifically for nucleotide 

detection.  

 

2.9. Immunolocalization of photolesions  

 

Leaves 3 and 4 of in vitro 21-day-old Arabidopsis plants were incubated four times at 

least 5 min (4°C) in a fixative solution (3:1 ethanol/acetic acid; vol/vol). Leaves nuclei were 

extracted by chopping fixed tissue in LB-01 Buffer (15 mM Tris-HCl pH 7.5, 2 mM EDTA, 0.5 

mM spermine, 80 mM KCl, 29 mM NaCl, 0.1% Triton X-100) with a razor blade.  

The nuclei-containing solution was filtered through 20 µm nylon mesh and centrifugated 1 

min (1, 000g). The supernatant was spread on poly-lysine slides (Thermofisher 631-1349), and 

post-fixation was performed using a 1:1 acetone/methanol (vol/vol) solution for 2 min.  
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Slides were washed with Phosphate Buffer Saline x1 and incubated for 1h at room 

temperature in permeabilization buffer (8% BSA, 0.01% Triton-X in Phosphate Buffer  

Saline x1). Slides were incubated overnight at 4°C with anti-CPD or anti-6,4 PP primary 

antibodies (see Table 5) diluted in 1% BSA, Phosphate Buffer Saline x1 buffer.  

Upon incubation, slides were washed at least three times with PBS before and a secondary 

antibody coupled to Alexa fluor 488 or Alexa fluor 568 (diluted in 1% BSA, PBS) was added and 

incubated for 90 min at room temperature. Finally, slides were again washed three times with 

PBS, and 15 μl of Fluoromount-G (Southern Biotechnology CAT NO 0100–01) with 2 μg/ml 

DAPI were added as a mounting solution for the coverslip. 

 

2.10. Immunolocalization of histone marks and proteins 

 

For immunolocalization of histone marks and tagged proteins, leaves 3 and 4 from 21-

days old Arabidopsis plants were fixed at 4°C in paraformaldehyde solution (4% in PBS).  

Leaves nuclei were extracted by chopping fixed tissue in LB-01 Buffer (15 mM Tris-HCl pH 7.5, 

2 mM EDTA, 0.5 mM spermine, 80 mM KCl, 29 mM NaCl, 0.1% Triton X-100) with a razor blade. 

The nuclei-containing solution was filtered through 20 µm nylon mesh and centrifugated 1 

min (1000g). The supernatant was spread on poly-lysine slides (Thermofisher 631-1349), and  

post-fixation was performed using paraformaldehyde (3.2% in PBS). Slides were washed with 

Phosphate Buffer Saline x1 and incubated for 1h at room temperature in permeabilization 

buffer (8% BSA, 0.01% Triton-X in Phosphate Buffer Saline x1). After the permeabilization step, 

slides were incubated overnight at 4°C with primary-antibody (see Table 5 for details) diluted 

in 1% BSA, Phosphate Buffer Saline x1 buffer. Upon incubation, slides were washed at least 

three times with PBS. Secondary antibody coupled to Alexa fluor 488 or Alexa fluor 568 

(diluted in 1% BSA, PBS) was added and incubated for 90 min at room temperature.  

Finally, slides were washed three times with PBS, and 15 μl of Fluoromount-G (Southern 

Biotechnology CAT NO 0100–01) with 2 μg/ml DAPI were added as a mounting solution for 

the coverslip. 
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2.11. Microscopy Image acquisition, segmentation, and measurements 

 

Image acquisition was entirely performed on a Zeiss LSM 780 confocal microscope 

using a 64X oil immersion objective. A 405 nm, 488 nm, and 568 laser excitation wavelengths 

were used for DAPI, Alexa Fluor 488/GFP, and Alexa Fluor 526, respectively. DAPI Emission 

was measured considering wavelengths in the range 410-585. Alexa Fluor 488/GFP emission 

was measured considering wavelengths in the range 493-630 nm. Alexa Fluor 568 emission 

was measured considering wavelengths in the range 590-645 nm. The same acquisition gain 

settings were used for all slides of the same experiment. Each image acquisition consists of a 

Z-stack capture with a 0.64 μm slice distance.  

 

Regions of interest were segmented by different tools such as the ImageJ plug-ins Nucl.eye 

(https://github.com/mutterer/Nucl.Eye) or Icraq (https://github.com/gschivre/iCRAQ) or the 

DeepLearning script Nucl.Eye.D (https://tinyurl.com/NuclEyeD). Measurement of regions of 

interest was performed on ImageJ (Schroeder et al. 2021). Most measurements get 

automatized using ImageJ macros available in “ImageJ-macro-toolbox” 

(https://tinyurl.com/JotoBe). The final data display was mainly performed on Rstudio 

(http://www.rstudio.com/). The different macros used are available in “Rstudio-macro-

toolbox” (https://tinyurl.com/JotoBe). 

 

2.12. Protein extraction and immunoblotting 

  

2.12.1. Total protein extraction 

 

Whole protein extracts were prepared using denaturing buffer (Molinier et al. 2008). 

20 µg of total protein were separated by 8% SDS-PAGE gel and blotted onto an Immobilon-P 

membrane (Millipore). Anti-bodies were used in PBST [PBS (PBS X 1), nonfat dry milk (5%, w:v) 

and Tween-20 (0.1%); (see Table 5 for details)]. 

 

 

 

https://github.com/gschivre/iCRAQ
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2.12.2. Chromatin preparation and Mnase treatment  

 

Fractions of soluble (S1)/insoluble (P1) proteins were extracted from 100 mg of  

21-day-old seedlings using Nonidet P-40 lysis buffer (25 mM Tris-HCl, pH 8.0, 0.3 M NaCl, 

 1 mM EDTA, 10% [v/v] glycerol, Nonidet P-40 1% [v/v], 0.2 mM phenylmethylsulfonyl fluoride, 

and EDTA-free Protease Inhibitor Cocktail [1 tablet/50 mL]). After grinding, the powder was 

resuspended in 3 mL of Nonidet P-40 lysis buffer and incubated for 30 min on a rotating wheel 

at 4°C (8 rpm), and the solution was filtered through Miracloth. Removal of extra cell debris 

was performed by centrifugation (2.000g, 5 min, 4°C). Free chromatin-unbound proteins  

(S1 fraction) were recovered from the soluble fraction after centrifugation (13.000g, 10 min, 

4°C). The pellet containing insoluble and chromatin-bound proteins (P1 fraction) was either 

resuspended in 75 μL of Nonidet P-40-containing resuspension buffer for immunoblot or 

washed twice with 0.5 ml ice-cold CS buffer (20 mM Tris-HCl, pH 7.5, 100 mM KCl, 2 mM MgCl2, 

1 mM CaCl2, 0.3 M sucrose, 0.1% (v/v) Triton X-100) for Mnase treatment. The P1 fraction was 

resuspended in 40 µl of CS buffer. Mnase treatment was performed by adding 5 µl of  

10× reaction buffer [500 mM Tris-HCl (pH 7.9), 50 mM CaCl2], 1 µl of bovine serum albumin 

(BSA; 1 mg/ml) and MNase (4 U/µl in a volume of 50 µl) and incubated at 37 °C for 7 min. 

MNase digestion was stopped by the addition of EGTA (5 mM), and the internucleosomal 

fraction proteins (S2) were separated from insoluble core nucleosome fraction (P2) by 

centrifugation at 15.000 g (10 min, 4 °C). S2 and P2 fractions were loaded in denaturing buffer 

for SDS-PAGE separation and immunoblotting with the indicated antibodies  

(see Table 5 for details). 

 

2.12.3. Co-immunoprecipitation  

 

Proteins were extracted from 200 mg of 21-day-old Arabidopsis seedlings using 3 mL 

of IP buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.1% v/v NP40,  

10% glycerol, EDTA-free Protease Inhibitor Cocktail [1 tablet/50 mL]) and incubated for 30 min 

on a rotating wheel at 4°C (8 rpm). The solution is Miracloth-filtered, and immunoprecipitation 

was performed using anti-FLAG gel affinity (Sigma-Aldrich) overnight on a rotating wheel at 

4°C (8 rpm). The precipitate was washed four times in IP buffer, resuspended in 50 μl of 

denaturing buffer, and heated for 5 min at 95°C prior to immunoblotting.  
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The DDB2-FLAG fusion protein was detected using the anti-FLAG HRP (A8592; Sigma-Aldrich) 

at a 1:5000 (v: v) dilution in PBST (1× PBS, nonfat dry milk [5%, w/v], and Tween 20 [0.1%, v/v; 

Sigma-Aldrich]). 

 

2.13. RNA extraction and RT-qPCR 

 

Total RNAs were extracted from 21-day-old in vitro Arabidopsis plants using Tri-

Reagent (Sigma). Reverse transcription (RT) was performed on 5 μg of total RNA using the 

cDNA reverse transcription kit (Applied Biosystems) following the manufacturer's instructions. 

After RNaseH treatment, 100 ng of purified cDNA were used for quantitative PCR (qPCR).  

qPCR was performed, including technical triplicates, using a Light Cycler 480 and Light Cycler 

480 SYBR Green I Master mix (Roche) following the manufacturer’s instructions.  

All primers are listed in Supplemental Table 4. 

 

2.14. Histochemical GUS assay 

 

Histochemical GUS assay was performed on 21-days old in vitro grown 

pJMJ::JMJ27::GUS expressing plants (See Table 6 for details) in control condition (0) and in a 

time course following UV-C irradiation (3, 000 J/m2). Plant samples were incubated for 15h at 

37°C in 96 well plates filled with freshly prepared GUS mix (5 mM Potassium ferricyanide,  

5 mM Potassium ferrocyanide, 1 mM EDTA, 1% Triton-X-100 and 1 mg/ml X-Gluc (resuspend 

in N,N-dimethylformamide). Before image acquisition, plants were dehydrated in 70%, 80% 

and 95 % ethanol solutions.  

 

2.15. Statistics 

 
Mann-Whitney U or Wilcoxon Matched-Pairs Signed-Ranks tests were used as non-

parametric statistical hypothesis tests (http://astatsa.com/WilcoxonTest/). Chi 2 test was 

used to determine significant difference between categories distribution 

(https://goodcalculators.com/chi-square-calculator/). Representation factor (R) was used to 

determine the statistical significance of the overlap between 2 independent groups of 

genomic regions (http://nemates.org/MA/progs/overlap_stats.html). T-test was used as a 

parametric statistical hypothesis test. 

http://astatsa.com/WilcoxonTest/
https://goodcalculators.com/chi-square-calculator/
http://nemates.org/MA/progs/overlap_stats.html
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Mutant Reference 

phrI WiscDsLox466C12  

uvr3 WiscDsLox334H05 

rad10 SALK 077000 

ddb2-3 WiscDsLoxHs195_05H   

jmj27 SAIL_400_B08   

ibm1 SALK_006042 

kyp SALK_069326 

kyp suvh5/6 SALK_041474 GK-263C05 SAIL_1244_F04 

atxr5/6 SAIL_240_H01 and SAIL_240_H01 

nrpd1 SALK_583051 

cmt2 SALK_201637  

cmt3-11 SALK_148381 

drm2-10 SALK_129477 

dcl4-2 GABI_160G05 

ago4-1 Zilberman et al., 2003 

ddm1-2 Stokes et al., 1999 

Table 1: Arabidopsis thaliana mutant lines used in the study 

 

Ecotypes 

C24 (CS906) from unknown. 

Can-0 (CS6660) from Canary Islands, Spain. Longitude/Latitude/Elevation: W15/N28 at 1260m. 

Cen-0 (CS6661) from Caen, France. Longitude/Latitude/Elevation: W0/N49 at 1-100m. 

CIBC10 (CS22229) from United Kingdom. 

Col-0 (N1092) from Columbia, Missouri, USA. Longitude/Latitude/Elevation: W93/N38 at 1-100m. 
Temp in C (Spr/Aut):15-16/21-2, Precipitation in mm (Spr/Aut):60-70/30-40. 

Cvi-1 (CS8580) from Cape Verde Islands. Longitude/Latitude/Elevation: W24/N16 at 1-100m. 

En-T (CS6176) from Tadjikistan. 

Is-0 (CS6741) from Isenburg, Germany. Longitude/Latitude/Elevation: E7/N50 at 100-200m. Temp 
in C (Spr/Aut):7-8/11-12. 

Kin-0 (CS6755) from Kindalville, Michigan, USA. Longitude/Latitude/Elevation: W85/N43 at 200-
300m. 

Ler-2 (CS8581) from Landsberg, Germany. Longitude/Latitude/Elevation: E15/N53 at 100-200m. 

MS-0 (CS6797) from Moscow, Russia. 

Nw-1 (CS6812) from Neuweilnau, Germany. Longitude/Latitude/Elevation: E8/N50 at 100-200m. 
Temp in C (Spr/Aut):5-6/9-10. 

Old-2 (CS6821) from Oldenburg, Germany. Longitude/Latitude/Elevation: E8/N53 at 1-100m. 

Ta-0 (CS6867) from Tabor, Czech Republic. Longitude/Latitude/Elevation: E14/N49 at 400-500m. 
Temp in C (Spr/Aut):3-4/9-10. 

Table 2: Arabidopsis thaliana natural variants used in the study 
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Genotyping LP 5‘-3‘ RP 5‘-3‘  

phrI CCAACACAGGGCAAAGTAGTC GATTCTTTGAAGGGAGCTTGG   

uvr3 AGGCTTCTGATTCACCACCTC TCTTGAATACGCCTCAAAAGG    

rad10 TGTACCTTACGTTCGCCAATC TGTGCCAACAGTCAGATTCAG  

ddb2-3 GCGCCACAAACAAACTTTATC ATAGCAGGAGCTTTACCAGGC  

jmj27 ACAACAAGTCAACTGCGTAGG TGGCAATACCAATGAGAGGTC   

ibm1 TACCTGCAACCATTACAAGCC CTCTGGCATGTAAGGAGGATG  

kyp CAATCTCGCGCTGCTTAGTC CGCCTTAGCTTTTATCATCTGG  

nrpd1 GCACGGGTTCGAATACGGG GTATCTGACACCGCGGACTC  

cmt2 CCATAGAACTTAAAAGCCGGG CTTGTGGCCCTCCTTAGGTAC  

cmt3-11 TGCACTAGCTTCAGAAGTTTAA ATAAGAGAAGGAGCTGCTGCC  

drm2-10 TCATTTTGTGGTGTGTGGACC TTTTGAAGGACTTTTGGGAGC  

dcl4-2 
GGCTGCACAGCTGATGATTACAA 

GCCGCTCGAGATCATCAGCAAA
GGAAT  

ago4-1 

TGACTGACAGCTGAAAATGGGATGTG
GAT 

GCCACTCCCTAGAACTCACCACC
TAAGTT 

 Ava II 
digestion 

ddm1-2 ACG AAG CAA CCA AGG AAG AA 
GAG CCA TGG GTT TGT GAA 
ACG TA 

Rsa I 
digestion 

   

T-DNA   5‘-3‘  

Lba1 TGGTTCACGTAGTGGGCCATCG 
  

LBb1 GCGTGGACCGCTTGCTGCAACT   

L4 TGATCCATGTAGATTTCCCGG   

LB1 

GCCTTTTCAGAAATGGATAAATAGCCT
TGCTTCC   

LB2 

GCTTCCTATTATATCTTCCCAAATTACC
AATACA   

LB3 

TAGCATCTGAATTTCATAACCAATCTC
GATACAC   

GABI o8760 GGGCTACACTGAATTGGTAGCTC   

Table 3: Primers used for genotyping  
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q-PCR Fwd 5‘-3‘ Rev 5‘-3‘ 
GADPH TTG GTG ACA ACA GGT CAA GCA AAA CTT GTC GCT CAA TGC AAT 

Hexo GGC GTT TTC TGA TAG CGA AAA ATG GAT CAG GCA TTG GAG CT 

UbiCRed ACA AGC CAA TTT TTG CTG AGC  ACA ACA GTC CGA GTG TCA TGG T 

CSA ATG CTG CTC  AGG CGG TTG TG CAG AGG CGA ACC TGG ACA TC 

PHR1 TCC GGA GTA CTT CCC CTC AG GCT CCA ACG AGT AAA TGT GTT CC 

UVR3 ACC ATC TCT TGA GGA ACT TGG C TGC CAC CCA TGC CTT ATC AC 

DDB2 TGG GAC CCT AAG GAT ACC TCG TTG GGT GAA GAG CAG TTC CG 

180pb ACC ATC AAA GCC TTG AGA AGC A 
CCG TAT GAG TCT TTG TCT TTG TAT CTT 
CT 

5S rDNA GGATGCGATCATACCAG CGAAAAGGTATCACATGCC 

KYP AGG TGC CAA CTG CAG GTT TAC TT TTC AGA ACC CCA GTC TGC ATC C 

JMJ27 GGT TAT CAA GGT AAG TGG GC CAC TTG GAG GCT GAG ATT CAC 

Table 4: q-PCR primers list 

 

 

Immunostaining Reference Dilution 

H3K9me2  Diagenode - C15200154 1/500 

H3K27me1  Diagenode - C15410045-50 1/100 

CPD  CosmoBio - CAC-NM-DND-001 1/1500 

6-4PP  CosmoBio - CAC-NM-DND-002 1/300 

5-mC Diagenode - C15200003 1/1000 

8-oxo-G Abcam - ab206461 1/50 

GFP Takara - 632593 1/100 

FLAG Sigma - F3165 1/300 

Goat anti mouse 488 ThermoFisher - A-11001 1/200 

Goat anti mouse 568 ThermoFisher - A-11004 1/300 

Goat anti Rabbit 488 ThermoFisher - A-11008 1/200 

Immuno-blot Reference Dilution 

DDB2 (Molinier et al., 2008) - anti-AtDDB2 antibody  1/2000 

Flag Monoclonal Sigma - A8592 1/1000 

Myc Sigma - AB3252 1/1000 

H3 Abcam - ab10799 1/3000 

H3K9me2 Diagenode - C15200154 1/1000 

Pol-IV Diagenode - C15200004 1/2000 

GFP Takara - 632593 1/2000 

Dot-Blot Reference Dilution 

CPD  CosmoBio - CAC-NM-DND-001 1/1000 

6-4PP  CosmoBio - CAC-NM-DND-002 1/1000 

Table 5: List of antibodies used in the study 
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Promoter Protein  Tag Plasmid Ref. 

Mas DDB2 FLAG pOEX2 (Molinier et al. 2004) 

UBI JMJ27 MYC  pEAQ_ΔP19 Figure 1 

pJMJ27 JMJ27 GUS   (Wang et al. 2021) 

35S JMJ27 GFP   (Wang et al. 2021) 

35S JMJ27m GFP   (Wang et al. 2021) 

35S UVR3 GFP   
(Katarzyna Banas et al. 
2018) 

Table 6:  List of constructs used in the study 

Cloning 

pEAQ 

ΔP19  
SapI jmj27-myc fwd 5‘-3‘ 
  

SapI jmj27-myc rev 5‘-3‘ 
   

JMJ27 
GGTGGTGCTCTTCAATGATGGA
GAAAATGAGAGGGAAGC 

GTGGTGGCTCTTCGTCATTACAGATCCTCTTCTGAGATG
AGTTTTTGTTCGGTATCACTGCGTCGGGAGC 

Sap I 
dige
stion 

Table 7: JMJ27-MYC primers for SapI cloning into pEAQ_ ΔP19 vector 

 

Figure 1: pEAQ_ ΔP19 vector map 

Circular vector map of pEAQ_P19 which was used for the cloning of JMJ27-MYC fragment.  

Graphical representation was performed using MacVectorTM. 
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3. Chapter I - Photodamage localization and alteration in 
constitutive heterochromatin 

 

3.1. Introduction 

 

Ultraviolet (UV) light is a non-ionizing radiation that spans from 10 to 400 nm 

wavelength.  Three main categories of UV are defined: UV-A (315-380nm), UV-B (280-315nm), 

and UV-C (280-100nm). UV-A induces oxidative stress that interferes with cellular processes 

by modifying metabolites, proteins, and DNA (Markovitsi 2016). The main oxidatively-induced 

DNA lesion is the 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxo-G) (Schuch et al. 2017).  

Both UV-C and UV-B are known to induce the formation of photolesions on DNA molecules 

such as Cyclo-Pyrimidine-Dimers (CPD) and 6,4-Photoproducts (6,4-PP) (Markovitsi 2016). 

Importantly, UV-B also causes oxidative stress (Schuch et al. 2017).  

 

Aside from UV, other genotoxic agents can be used to massively induce oxidative stress, as for 

example hydrogen peroxide (H2O2), Paraquat (Methyl-viologen), and ionizing radiations  

(i.e., accelerated protons) (Moustaka and Moustakas 2014; Privett et al. 2017).  

Proton irradiation is a prominent innovative method, among others used in cancer therapy 

(Levin et al. 2005). The proton irradiation is generally performed using a cyclotron, enabling 

the particle acceleration giving to the proton its kinetic energy of around 70–250 MeV  

(for cancer treatment) (Privett et al. 2017). When going through tissue, the protons transfer 

this energy to surrounding molecules, in most cases water (H2O) (Privett et al. 2017). 

Interestingly compared to conventional X-ray methods, the energy delivery is mainly 

restricted to a specific distance after entering the tissue. This maximal energy deposition,  

at the so-called Bragg peak, can be observed by plotting energy loss on the intra-tissular 

distance traveled by the protons (Solov’yov et al. 2009). The direct consequence is water 

radiolysis, triggering the production of Reactive Oxygen Species (ROS; i.e., OH°), ions, and 

other reactive molecules, which may in turn damage the DNA by base fragmentation, base 

deletion, strand breaks, and oxidative base modification.  (Girdhani et al. 2013; Privett et al. 

2017).  
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Treatment with the herbicide Paraquat induces chronic oxidative stress (Moustaka and 

Moustakas 2014; Moustaka et al. 2015). In contrast to UV or proton irradiation, this stress has 

an endogenous source originating from the chloroplast (Moustaka and Moustakas 2014). 

Indeed, by transferring electrons from the respiratory chain of chloroplast to surrounding 

oxygen molecules, Paraquat generates ROS (Moustaka and Moustakas 2014).  

 

As mentioned in the general introduction of this thesis manuscript, several studies provided 

evidence that the formation of photolesions is favored in particular epigenetic contexts. 

Indeed, cytosine methylation (5-mC) and nucleosome positioning were both shown to favor 

the damageability of DNA (Gale et al. 1987; Banyasz et al. 2016). In line with these findings, 

first in vivo studies characterizing DNA damage localization indicates that CPDs are not 

randomly distributed all-over the genome (Premi et al. 2019). In contrast, little is known about 

the influence of the epigenome on oxidatively-induced DNA damage. Aside from its impacts 

on damageability, the epigenetic context also influences DNA repair efficiency and speed 

(Bohr et al. 1985; Hanawalt and Spivak 2008). For example, Transcription Coupled Repair (TCR) 

is initiated by the stalling of the RNA polymerase II and consequently processes DNA damages 

in transcriptionally active genomic regions (Hanawalt and Spivak 2008). Conversely, the Global 

Genome Repair (GGR), initiated by DDB2 (DAMAGED DNA-BINDING 2), even allows damage 

recognition in DNA wrapped around nucleosomes and thus in poorly transcribed genomic 

regions (Matsumoto et al. 2019). Interestingly, the interplay between DNA damage,  

DNA repair, and the epigenomic landscape seems to act wider upon repair (Johann to Berens 

and Molinier 2020). For example, DDB2 was shown to induce change in chromatin compaction 

upon DNA repair in Human (Fortuny et al. 2021) and was shown as a potential regulator of 

DNA methylation homeostasis in Arabidopsis (Schalk and Molinier 2016; Córdoba-Cañero et 

al. 2017). In order to further study the potential crosstalk between DNA repair and epigenome, 

it requires to define in detail which damages are generated by different genotoxic stresses 

and where these damages are localized all over the genome.  

 

The following chapter will report where UV-C and UV-B induce photolesions and where 

protons and paraquat induce 8-oxoG within the genome. In addition, we will show how the 

constitutive heterochromatin behaves upon ionic and non-ionic irradiation. 
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3.2. Results & Discussion 

 

3.2.1. Genomic landscape of UV-C-induced CPDs and 6,4-PP 

 

UV-C mainly induces the formation of CPDs and 6,4-PPs in di-pyrimidine contexts  

(CC, TT, TC, and CT). However, 5-mC and the presence of nucleosomes also appear to influence 

the reactivity of DNA upon UV-C irradiation. Using immunolabeling approaches with anti-CPD 

and anti-6,4-PP antibodies, the sub-nuclear distribution of CPDs and 6,4-PPs could be followed 

upon UV-C exposure on DAPI stained WT nuclei (Fig. 1A). Whereas no signal was observed 

before irradiation, CPDs and 6,4-PP look enriched in the treated nuclei for at least 2h (Fig. 1A). 

Interestingly, CPDs and 6,4 PPs show remarkable overlap with DAPI labeled chromocenter 

regions 30’ upon UV-C (Fig. 1A). Later on, 2h upon exposure, this overlap is less striking, 

especially for 6,4-PPs (Fig. 1A). This observation highlights a potential enrichment of  

UV-C-induced photolesions in heterochromatic regions. However, a remaining signal is still 

present at chromocenters at 2h, showing that photodamage repair is slower in 

heterochromatin. Comparing the mapping of CPD/6,4-PP obtained upon  

Immuno-precipitation of UV-induced DNA damage (IPOUD) with nucleosome and H3K9me2 

positioning along the genome shows the damageability of the heterochromatic regions  

(Fig. 1B).Indeed, as shown by the genomic distribution on chromosome 1 (Fig. 1B) and  

Venn-diagram (Fig. 2), CPD/6,4-PP (Graindorge et al. 2019) and H3K9me2 (Costas et al. 2011) 

enriched regions tend to significantly overlap (Fig. 2). Indeed, around 1/3 of the CPDs and  

1/5 of the 6,4-PPs overlap with H3K9me2-containing regions (Fig. 2). This holds true with the 

overlap with nucleosomes (Fig. 2). Consequently, photolesions formation upon UV-C exposure 

seems enriched in constitutive heterochromatin of Arabidopsis thaliana in agreement with 

the immunolocalization experiments. One possible explanation could be that higher 

chromatin compaction in such H3K9me2 regions favor photodamage formation  

(Mao et al. 2017; Johann to Berens and Molinier 2020). According to the DNA structure and 

its chemistry, such highly compacted conformation would be more reactive upon UV 

irradiation (Markovitsi 2016). In addition, H3K9me2 triggers DNA methylation (Stroud et al. 

2014; Li et al. 2018; Xu and Jiang 2020), which is known to enhance photolesions formation 

(Banyasz et al. 2016). The chromatin structure of these predominantly damaged and repaired 

regions may undergo specific changes, enabling epigenome stability and flexibility. 
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Figure 1: Genome-wide view of CPD and 6,4-PP localizations 

(A) Immunolabeling of CPD or 6,4-PP (green) on DAPI stained (Blue) WT (Col-0) nuclei prepared prior, 30 min and 

2h upon UV-C exposure. Scale bar = 5μm (B) CPDs and 6,4-PPs enrichment using IPOUD assay along the 



3. Chapter I - Photodamage localization and alteration in constitutive heterochromatin 

 

75 

Arabidopsis chromosome 1 (Graindorge et al. 2019). H3K9me2 enrichment along the Arabidopsis chromosome 

1 according to ChIP seq data (Costas et al. 2011). Light grey: chromosome arms, dark grey: 

centromeric/pericentromeric region.  

 

 

 

 

Figure 2:  Venn-diagrams showing the overlap between photolesions, nucleosomes, and H3K9me2 

Venn-diagrams showing the overlap between regions enriched in CPDs or 6,4-PPs, and regions enriched in 

nucleosomes or H3K9me2 according to IPOUD (Graindorge et al. 2019), MNase-seq (Zemach et al. 2013),  

and ChIP-seq assays (Costas et al. 2011), respectively. R factor and exact p-value are shown. 

 

 

 

 

 

 

 

 



3. Chapter I - Photodamage localization and alteration in constitutive heterochromatin 

 

76 

3.2.2. UV-C-induced methylome changes  

 

A starting point, for the following parts of my thesis was my contribution to the 

characterization of DNA methylation and heterochromatin alterations of plants exposed to 

UV-C (Graindorge et al. 2019). We investigated the accuracy of the maintenance of the 

methylome and constitutive heterochromatin structure 24h upon UV-C irradiation.  

As described in our publication (Graindorge et al. 2019), we provided strong evidence that 

DNA repair processes modulate and maintain the DNA methylation landscape 24h upon UV-C 

(Graindorge et al. 2019). Additionally, we described that heterochromatin structures changes 

24h upon UV-C, depending on the DNA repair processes used. Interestingly, we could observe 

that these structural changes are unlikely exclusively due to DNA methylation alterations 

(Graindorge et al. 2019). The full PDF is attached in § 3.5. Annex.   

 

We decided to investigate earlier time points following UV-C irradiation to characterize a 

potential dynamic of the chromocenter structures. The Chromocenter Occupancy in WT and 

ddb2 Arabidopsis plants significantly decreased 2h upon UV-C exposure (Fig. 3A and 3B), 

suggesting a precocious heterochromatin relaxation process. This change could be explained 

by modulation of histones PTMs and/or histone eviction/displacement and/or chromatin 

remodeling (Kim 2019).    
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Figure 3:  Chromocenter occupancy upon UV-C exposure in WT and ddb2 plants 

(A) Microscopy images of DAPI stained Arabidopsis WT (Col-0) and ddb2 leaf nuclei in prior (0) and upon UV-C 

exposure (2h or 24h). Scale bar = 5μm. (B) Boxplots showing the Chromocenter Occupancies during the time 

course. N= at least 50 nuclei per time point. * p-value < 0.05. (Mann-Whitney U test. 
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3.2.3. UV-B-induced DNA damage 

 

The previous part shows the formation of photolesion and the alterations of the 

methylome upon UV-C exposure. Given that the UV-C wavelength is filtered by the Ozon layer 

and thus does not reach the earth's surface, we did also use a more biological relevant UV 

wavelength: UV-B. Similar to UV-C, UV-B generates CPDs and 6-4 PP photolesions  

(Markovitsi 2016). However, UV-B also induces an oxidative burst through ROS production 

(Schuch et al. 2017). ROS are expected to react with DNA and to trigger the production of 

specialized metabolites involved in the defense mechanisms against ROS (Fischer et al. 2018). 

The predominant DNA modification generated by an oxidative burst is the 8-Oxo-G  

(Schuch et al. 2017). 

 

To characterize the distribution of UV-B-induced DNA damages in Arabidopsis leaf nuclei, an 

Immunostaining of CPD and 8-Oxo-G was performed. As shown in Figure 4, an increased CPD 

signal could be observed. Upon UV-B exposure, CPDs appear enriched in chromocenter 

regions, like by UV-C (Fig .4).  

 

Unfortunately, UV-B irradiated nuclei do not show significant enrichment of 8-Oxo-G when 

irradiated with 6750 J/m2 (Fig. 4). Indeed, the residual signal observed is as strong as in control 

conditions in the absence of primary anti-8-oxo-G antibody (Fig. 4). This result could be 

explained by strong scavenging, preventing ROS from efficiently damaging DNA. Alternatively, 

it can be speculated that the used UV-B dose did not allow a strong oxidative burst.  
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Figure 4:  UV-B-induced DNA damage 

Microscopy images representing immunolabeling of (A) CPD (green) and (B) 8-Oxo-G (green) on DAPI stained 

(Blue) WT (Col-0) nuclei prepared directly after UV-B exposure. Scale bar = 5μm. 

 

In order to quantify more precisely the 8-Oxo-G and antioxidant metabolites induced upon 

UV-B exposure, a metabolome analysis approach was used. For this, leaves extracts and 

purified nucleosides of 8 independent biological replicates (8 controls and 8 UV-B-irradiated 

samples) have been analyzed by Liquide-Chromatography High-Resolution  

Mass-Spectrometry (LC-HRMS) using the QTOF.In a first step, a serial dilution of an 8-Oxo-G 

standard was used to precisely characterize its retention time and its MS-profile (Fig. 5).  

In a second step, the different samples were analyzed for the 8-oxo-G specific profile. 

 

 



3. Chapter I - Photodamage localization and alteration in constitutive heterochromatin 

 

80 

Unfortunately, 8-oxo-G could not be detected above the technical detection threshold  

(0.01 µg/mL), neither in whole plant extracts nor in the purified nucleoside samples (Fig. 5). 

To affine the analysis and overcome potential detection limits, we repeated the analysis with 

a Liquide-Chromatography followed by High sensitivity tandem quadrupole Mass 

Spectrometry approach (LC-TQ-MS/MS). Whereas guanosine and guanosine derivates such as 

N2, N2-dimethylguanosine, 2-O-methylguanosine, or 7-methylguanosine were easily 

detected, the 8-Oxo-Guanosine could only be observed in 3 samples at a concentration below 

1 ng/ml (Fig. 6). Surprisingly, the highest 8-Oxo-G concentration was found in a control sample 

(Fig. 6). When analyzing the purified nucleoside fraction, relatively low amounts of guanosine 

could be detected, highlighting the need to improve the yield of our protocol for the analysis 

of purified nucleosides. Altogether, these observations may lead to the question, did our  

UV-B exposure induce an oxidative burst?  

 

For answering this question, in a third step, we performed a non-targeted LC-HRMS strategy 

to identify metabolites related to mechanisms of ROS defense. The non-targeted LC-HR-MS 

QTOF approach shows a significant change in the concentration of 43 molecules in the 

metabolome extracted from irradiated leaves (Fig. 7). Among them, 23 molecules could be 

annotated, and several are related to potential oxidation processes or antioxidative activity 

(Fig. 7). For example, 5-Hydroxy-L-Tryptophan (5-HTP), an oxidation product of L-Tryptophan, 

shows an 80-fold increase compared to untreated samples (Fig. 7). Interestingly the role of  

5-HTP in inhibiting oxidative damage was already largely described in vitro and other 

organisms but not yet in plants (Keithahn and Lerchl 2005). Tryptophan is an essential 

substrate for the 4-Methoxyglucobrassicin consequently, the observed decrease in 

concentration may be explained by competition with the, apparently, highly active 5-HTP 

synthesis pathway. Aside of 5-HTP, two other metabolites with antioxidant faculties increased 

in concentration upon treatment: 1,6-Dihydroxy-1,2,3,4-tetrahydro-beta-carboline the 

oxidation product of 1,2,3,4-tetrahydro-beta-carboline (Fig. 7) (Ichikawa et al. 2002) and 

Antrocinnamomin B (Wu et al. 2008). 

 

In Sum, these approaches confirm that our UV-B treatment induces the formation of 

photolesions as well as metabolite involved in oxidative stress response, highlighting that an 

oxidative burst occurred.  
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However, the UV-B dose used was not sufficient to form detectable 8-Oxo-G. Therefore, more 

effort will be devoted to improve the irradiation conditions and further investigate the 

formation of oxidatively-induced DNA damage following UV-B exposure. The dynamics of 

constitutive heterochromatin upon UV-B, as a biological relevant UV wavelength inducing 

photodamages and intrinsic signaling through the photoreceptor UVR8 (Liang et al. 2019),  

will be further characterized in chapter IV.  

 

 

 

Figure 5: Targeted 8-oxo-G analysis upon UV-B exposure using QTOF 

Chromatogram showing the expected peak of 8-Oxo-G in a standard sample, the absence of peaks in nucleoside 

and whole extract samples. The green square highlights the specific peak of 8-Oxo-G.   

 

 

 

 

Figure 6: Targeted nucleoside analysis upon UV-B exposure using EvoQ  

Standard curve of 8-oxo-G, for low concentrations (<1ng/ml). Histograms showing peaks areas (concentration) 

of Guanosine, N2, N2-dimethylguanosine,2-O-methylguanosine, 7-methylguanosine and 8-Oxo-G in UV-B and 

control samples.  
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Figure 7: Non-targeted metabolome analysis of WT Arabidopsis leaves exposed to UV-B 

Histogram showing the fold change concentrations of metabolites exhibiting significant differences in untreated 

vs UV-B treated samples (non-parametric t-test (FC>2; P-value<0,05)). In red, the metabolites with antioxidative 

potential. In green, the UV-B-induced metabolites (absent in all control samples and present in all UV-B-treated 

samples). 

 

3.2.4. Oxidatively-induced DNA damage and heterochromatin reshaping 

 

UV-B exposure induces oxidative stress but does not allow efficient detection of  

8-oxo-G. In order to overtake this limitation and to determine the genomic localization of 

8-Oxo-G, we decided to uncouple photolesion formation and oxidatively-induced DNA 

damage. For this, we used proton irradiations in collaboration with a team of physicists 

(Institut Pluridisciplinaire Hubert Curien). This fast energy deposition method is expected to 

induce water radiolysis in living tissues, thereby inducing a strong oxidative burst (Privett et 

al. 2017). Arabidopsis leaves were irradiated with a 100 Gy proton. As shown in Figure. 8A,  

a significant enrichment of 8-Oxo-G specific signal could be observed upon proton irradiation. 

This signal appears to be spread all over the nucleus (Fig. 8A) and resembles the results 

reported in human cells when observing the localization of 8-Oxo-G (D’Augustin et al. 2020). 
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In parallel we used a chemical treatment, Paraquat, to induce an oxidative burst.  

Following paraquat treatment, the 8-Oxo-G specific signal accumulates around chromocenter 

regions (Fig. 8A). This pattern is seldom observed in the proton-irradiated nuclei. 

Therefore, the source of oxidative stress seems to influence the damage localization.  

 

Finally, as previously described for UV-C, the effect of proton irradiation on heterochromatic 

structures was analyzed in WT (Col-0) plant leaves nuclei 24h upon exposure.  

In this set of experiments, the chromocenter occupancy of control unirradiated plants was 

compared with the chromocenter occupancy of nuclei extracted from the leaves targeted by 

a 100 Gy proton beam as well as in nuclei prepared from opposite leaves (Fig. 8B).  

This would allow to identify a potential ROS signaling bystander effect (Jella et al. 2018). 

Interestingly, 24h upon irradiation, only nuclei extracted from targeted leaves show a 

significant increase in Chromocenter occupancy (Fig. 8B and 8C). Consequently, the proton 

irradiation, induces changes in heterochromatic structures in Arabidopsis, as previously 

described with UV-C exposure. One plausible explanation, would be that this increase in CO, 

depends on the DNA repair process more than on the damage that needs to be repaired.  

 

According to our observations, it can be questioned how the epigenome of human cells 

evolves upon a proton beam therapy, which is notably used for the microtargeting of cancer 

cells (D’Augustin et al. 2020). Now ongoing work tries to follow the metabolomic and genomic 

changes induced by different proton irradiation protocols. The awaited results may provide 

more helpful insight in the cellular, genetic and epigenetic processes triggered upon proton 

irradiation of living tissues.      
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Figure 8: Immunolocalization of 8-oxo-G and measurements of Chromocenter Occupancy  

(A) Microscopy images of immunolabeled 8-Oxo-G (green) WT (Col-0) Nuclei prepared directly after proton 

irradiation or after 10h of Paraquat treatment. DAPI stained (Blue).  (B) Left panel: experimental procedure of 

proton irradiation. opo: opposite unirradiated leaf. tar: target irradiated leaf. Right panel: DAPI-stained nuclei of 

WT (Col-0) plants in the control condition(0) and 24h upon proton irradiation. Scale bar = 5μm  

(C) Boxplots showing the variation in chromocenter occupancies in WT nuclei in the control condition (0) and 

upon proton irradiation (24h). The exact p-values are shown. n.s: non-significant (Mann-Whitney U test). 
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3.3. Conclusions  

 

While UV-C- and UV-B-induced photolesions showed a significant overlap with 

heterochromatic regions, the oxidative stress induced by proton irradiation seems to induce 

8-Oxo-G formation all over the genome. However, in the case of chronic exposure to oxidative 

stress (using paraquat), the distribution of 8-Oxo-G becomes displaced to regions around 

chromocenters. However, both genotoxic stresses, induced by UV-C or by proton irradiation, 

alter in a similar way the shape of constitutive heterochromatin 24h upon treatment.  

These alterations may be the consequence of a complex dynamic and interplay between DNA 

repair and epigenome reshaping processes. The first evidence of such precocious events is 

supported by the analysis of Arabidopsis nuclei 2h upon UV-C, showing a massive decrease of 

the Chromocenter Occupancy. Based on these results we aim at deciphering the underlying 

molecular mechanisms involved in the reshaping of heterochromatin dynamics during and 

upon DNA repair. 
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Abstract

Plants are exposed to the damaging effect of sunlight that induces DNA photolesions. In

order to maintain genome integrity, specific DNA repair pathways are mobilized. Upon

removal of UV-induced DNA lesions, the accurate re-establishment of epigenome land-

scape is expected to be a prominent step of these DNA repair pathways. However, it

remains poorly documented whether DNAmethylation is accurately maintained at photoda-

maged sites and how photodamage repair pathways contribute to the maintenance of

genome/methylome integrities. Using genome wide approaches, we report that UV-C irradi-

ation leads to CHH DNAmethylation changes. We identified that the specific DNA repair

pathways involved in the repair of UV-induced DNA lesions, Direct Repair (DR), Global

Genome Repair (GGR) and small RNA-mediated GGR prevent the excessive alterations of

DNAmethylation landscape. Moreover, we identified that UV-C irradiation induced chromo-

center reorganization and that photodamage repair factors control this dynamics. The

methylome changes rely on misregulation of maintenance, de novo and active DNA

demethylation pathways highlighting that molecular processes related to genome and

methylome integrities are closely interconnected. Importantly, we identified that photole-

sions are sources of DNAmethylation changes in repressive chromatin. This study unveils

that DNA repair factors, together with small RNA, act to accurately maintain both genome

and methylome integrities at photodamaged silent genomic regions, strengthening the idea

that plants have evolved sophisticated interplays between DNAmethylation dynamics and

DNA repair.

Author summary

Living organisms have to efficiently respond to environmental cues that interfere with dif-

ferent cellular processes. Upon exposure to biotic/abiotic stresses, the coordinated mainte-

nance of genome and epigenome integrity is crucial to allow the accurate progress of the

developmental programs. In plants the sunlight used for photosynthesis also induces the

formation of photodamage altering DNA structure. Although photolesions repair

PLOSGenetics | https://doi.org/10.1371/journal.pgen.1008476 November 18, 2019 1 / 33

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

OPEN ACCESS

Citation: Graindorge S, Cognat V, Johann to

Berens P, Mutterer J, Molinier J (2019)

Photodamage repair pathways contribute to the

accurate maintenance of the DNAmethylome

landscape upon UV exposure. PLoS Genet 15(11):

e1008476. https://doi.org/10.1371/journal.

pgen.1008476

Editor: Julian E. Sale, MRC Laboratory of Molecular

Biology, UNITED KINGDOM

Received: July 1, 2019

Accepted:October 13, 2019

Published: November 18, 2019

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pgen.1008476

Copyright: © 2019 Graindorge et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement:WGBS, DNA-seq and

small RNA-seq raw data generated in this work are

http://orcid.org/0000-0002-2774-3870
http://orcid.org/0000-0001-9337-2767
https://doi.org/10.1371/journal.pgen.1008476
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008476&domain=pdf&date_stamp=2019-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008476&domain=pdf&date_stamp=2019-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008476&domain=pdf&date_stamp=2019-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008476&domain=pdf&date_stamp=2019-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008476&domain=pdf&date_stamp=2019-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008476&domain=pdf&date_stamp=2019-12-02
https://doi.org/10.1371/journal.pgen.1008476
https://doi.org/10.1371/journal.pgen.1008476
https://doi.org/10.1371/journal.pgen.1008476
http://creativecommons.org/licenses/by/4.0/


pathways are well characterized, the side effect of UV irradiation on epigenome integrity

is yet-to-be fully investigated. Using genome wide approaches and several photodamage

repair deficient Arabidopsis plants we determined that UV-C irradiation induces alter-

ations of DNAmethylation landscape and that all photodamage repair pathways contrib-

ute to the accurate maintenance of methylome integrity predominantly in silent genomic

regions. These UV-induced methylation changes are accompanied by the modulation of

constitutive heterochromatin organization. Moreover, our study highlighted that photole-

sions are source of DNAmethylation alterations strengthening the idea that complex

interplays between DNA damage, DNA repair and DNAmethylation dynamics exist.

Introduction

DNA carries the genetic information that living organisms decrypt to efficiently ensure their

developmental programs and their response/adaption to environmental cues. Exposure to

biotic/abiotic stresses can directly or indirectly induce the formation of DNA damage such as

bases modifications, DNA breaks, alterations of DNA structure all interfering with DNA repli-

cation and transcription [1]. Due to their lifestyle, photosynthetic organisms use the beneficial

effect of sunlight [2]. However, they have to cope with the damaging effects of specific wave-

lengths that impact their genome integrity [3]. Indeed, ozone filtered ultraviolet (UV 315–400

nm) and infra-red (IR> 700 nm) induce different types of genomic alterations such as DNA

damage, Transposable Elements (TE) mobilization and transposition [4, 5, 6]. In order to

maintain genome stability, DNA repair pathways and tight suppression of transposition need

to be efficiently activated to prevent DNA sequence alterations and/or genome rearrangements

[7, 8, 9]. UV-B (environmental wavelength) and UV-C (experimental wavelength) directly

react with DNA bases to produce photolesions [10, 11]. The induced photodamage are cyclo-

butane pyrimidine dimers (CPDs) and 6,4-photoproducts (6,4 PP; [4]). Both types of photole-

sions are formed between di-pyrimidines (TT, CC, TC and CT; [3]) and are localized in

euchromatin and heterochromatin [12].

In plants, UV-induced DNA lesions are preferentially repaired by Direct Repair (DR) that

is a light-dependent error-free process catalyzed by enzymes called DNA photolyases [13]. In

Arabidopsis thaliana, two active photolyases act specifically on photolesions: PHR1 on CPDs

and UVR3 on 6,4 PP [4]. Conversely, a light-independent mechanism, called Nucleotide Exci-

sion Repair (NER), repairs photolesions by the excision of the damaged DNA strand, followed

by restoration of an intact double helix through de novoDNA synthesis [14]. NER is subdi-

vided into two sub-pathways: Transcription-Coupled Repair (TCR) and Global Genome

Repair (GGR), that process photolesions along actively transcribed DNA strands or through-

out the genome, respectively [14]. The recognition of photolesions during TCR and GGR dif-

fer whereas the following steps, DNA unwinding, excision, gap filling and ligation share

similar factors 14. In actively transcribed genomic regions, the stalled RNA POLYMERASE II

(RNA POL II) triggers the recognition signal that allows recruiting the COKAYNE SYN-

DROME proteins A and B (CSA, CSB; [14]. Conversely, during GGR, the DNA DAMAGE--

BINDING PROTEIN 2 (DDB2) recognizes the UV-induced DNA lesions in un-transcribed or

weakly transcribed genomic regions [14, 15].

Interestingly, DDB2 also associates with the silencing factor ARGONAUTE 1 (AGO1) to

form a chromatin-bound complex with 21-nt small RNA (siRNAs, [16]). This class of small

RNAs, called UV-induced siRNA (uviRNAs), originates from the photo-damaged regions

(mainly TE and intergenic regions) and involves a non-canonical biogenesis pathway
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requiring the plant specific RNA POLYMERASE IV (RNA POL IV), RNA-DEPENDENT

RNA POLYMERASE 2 (RDR2) and DICER-LIKE 4 (DCL4, 16]). The DDB2-AGO1-uviRNA

complex loads on chromatin upon UV irradiation and likely facilitates photo-damage recogni-

tion in an RNA/DNA complementary manner [16]. This recently unveiled DNA repair path-

way is called small RNA-mediated GGR.

5-methyl cytosine (5-mC) is a base modification that is a component of the epigenome con-

tributing, with histones post-translational modifications (PTM), to the silencing of TE and to

the regulation of gene expression [17]. In plants, cytosines are methylated in the symmetric

CG, CHG and asymmetric CHH sequence contexts (where H = A, T, or C; [18]). Upon DNA

replication, DNAmethylation status of the newly synthetized DNA strand needs to be properly

maintained [18]. In Arabidopsis, the methyl moiety is deposited on cytosine by 4 DNA

methyltransferases: METHYLTRANSFERASE 1 (MET1), CHROMOMETHYLASE 3

(CMT3), CHROMOMETHYLASE 2 (CMT2) and DOMAINS REARRANGEDMETHYL-

TRANSFERASE 2 (DRM2) [18]. These enzymes specifically maintain DNAmethylation in the

CG (MET1), CHG (CMT3) and CHH (CMT2 and DRM2) sequence contexts [18]. Addition-

ally, cytosines can be methylated de novo by the RNA-directed DNAmethylation (RdDM)

pathway [19]. This process involves two plant-specific RNA POLYMERASES, RNA POL IV

and RNA POL V [19]. RNA POL IV in association with RDR2 produces dsRNA precursors

that are diced into 24-nt siRNAs by DCL3 [19]. These siRNAs are loaded into AGO4, which

together with DRM2 are recruited to chromatin by the RNA POL V to methylate DNA in the

3 sequences contexts [19].

The DNAmethylation profile is the result of the complex balance between gain (de novo),

maintenance and loss/removal [20]. Indeed, DNA methylation can be passively lost upon

DNA replication due to inefficient maintenance process [21]. Conversely, DNA methylation

could be actively removed by specific 5-mC DNA glycosylases [21]. The Arabidopsis genome

codes for 4 DNA demethylases: REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME),

DEMETER LIKE-2 (DML2) and DEMETER LIKE-3 (DML3) which counteracts RdDM to

prevent the spreading of DNAmethylation [21]. Active DNA demethylation is related to Base

Excision Repair (BER), highlighting that 5-mC is considered as a modified base like any other

DNA lesions and thus strengthens the notion that DNA repair and DNAmethylation dynam-

ics are closely related [21].

Interestingly, several studies have uncovered that DNA repair factors control the shaping of

the DNAmethylation landscape. Arabidopsis plants defective in expression of the Mismatch

Repair factor, mutS HOMOLOG1 (MSH1), exhibited heritable DNAmethylation changes

[22]. Arabidopsis DDB2 loss of function leads to DNAmethylation alterations at many repeat

loci [23]. Indeed, DDB2 forms a protein complex with AGO4 and ROS1 that controls de novo

DNAmethylation and expression/activity of ROS1 [23, 24]. Moreover, depletions of cognate

GGR factors in plants and in mammals also lead to alterations of DNAmethylation profiles at

particular loci [25, 26]. Collectively, these studies robustly support the idea that direct inter-

plays between DNA repair and DNAmethylation dynamics exist [3]. Additionally, most of the

DNA repair pathways, including NER, are DNA synthesis-dependent repair process [9].

Therefore, the re-establishment of proper DNAmethylation landscape at damaged/repaired

sites is a prominent part of these pathways that should not be under estimated. Ultimately,

maintenance of genome and methylome integrities have to be considered as mechanistically

interconnected.

The consequences of environmental cues on DNAmethylation landscape as well as the

putative role of DNAmethylation/demethylation-related factors in response to biotic/abiotic

stresses have been extensively reported [27, 28, 29, 30]. Biotic and abiotic stresses exposures

alter DNA methylome to different extents, leading to the modulation of gene expression, thus
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reflecting that DNAmethylation mediates response to environmental stress [27, 31, 32]. How-

ever, it must also be taken into consideration that most of these stresses also induce DNA dam-

age such as oxidatively-induced DNAmodifications, Single and Double Strand Breaks (SSB

and DSB) that need to be repaired in order to maintain genome integrity [3, 33]. The effect of

genotoxic stress exposure on methylome integrity are yet-to-be fully investigated. Therefore, a

major challenge would be to assess whether DNA damage could be sources of DNAmethyla-

tion changes or not, and also to decipher to which extent particular DNA repair pathways

could contribute to control methylome integrity not only genome wide but specifically at dam-

aged sites and upon repair. To uncover this, we took advantage of plants that have to efficiently

cope with the deleterious effects of UV radiation and that have evolved sophisticated intercon-

nections between DNAmethylation dynamics and DNA repair [3].

In this study, we used genome wide approaches to identify that UV-C irradiation leads to

DNAmethylation changes predominantly in asymmetric context. These changes are concomi-

tant with the release of silencing of particular repeats and with alterations of chromocenters

organization. We unveiled that the DNA repair pathways involved in the repair of UV-induced

DNA lesions, namely, DR, GGR and small RNA-mediated GGR, prevent excessive alterations

of DNAmethylation upon UV-C irradiation. The methylome changes rely on the misregula-

tion of maintenance, de novo and active DNA demethylation pathways highlighting that main-

tenance of genome and methylome integrities are interconnected. The genome wide mapping

of UV-C induced photolesions revealed their predominant locations at centromeric/pericen-

tromeric regions. The cross-comparison of methylome changes and of photodamaged regions

allowed identifying that UV-C-induced DNA lesions are sources of DNAmethylation alter-

ations. Collectively, our data suggest that DNA repair factors, together with small RNA, act to

accurately maintain genome and methylome integrities at damaged sites in repressive chroma-

tin, including both constitutive and facultative heterochromatin.

Results

UV-C irradiation induces changes of the DNAmethylation landscape

In order to characterize the effect of UV-C irradiation on DNAmethylation landscape, we

determined by whole-genome bisulfite sequencing (WGBS) the DNAmethylome of WT Ara-

bidopsis plants prior and 24h upon UV-C exposure. Importantly, the UV-C dose, the growth

conditions and the time points used (see methods for details), were set up to favor an efficient

induction of photolesions and to prevent significant changes in developmental phenotypes

[34, 35].

Indeed, the photodamage repair is expected to be completed 24h upon UV-C exposure in

WT and also in DNA repair deficient Arabidopsis plants, allowing the determination of the

methylome landscape including repaired genomic regions.

In WT plants, comparison of the DNAmethylation levels prior irradiation with those of

24h upon UV-C exposure revealed around 2,000 Differentially Methylated Regions (DMRs)

including 55% of hyper-DMRs and 45% of hypo-DMRs, predominantly in the CHH asymmet-

ric context (Figs 1A and S1A). These UV-C-induced DNAmethylation changes are predomi-

nantly located within the centromeric and pericentromeric regions (Figs 1B, S2A and S3)

mainly overlapping with chromatin state 6 (intergenic regions) and with constitutive hetero-

chromatic states 8 and 9 (GC rich within intergenic regions and TE; S1B Fig, [36]). Impor-

tantly, the distribution of chromatin-states containing DMRs significantly differs from their

overall distribution in the Arabidopsis genome, highlighting a strong bias for methylation

changes within constitutive heterochromatin (S1B Fig).
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Single resolution analyses of WGBS data allowed identifying that more than 97% of these

changes occurred in the CHH context, exhibiting a trend of gain of DNAmethylation (Figs 1C

and S2B). These DMRs mainly overlapped with TE and intergenic genomic regions (Fig 1D),

consistent with their enrichment in silent chromatin states. Interestingly, we could not identify

genomic regions with concomitant changes of CHG and CHHmethylation, highlighting that

alterations of DNAmethylation in both contexts are uncoupled in our experimental condi-

tions (Fig 1C). This contrasts with the well characterized positive correlation between CHG

and CHHmethylation [37, 38] and thus suggests that UV-C irradiation may induce context

specific changes of DNAmethylation levels.

Collectively, our data showed that, in WT Arabidopsis plants, UV-C irradiation led to bal-

anced gain and loss of DNAmethylation in an CHH context that is largely distinct from CHG

methylation. Importantly, theses changes in DNAmethylation landscape were predominantly

located within centromeric-pericentromeric regions representing constitutive

heterochromatin.

Photodamage DNA repair pathways prevent excessive changes of DNA
methylation landscape upon UV-C exposure

To assess the putative role of the DNA repair processes in the interplay between maintenance

of genome and methylome integrities in response to UV irradiation, Arabidopsis plants defi-

cient for the main pathways involved in the repair of UV-induced DNA photolesions were

subjected to UV-C irradiation. DNAmethylation profiles were determined by WGBS prior

and 24h upon UV-C exposure in order to identify DMRs. We used the double uvr3 phrI

mutant plants that are defective in both photolyases involved in the direct repair of photoprod-

ucts [39]. Therefore, in such plants, the NER pathway (TCR and GGR) would be expected to

be the main process used to remove DNA photolesions. We also used ddb2, dcl4 and ago1

mutant plants that are defective in GGR (ddb2, [23, 40]) and/or in small RNA-mediated GGR

(ddb2, dcl4 and ago1, [16]). Thus, the DR would be expected to be predominantly used to

repair photolesions as well as other pathways (i.e. homologous recombination) [33, 41]. There-

fore, determining the genome-wide DNAmethylation landscapes of these UV-C-treated

mutant plants would allow identifying how each DNA repair pathway could, directly or indi-

rectly, contribute to shape the DNAmethylome upon UV-C exposure.

Comparative analyses of the DNAmethylomes within each genotype, uvr3 phrI (0 vs 24h),

ddb2 (0 vs 24h), dcl4 (0 vs 24h) and ago1 (0 vs 24h) plants, revealed thousands of DMRs (Fig

1A). Indeed, uvr3 phrImutant plants exhibited 2,379 hypo-DMRs upon UV-C exposure, rep-

resenting more than 84% of the total DMRs (Figs 1A and S1A). Globally, UV-C exposure leads

to loss of CHH DNAmethylation in uvr3 phrI plants (S2B and S3 Figs). Both hyper- and

hypo-DMRs are distributed all along the chromosomes arms albeit we can notice an enrich-

ment within the centromeric and pericentromeric regions as observed in WT treated plants

(Figs 1B, S2A and S3). Conversely, ddb2 and dcl4mutant plants exhibited 9,750 and 6,350

Fig 1. DNAmethylation differences induced by UV-C irradiation. aHistograms representing the total number of hypo-DMRs
(red) and hyper-DMRs (blue) identified inWT, uvr3 phrI, ddb2, dcl4 and ago1 plants 24h upon UV-C exposure. DMRs were
calculated relative to their corresponding untreated control. bDistributions of DMRs along chromosome 1 (light blue: chromosome
arms, dark blue: pericentromeric regions) for the three sequence contexts. Hyper-DMRs and hypo-DMRs are shown above and
below each chromosome, respectively. cHistograms representing the percentage of CG (red), CHG (blue) and CHH (green) of the
hyper- and hypo-DMRs identified inWT, uvr3 phrI, ddb2, dcl4 and ago1 plants 24h upon UV-C exposure. DMRs were calculated
relative to their corresponding untreated control. dHistograms representing the percentage of the identity (protein-coding genes:
PCG, TE and intergenic) of the hyper- and hypo-DMRs identified inWT, uvr3 phrI, ddb2, dcl4 and ago1 plants. A. t represents the
overall distribution of PCG, TE and intergenic regions in the Arabidopsis thaliana genome. � Chi square test< 0.01 compared to A.
t.

https://doi.org/10.1371/journal.pgen.1008476.g001
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hyper-DMRs, respectively, representing more than 95% of their total DMRs (Figs 1A and

S1A). These observations are consistent with the role of DDB2 in the chaperoning of the

RdDM factor AGO4 to control de novoDNAmethylation [23]. Moreover, it suggests that the

small RNA-mediated DNA repair of photolesions, involving DDB2 and DCL4, also controls

DNAmethylation. Finally, we identified in the ago1 hypomorphic mutant plants (ago1-27,

[42]), 3,058 DMRs including 52% of hyper-DMRs and 48% of hypo-DMRs (Figs 1A and S1A).

These DMRs are located, like in the other tested plants, mostly in centromeric and pericentro-

meric regions (Figs 1B and S2A). Globally, UV-C exposure leads to gain of CHHDNAmethyl-

ation in ddb2, dcl4 and ago1 plants (S2B and S3 Figs).

Similar to the results obtained in WT plants, the mutant’s DMRs mainly overlap with TE

(>55% of the total DMRs), intergenic genomic regions (around 30% of the total DMRs; Fig

1D) and with chromatin states (states 4, 5, 6, 8 and 9) that correspond to repressive contexts,

as expected (S1B Fig, [36]).

Hyper-DMRs sizes of ddb2, dcl4, ago1 plants and hypo-DMRs sizes of uvr3 phrI plants are

significantly longer than those identified in WT plants (S4A and S4B Fig). This suggests that

each DNA repair process restricts the length of regions exhibiting DNAmethylation alter-

ations. In addition, in all mutant plants, genomic regions giving rise to hyper-DMRs display

higher methylation level prior UV-C treatment compared to WT plants and reciprocally with

hypo-DMRs (S4C, S4D and S4E Fig). This would suggest that such regions are more prone to

gain or to lose DNAmethylation due to the pre-existing influence of particular DNAmethyla-

tion/demethylation pathways. In all tested mutant plants, DNAmethylation changes occurred

predominantly in the CHH context although we found, in the ddb2mutant, around 10% of

the DMRs in the symmetric contexts (CG and CHG; Fig 1C).

All together, these results suggest that, upon UV-C exposure, GGR and small RNA-medi-

ated GGR prevent excessive gain of DNAmethylation and that DR prevents excessive loss of

DNAmethylation. These methylome changes occurred predominantly in repressive chroma-

tin where repeats and TE are abundant.

In WT and dcl4 plants, LTR/Gypsy TE overlapping with DMRs are significantly over-repre-

sented compared to their distribution in the Arabidopsis genome (S1C Fig). In uvr3 phrI, ddb2

and ago1 plants, class II TE exhibiting DMRs are significantly over-represented compared to

those ofWT and dcl4 plants (S1C Fig), suggesting that UV-C irradiation may have triggered TE

mobilization. Interestingly, we found that the heat stress responsive LTR/Copia TE,ONSEN [43],

displayed hyper-DMRs inWT plants upon UV-C irradiation (S5A Fig). This gain of DNAmeth-

ylation at the edge of the TE as well as in intergenic regions is more pronounced in ddb2 and dcl4

plants (S5A, S6A, S6B and S6C Figs) and suggests that UV-Cmay have releasedONSEN transcrip-

tion. We can notice that, in all plants, the 24-nt abundances at the edge ofONSEN did not signifi-

cantly change upon UV-C irradiation (S5A Fig). To test the effect of UV-C irradiation onONSEN

transcript level, we measured, 2h and 24h upon UV-C exposure, its RNA steady state level inWT

and in DNA repair deficient plants. We found that inWT, ddb2, dcl4 and ago1 plantsONSEN

transcripts were up-regulated whereas they were down-regulated in uvr3 phrI plants highlighting

that UV-C exposure and DNA repair factors modulate its expression (S5B Fig). In agreement

with our observations, UV-B stress was reported to precociously release gene silencing of trans-

gene, of TE, as well as of endogenous loci in Arabidopsis and maize [44, 45].

Collectively, our data suggest that UV-C irradiation may have transiently released TEs

expression and that changes in DNAmethylation could act as a defense mechanism to prevent

an additional burst of TE mobilization that would further lead to genome instability. More-

over, it allows considering that DNA repair pathways (DR, GGR and small RNA-mediated

GGR) likely contribute to the regulation of the DNAmethylation landscape at putative UV-

reactivated loci.
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UV response and methylation changes

In order to determine whether UV-C-induced DNAmethylation changes are controlled by

specific DNA repair processes or whether these methylome alterations result from a general

“stress response” effect, we compared the DMRs identified in WT plants with those of each

mutant. Additionally, we performed the same cross-comparison using WGBS data fromWT

plants subjected to drought stress [46]. Interestingly, we found significant overlap between

DMRs (hyper and hypo) of WT (UV-C and drought) and of mutant plants as well as in

between DNA defective plants as reflected by a representation factor>1 (S7 and S8 Figs). This

suggests that DNAmethylation levels of particular genomic regions are modulated in a stress-

dependent manner and that photodamage repair processes controls the methylome landscape

of a common set of regions.

Moreover, we re-analyzed the DNAmethylation levels, in the CHH context, of each DMR

for all the genotypes. Interestingly, we found that most of the DMRs in ddb2, dcl4 and ago1

plants display increased DNAmethylation levels whilst in uvr3 phrI plants these profiles

decreased (S9 Fig). These observations are consistent with the respective roles of these factors

in the different pathways involved in the repair and in the response to UV-induced DNA

lesions [3].

Hence, these data show that methylome changes are part of a general stress-response and

that DNA repair pathways act synergistically to maintain DNAmethylation landscape integ-

rity in response to UV-C irradiation.

UV-C irradiation induces chromocenters reshaping

Using WGBS approach, we identified that UV-C irradiation induced genome wide alterations

of DNAmethylation landscape. Interestingly, many methylation changes overlapped with cen-

tromeric and pericentromeric regions suggesting that constitutive heterochromatin strongly

reacts to such stress (Figs 1B, S1B and S2A). Given that chromocenters are highly compacted

genomic regions, we examined whether UV-C irradiation may have affected their compaction

and/or their shape and to which extend photodamage DNA repair pathways act to maintain

their shape. For this, we developed an automated image quantification program using DAPI

staining and confocal microscopy to determine the percentage of surface occupied by chromo-

centers in a corresponding nucleus. We defined this parameter as chromocenters occupancy

(CO) and determined this value in untreated (time point 0) and UV-C treated leaves (24h

upon exposure) of WT and DNA repair deficient plants. In addition, relative chromocenters

fluorescence intensity, chromocenters and nucleus surfaces (see methods for details) were

determined using the same samples. Interestingly, in WT and dcl4 plants CO increased whilst

it decreased in uvr3 phrI and ddb2mutant plants and remained unchanged in ago1 plants (Fig

2A and 2B). UV-C-induced CO alterations are correlated with the significant modulation of

chromocenters fluorescence intensity and of chromocenters-nucleus surfaces (S10A, S10B and

S10C Fig). This reflects that UV-C irradiation triggers nucleus and heterochromatin reorgani-

zation and that DR and GGR factors contribute to different extents to the nuclear dynamics.

In order to determine whether 5-mC distribution follows UV-C-induced chromocenters

reorganization and methylome alterations, as characterized by confocal microscopy and

WGBS, respectively, we performed immunolocalization of 5-mC. We used untreated (time

point 0) and UV-C treated leaves (24h upon exposure) of WT and DNA repair deficient plants.

We found in all tested plants, and as expected, that 5-mC localized around chromocenters

prior UV-C treatment [47]. We confirmed that 5-mC signal remained unchanged in WT and

in ago1 plants upon UV-C irradiation whereas the signal increased in ddb2 and dcl4 plants and

decreased in uvr3 phrI plants, respectively (Fig 2B). Interestingly, in ddb2 and in dcl4 plants,
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Fig 2. Chromocenters and 5-mC phenotypes upon UV-C exposure. a Boxplots representing the percentage of
Chromocenters Occupancy (CO) inWT, uvr3 phrI, ddb2, dcl4 and ago1 plants before (0) and 24h upon UV-C
exposure. CO was determined using DAPI staining, confocal microscopy and measured with an automated image
quantification program. Exact p values accordingMannWhitney test are indicated above each graph. Number of nuclei
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5-mC spread over chromocenters consistent with our WGBS analyses (Figs 1B and 2B). UV-

induced modulation of chromocenters shape may lead to transcriptional changes of particular

sequences located in this area of the chromosome as already reported for heat-stress [45, 48].

Thus, to test this hypothesis, we analyzed by RT-qPCR the RNA steady state level of the centro-

meric 180 bp repeats and of the flanking pericentromeric heterochromatic domains containing

5S rRNA before (time point 0) and after UV-C irradiation (2h and 24h). We found that in WT

plants the 180 bp and the 5S transcripts levels increased 2h upon UV-C exposure and come

back to initial level at 24h (S11A and S11B Fig). In ddb2, dcl4 and ago1 plants we also measured

an increase level of 180 bp and the 5S transcripts levels upon UV-C irradiation whilst in uvr3

phrI plants they decreased (S11A and S11B Fig). This shows that UV-C exposure released

expression of particular centromeric and pericentromeric sequences and that this response

relied on the DR pathway.

Collectively, our data highlighted that UV-C exposure induced the release of silencing of

particular repeats as well as structural changes of chromocenters and 5-mC distribution.

Moreover, we revealed that DNA repair factors involved in the repair of photodamage contrib-

ute to prevent excessive transcriptional reactivation and chromocenters changes in response to

UV-C irradiation.

UV-induced DNAmethylome changes rely on misregulation of DNA
methylation/demethylation pathways

The methylome analysis of WT and DNA repair defective plants subjected to UV-C irradiation

revealed thousands of DMRs (Fig 1A). Such DNAmethylation alterations may result from

local effects in cis and/or from expression changes of genes involved in DNAmethylation/

demethylation processes. To test the latter hypothesis, we measured by RT-qPCR inWT and

DNA repair deficient plants the transcript levels of the main factors of Arabidopsis DNA

methylation/demethylation pathways. UV-C induced up-regulation of CMT2 and DRM2 in

WT, uvr3 phrI, ddb2 and ago1 plants in agreement with their roles in CHHmethylation and

with the gain of asymmetric methylation (S12 Fig). Conversely, in dcl4 plants expression of all

DNAmethyltransferases was down-regulated whilst enhanced CHHmethylation level was

measured (S13 Fig). We also found that UV-C irradiation leads to the up-regulation of

demethylases expression in all plants except for DML3 in uvr3phrI and for DML2 in ddb2

mutant plants (S13 Fig). These results suggest that loss of DNAmethylation could result from

up-regulation the active DNA demethylation process.

In order to further determine the involvement of DNAmethylation/demethylation path-

ways in these methylome changes, we re-analyzed the DNAmethylation levels of each

CHH-DMRs using publicly available data of mutant plants defective in the expression of the

main Arabidopsis DNAmethyltransferases:met1, cmt2, cmt3, drm1 drm2 [38]. We found that

DNAmethylation levels at identified DMRs (hyper and hypo) rely mainly on CMT2 and on

DRM1/2 DNAmethyltransferases, consistent with their roles in maintenance and de novo

CHHmethylation (Fig 3A and 3B, [37]). We found that MET1, involved in maintenance of

DNAmethylation in the CG context, also influenced CHHmethylation at few loci (Fig 3A).

Indeed, inmet1mutant plants many CHH hyper-DMR have been identified 38. In agreement

with this, we found thatMET1 RNA steady state level decreased in WT, ddb2 and dcl4 plants

analyzed: 44 to 109. b Chromocenters phenotypes of isolated leaf nuclei of WT, uvr3 phrI, ddb2, dcl4 and ago1 plants
before (0) and 24h upon UV-C exposure. Representative DAPI staining (cyan) and 5-mC immunostaining (red) are
shown for each genotype and time point. CO are indicated on the representative picture for each genotype and time
point. Images were reconstructed from confocal image stacks. Scale bars = 2 μm.

https://doi.org/10.1371/journal.pgen.1008476.g002
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Fig 3. UV-induced DMRs and DNAmethyltransferases.Heatmaps of CHHmethylation levels within hyper-DMRs (a) and
hypo-DMRs (b) identified inWT, uvr3 phrI, ddb2, dcl4 and ago1 plants 24h upon UV-C exposure. The CHHmethylation
levels of each of these hyper-DMR are reported formet1, cmt2, cmt3 and drm1/2mutant plants. Columns represent data for
each indicated genotype (white: 0; black: 1).

https://doi.org/10.1371/journal.pgen.1008476.g003
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2h upon UV-C exposure supporting the idea that transient down regulation ofMET1 expres-

sion may have also contributed to an ectopic gain of CHHmethylation (S12 Fig).

Surprisingly, in all tested plants we could not identify genomic regions with concomitant

alterations of CHG and CHHmethylation levels, strengthening the fact that changes of DNA

methylation in both contexts are uncoupled (Fig 1C). These observations are in agreement

with the data obtained inmet1 and ddm1mutant plants for which alterations of CHHmethyla-

tion occurred at distinct sites compared to changes of CHGmethylation [38].

We observed that DRM1/2 play a predominant role in the regulation of CHHDNAmethyl-

ation levels at hyper- and hypo-DMRs upon UV-C exposure (Fig 3A and 3B). In order to fur-

ther determine whether the canonical RdDM pathway is involved in this regulation, we

analyzed the DNAmethylation levels at hyper-/hypo-DMRs in nrpd1 and in ago4 deficient

plants [38]. Indeed, we confirmed that the RdDM pathway plays a major role in the regulation

of CHHDNAmethylation landscape at most identified DMRs (Figs 4A and S14A). These

observations suggest that UV-C exposure induces RdDM dysfunction either stimulating de

novo or altering maintenance of DNAmethylation. Moreover, our results suggest that photo-

damage DNA repair pathways are, directly or indirectly involved in de novo and in DNA

methylation maintenance processes.

Active DNA demethylation also leads to loss of DNAmethylation [21]. We aimed at deter-

mining whether genomic regions exhibiting loss of DNAmethylation are targeted by the active

DNA demethylation pathway. For this, we compared our identified hypo-DMRs with hyper-

DMRs found in plants defective in ROS1, DML2 and DML3 demethylases expression (rdd

mutant, [38]). We observed between 35 and 55% overlap with rdd hyper-DMRs (S15A Fig)

confirming that active DNA demethylation may have acted at these particular loci to reduce

DNAmethylation level upon UV-C exposure.

Collectively, these analyses revealed that alterations of DNAmethylation could have as ori-

gin an UV-C-induced misregulation/dysfunction of actors of the DNAmethylation pathways

(de novo and maintenance) and/or of the active DNA demethylation process.

Small RNA populations upon UV-C exposure

To further decipher the role of the RdDM in the UV-induced regulation of DNAmethylation

landscape, we determined how canonical small RNA populations (21-, 22- and 24-nt) varied at

DMRs. We first determined 24-nt siRNA abundance at hyper-/hypo-DMRs for all plants. In

all the cases, and as expected, 24-nt siRNA population abundance is strongly reduced in RNA

POL IV deficient plants (Figs 4B and S14B) strengthening the observation that canonical

RdDM is involved in the biogenesis of these 24-nt siRNA. Surprisingly, only ddb2 plants

exhibit significant increase of 24-nt siRNA abundance at TE hyper-DMRs (Fig 4B) consistent

with the role of DDB2 in the control of de novoDNAmethylation [23]. Conversely, in all other

mutant plants, we could either measure decreased or stabilization of small RNA abundances

contrasting with the direct correlation between 24-nt siRNA quantity and gain of DNAmeth-

ylation (Fig 4B, [19]). For hypo-DMRs, 24-nt siRNA abundance significantly decreased in

WT, uvr3 phrI and ago1 plants at TEs whereas no significant changes could be measured in

ddb2 and dcl4mutant (S14B Fig). Hence, our data suggest that either 24-nt siRNA abundances

have been precociously and transiently modulated/used upon UV-C exposure and/or that

other populations of small RNA (21-nt and 22-nt) may play a role in the regulation of DNA

methylation. Using publicly available small RNA libraries [16] we found that in WT plants, 30

min following UV-C exposure, 24-nt siRNA abundance increased compared to the untreated

time point 0 (S15B Fig) reflecting that transient enhancement of this population of small RNA

may have occurred. To test the putative role of 21-nt and 22-nt siRNA in DNAmethylation
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Fig 4. RNA-directed DNAmethylation and DMRs. aHeatmaps of CHHmethylation levels within hyper-DMRs identified inWT,
uvr3 phrI, ddb2, dcl4 and ago1 plants before, 24h upon UV-C exposure. The CHHmethylation levels of each of these hyper-DMR are
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changes we measured their abundances at hyper-/hypo-DMRs. Firstly, we noticed that both

21- and 22-nt siRNA abundances are strongly reduced in RNA POL IV deficient plants (S16A,

S16B, S17A and S17B Figs) in agreement with the existence of non-canonical small RNA bio-

genesis pathways [49]. Secondly, in WT, uvr3 phrI, ddb2 and dcl4mutant plants, 21-nt abun-

dance increased for all types of genomic regions exhibiting hyper-/hypo-DMRs whilst in ago1

plants it decreased (S16A and S17A Figs). The 22-nt siRNA patterns are similar to those of

21-nt siRNA in uvr3 phrI, ddb2 and dcl4mutant plants for hyper-/hypo-DMRs whereas their

trends differ in WT plants (S16B and S17B Figs) strengthening the idea that DNA methylation

may require different populations of small RNA [50]. 21- and 22-nt siRNA originating from

up-regulation of TE RNA steady state level and of their degradation products are incorporated

into a cognate AGO protein, namely AGO6, to target DNAmethylation [51]. We found that

DNAmethylation level of several loci are under the control of both AGO4 and AGO6 consis-

tent with their redundant functions (S18A and S18B Fig, [51]). Hence, our analyses suggest

that POL IV-dependent siRNA (21-, 22- and 24-nt) mediate changes in DNAmethylation

landscape through complex interplays.

Genome wide mapping of UV-C-induced photolesions

UV-C exposure leads to the formation of photoproducts at di-pyrimidines [4]. In order to

determine a genome-wide map of photolesions, genomic DNA was prepared from the same

UV-C treated plants (WT, uvr3 phrI, ddb2, dcl4 and ago1; see methods for details) used for the

methylome analyses. Genomic DNA was subjected to immunoprecipitation using anti-CPD

and anti-6,4 PPs antibodies and high throughput sequencing was performed on the immuno-

precipitated DNA [16]. The resulting sequences were mapped on the nuclear Arabidopsis

genome and the enriched genomic regions (IP/input) containing photolesions were identified

using bioinformatic workflow (see methods for details, [16]). We found more than 3,500

regions enriched in photolesions inWT plants whereas these numbers are much more reduced

in all tested mutant plants (Fig 5A). This could be due to the physiological adaptation of DNA

repair deficient plants which are prone to produce more UV-screen compounds to prevent

excessive photo-damage and also to the reduced leaves size of the ago1-27 plants [39, 42]. In all

tested plants, photolesions are located all along the chromosomes with a bias for TE and inter-

genic regions in mutant plants compared to WT plants (Fig 5B). Importantly, we can observe

enhanced IP signals at centromeric/pericentromeric regions, suggesting that this part of the

genome is more prone to form photodamage (Figs 5C and S19). Given that photolesions are

formed between di-pyrimidines (CC, CT, TC and TT) we calculated their frequencies for each

DNA strand of the identified damaged regions (intergenic, TE and Protein Coding Genes:

PCG) and compared them to their overall frequencies in the Arabidopsis genome. We could

not identify a significant bias for di-pyrimidines frequencies at damaged sites suggesting that

other genomic or even epigenomic features may favor photolesions formation (S20 Fig; S1

Table). In order to characterize the epigenomic features of the photo-damaged regions we

determined their overlap with chromatin states [36]. In WT plants we found a slight but signif-

icant enrichment of the photoproducts in chromatin states 2, 4, 5 containing high repressive

H3K27me3 level, representative of facultative heterochromatin, in chromatin state 6 and in

repressive chromatin states 8 and 9 representative of constitutive heterochromatin (S21 Fig).

reported for RNA POL IV (nrpd1) and AGO4 (ago4) deficient plants. Columns represent data for each indicated genotype (white: 0;
black: 1). b Boxplots representing the abundance of 24-nt siRNAs mapping to the CHH hyper-DMRs identified in WT, uvr3 phrI,
ddb2, dcl4, ago1 and plants. For each genotype the abundance of 24-nt siRNAs is shown in RNA POL IV deficient plants (nrpd1). The
24-nt siRNA abundance is normalized against global small RNA content and expressed as reads per million (RPM). p-values are
calculated according to WilcoxonMatched-Pairs Signed-Ranks.

https://doi.org/10.1371/journal.pgen.1008476.g004
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Fig 5. Genome-wide identification of UV-C induced photolesions. aHistograms representing the total number of photolesions
identified inWT, uvr3 phrI, ddb2, dcl4 and ago1 using IPOUD. bHistograms representing the percentage of the identity (protein-
coding genes: PCG, TE and intergenic) of photolesions identified inWT, uvr3 phrI, ddb2, dcl4 and ago1 plants. A. t represents the
overall distribution in the Arabidopsis genome. � p< 0.01 compared to A. t according the chi2 test. cDistributions of photolesions
along chromosome 1 (light blue: chromosome arms, dark blue: pericentromeric regions).

https://doi.org/10.1371/journal.pgen.1008476.g005
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Interestingly, in all mutant plants, photolesions overlap with chromatin states 4, 5, 6, 8 and 9

with even a stronger enrichment compared to those of WT plants (S21 Fig). Thus, these obser-

vations highlight that photolesions formation rely on a complex interplay between genomic

(di-pyrimidines) and epigenomic (chromatin states) features.

Given that small RNAs also contribute to the repair of UV-induced DNA lesions [16] we

mapped the canonical siRNA populations (21-, 22- and 24-nt) to the photodamaged regions.

Around 50% of the photolesions-containing regions overlap with small RNAs. They display

POL IV dependency (S22 Fig) supporting the idea that these populations of siRNAs likely orig-

inated from POL IV precursors [16, 49]. Importantly, we could also observe that, in mutant

plants, biogenesis of the 21-nt siRNA population does not fully rely on RNA POL IV (S22 Fig).

These analyses highlight that the damaged loci are either under the transcriptional control of

different types of RNA POL (i.e. RNA POL II and POL IV) or that defect in DNA repair pro-

cesses may activate alternative small RNA biogenesis pathways [49].

Hence, these results suggest that, although the formation of photolesions depends primarily

on the presence of di-pyrimidines, repressive chromatin states also influence the formation of

photodamage. Moreover, our data confirm that both canonical and non-canonical siRNA bio-

genesis pathways interconnect at many damaged loci likely to contribute to maintain genome/

methylome integrity.

DNAmethylation changes at UV-damaged sites

Upon induction of DNA damage and following DNA repair, epigenome integrity should be

maintained by an accurate re-establishment of the pre-existing DNAmethylation patterns. We

aimed at determining at the genome-wide level whether regions that have undergone UV

damage exhibit significant changes in their DNAmethylation levels and how DNA repair

pathways contribute to the maintenance of methylome integrity. In others words we are inter-

ested in determining if DNA damage could be a source of methylome changes.

For this, we compared the genomic location of photolesions with those of the identified

DMRs. Using the cross-comparison of these genomic data we identified that 94 to 98.2% of the

photodamaged regions did not exhibit methylome alterations (Fig 6A). Conversely, it implies

that several genomic regions that have been UV-C-damaged exhibit significant DNAmethyla-

tion changes. Indeed, the overlap between DNA damage and methylome change does not

occur by chance, as supported by a representation factor>1 (Fig 6A). In WT plants, 0.9% of

the damaged regions (33/3585) exhibited changes in DNAmethylation (Fig 6A). This propor-

tion exceeded 2.7% in all tested mutant plants, suggesting that specific DNA repair machinery

efficiently coordinates re-establishment of DNAmethylation upon repair (Fig 6A). In all

plants, damaged genomic regions exhibiting DNAmethylation changes, mapped predomi-

nantly to TE and to centromeric/pericentromeric regions, consistent with the enriched num-

ber of photolesions and DMRs identified in these parts of the genome (Figs 6B and S23).

In order to understand the role of the DNAmethylation/demethylation pathways in the

maintenance of methylome integrity upon UV exposure we extracted the DNAmethylation

level of each overlapping DMR frommet1, cmt2, cmt3 and drm1/2mutant plants [38]. For

hyper-DMRs we found that, in all plants, the gain of methylation relies mainly on CMT2 and

on the RdDM pathway, consistent with their roles in maintenance of CHHmethylation and in

de novoDNAmethylation, respectively (Fig 7A, [18]). Interestingly, we also observed that, at

few loci, CHH DNAmethylation is also under the influence of MET1 in agreement with the

ectopic gain of CHHmethylation reported inmet1 plants [38] and the down regulation of

MET1 expression measured inWT, ddb2 and dcl4 plants (Figs 3A and S11). For hypo-DMRs

the same trends could be observed with an additional role for CMT3 (S24A Fig) consistent
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with the well-established link between CHG and CHHmethylation [37]. Surprisingly, none of

the damaged loci that have lost DNAmethylation are target of the active DNA demethylation

pathway, suggesting that defect in maintenance of DNA methylation may have predominantly

led to hypo methylation (S24A Fig).

Importantly, genomic regions, such as TEs, can acquire DNA methylation through spread-

ing from adjacent siRNA-targeted regions [52]. Given that 100% of the photodamaged regions

exhibiting DMRs contain small RNAs, we investigated whether immediate adjacent regions

gained or lost DNAmethylation. Interestingly, we found that hyper-DMRs spread over 100 bp

in 3’ and 5’ from the damaged sites in WT plants (Fig 6C). This holds true for all the mutant

plants with a more pronounced effect in ddb2mutant plants (>200 bp in 3’; Fig 6C). We

found the same trends for hypo-DMRs in WT, uvr3 phrI plants and to a lower extent in ago1

plants (Fig 6C). In order to provide a more realistic view of the overlap between DNA damage

and DMRs, we took into account this parameter and we recalculated the number of UV-dam-

aged regions exhibiting DMRs. As expected, we observed that the proportion of photoda-

maged regions exhibiting methylation alterations increased for each plant (Fig 6D).

Importantly, 75 to 100% of these regions are located within the centromeric/pericentromeric

regions (Figs 6E, S25A and S25B).

To go further in the characterization of the UV-damaged regions exhibiting altered DNA

methylation patterns, we analyzed their epigenomic features [36]. We realized that, in all

plants, these genomic regions overlap predominantly with the chromatin state 5, enriched in

the repressive H3K27me3 mark, representative of facultative heterochromatin and with the

constitutive heterochromatic states 8 and 9 (S25C Fig). These observations are in agreement

with the role of GGR in the repair of poorly transcribed or un-transcribed genomic regions

[14]. In addition it highlights that DR likely contributes to the maintenance of methylome

integrity in response to the formation of photolesions in silent genomic regions.

Given that RdDM likely plays an important role in the maintenance of proper DNAmeth-

ylation level at photo-damaged sites, we determined the correlations between the different

populations of canonical small RNAs (21-, 22- and 24-nt siRNA) mapping at these regions.

Using circles of correlation, we found that for WT and ddb2 hyper-DMRs, 21-nt and 22-nt

populations positively correlated (Fig 7B). Conversely, 24-nt siRNA did not show linear corre-

lation with the 2 other populations suggesting independent roles (Fig 7B). This holds true for

hypo-DMRs in WT and uvr3 phrI plants (S24B Fig). In dcl4 hyper-DMRs 22- and 24-nt small

RNA positively correlated whilst 21-nt did not show linear correlation (Fig 7B). These observa-

tions suggest that in dcl4 plants the canonical populations of small RNAmay have different

roles compared toWT and ddb2 plants and that DCL4-independent processes exist to produce

21-nt (Fig 7B, [53]). Consistent with this, dcl3dcl4, dcl2dcl3dcl4 and nrpd1nrpe1mutant plants

displayed higher UV-C sensitivity than single mutant plants (S26A and S26B Fig), shedding

light on synergism between 21-, 22- and 24-nt siRNA biogenesis/mode of action in response

to UV-C irradiation. Hence, these analyses suggest that 21-, 22- and 24-nt siRNA likely act in

Fig 6. DMRs overlapping with photolesions. aHistograms representing the percentage of hypo- and hyper-DMRs overlapping
with photolesions (stricto sensu) in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants. R: Representation factor showing the statistical
significance of the overlap between DMRs and photolesions (stricto sensu). bHistograms representing the percentage of the identity
(protein-coding genes: PCG, TE and intergenic) of hyper- and hypo-DMRs overlapping with photolesions in WT, uvr3 phrI, ddb2,
dcl4 and ago1 plants. cHistograms representing the average length (base pair: bp) of hypo- and hyper-DMRs spreading outside
photolesions inWT, uvr3 phrI, ddb2, dcl4 and ago1 plants. na: non-applicable. dHistograms representing the percentage of the
corrected hypo- and hyper-DMRs overlapping, with photolesions in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants. R: Representation
factor showing the statistical significance of the overlap between DMRs and photolesions. eDistributions of the corrected DMRs
overlapping with photolesions along chromosome 1 (light blue: chromosome arms, dark blue: pericentromeric regions). Hyper- and
hypo-DMRs are shown above and below each chromosome, respectively.

https://doi.org/10.1371/journal.pgen.1008476.g006
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Fig 7. Characteristics of hyper-DMRs overlapping with photolesions. aHeatmaps of CHHmethylation levels within hyper-DMRs identified inWT, ddb2
and dcl4 plants before, 24h upon UV-C exposure. Columns represent data for each indicated genotype (white, 0; black, 0.6) b Circles of correlations between
21-, 22- and 24-nt small RNAs mapping to the hyper-DMRs overlapping with photolesions inWT, ddb2 and dcl4 plants.

https://doi.org/10.1371/journal.pgen.1008476.g007
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DNA repair and in DNAmethylation, in agreement with the role of POL IV-dependent

siRNA in DNA repair of UV-induced DNA lesions and in DNAmethylation [16, 49].

Collectively, our data show that, in WT plants, UV-C irradiation leads to un-proper re-

establishment of DNAmethylation pattern in 1.5% of the damaged sites, which therefore cor-

respond to the background level. The altered methylation profiles predominantly map to

repressive chromatin and allows speculating that DNA damage are likely source of DNAmeth-

ylation changes in silent chromatin. Moreover, these results revealed that a relationship exists

between DNA damage/repair and methylome landscape with a strong contribution of the

photodamage DNA repair pathways, including small RNA-mediated repair.

Discussion

UV-C irradiation induces DNAmethylome alterations

Modifications of DNA methylation patterns have been characterized under different stress

conditions and in several plant species [20]. Most of these studies were conducted using rather

long exposure to biotic or abiotic stresses (several hours to few days) making difficult to deter-

mine a primary causal effect of the treatment on DNAmethylation status [27, 28, 29, 30].

Here, we aimed at characterizing the effect of DNA damage/repair on methylome landscape.

For this, we determined the DNAmethylation profiles of Arabidopsis thaliana plants 24h

upon few seconds of UV-C irradiation. In order to uncouple DNA damage/repair from light

sensing/signaling [54] we used a short UV wave length (UV-C: 254 nm) that efficiently reacts

with di-pyrimidines to form photodamage [3]. We found that UV-C irradiation, alters asym-

metric DNAmethylation landscape predominantly at centromeric and pericentromeric

regions and that methylome changes are more pronounced in plants defective in the expres-

sion of specific repair factors of photolesions. Hence, we identified that DDB2, DCL4 and

AGO1 prevent gain of DNAmethylation and that UVR3-PHRI photolyases prevent loss of

DNAmethylation upon UV-C exposure.

DDB2 is involved in the recognition of photolesions during GGR [15, 40]. Although exclu-

sively described as DNA repair factor, DDB2 was shown to form a complex with AGO4 to reg-

ulate the abundance of 24-nt siRNA at TE and repeats [23]. Indeed, in absence of applied

stress, ddb2mutant plants displayed hundreds of hyper-DMRs [23]. Here we identified that

ddb2mutant plants exposed to UV-C irradiation exhibit around 10,000 hyper-DMRs. Taken

together these data show that DDB2 represses de novoDNAmethylation during plant growth

and also in response to UV exposure. In other words, it suggests that DDB2 may act as a gen-

eral regulator of de novoDNAmethylation during development and likely in response to

stress. Recently, UVH6, a NER factor, was shown to be required for proper heat stress–induced

transcriptional activation of heterochromatic TEs together with the mediator subunit MED14

[55]. These observations suggest that components of the DNA repair machinery play an

important role in the regulation of silencing processes under stress conditions in addition to

their canonical roles in DNA repair. These observations strengthen the notion that genome

and methylome surveillance are coordinated.

Our methylome analyses revealed that dcl4 and ago1 deficient plants exhibit methylation

changes closely related to those of ddb2 plants. This supports the idea that both GGR and

small RNA-mediated GGR cooperatively act in the maintenance of methylome integrity. Con-

versely to ddb2, dcl4 and ago1 plants, photolyases deficient plants mainly display hypo-DMRs

upon UV-C exposure. In such plants the predominant repair pathway used is the NER, includ-

ing GGR and small RNA-mediated GGR. Thus, the loss of DNA methylation may reflect the

saturation of both GGR pathways including a strong reduction of the DDB2 contents due to

its bias use. Upon induction of bulky DNA lesions, DDB2 is mobilized on chromatin to
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recognize the DNA damage and is subsequently targeted to the 26S proteasome [15, 40, 56].

Such rapid DNA damage-dependent turnover suggests that DDB2 content is likely a limiting

factor. Given that DDB2 also represses both ROS1 expression and activity [24], the UV-

induced modulation of the DDB2 pool may lead to the misregulation of ROS1 content/activity

in addition to AGO4 availability. Hence, DDB2 may fine tune the antagonist effect of active

DNA demethylation and RdDM in response to UV exposure and therefore control methylome

landscape at particular loci.

Importantly, our data show that specific DNA repair pathways, DNA synthesis-indepen-

dent (DR) and -dependent (GGR and small RNAmediated-GGR), coordinate the efficient re-

establishment of DNAmethylation upon repair, linking the maintenance of genome and

methylome integrities.

Interestingly, we identified that UV-C induced gain of CHHmethylation as well as up-reg-

ulation of CMT2 and DRM2 expression, consistent with their roles in CHHDNAmethylation

[18]. Therefore, UV-C-induced deregulation of DNAmethyltransferases may positively corre-

late with gain or loss of DNAmethylation. Conversely, we observed thatMET1 expression was

down-regulated in WT, ddb2 and dcl4 plants. Although CGmethylation remained unaffected

upon UV-C exposure,met1 plants showed ectopic gain of CHHmethylation [38]. This phe-

nomenon could be due to UV-C release of expression of particular genomic regions (i.e. TE)

followed by an expression-dependent gain of DNAmethylation to trigger their silencing. In

addition, we cannot exclude that DNAmethyltransferases activity could have been modulated

by UV-C treatment, even transiently.

The gain of DNAmethylation observed in all plants predominantly relies on RdDM, con-

sistent with its role in de novoDNAmethylation [19]. Although, measurements of 24-nt

siRNA abundance did not show significant increase 24h upon UV-C irradiation we cannot

exclude that the 24-nt siRNA population was precociously and transiently modulated, reflect-

ing a fast control of their biogenesis or of their mobilization into AGO4 to direct maintenance

and/or de novoDNAmethylation. Importantly the biogenesis of photoproduct-associated siR-

NAs involves a non-canonical pathway including RNA POL IV, RDR2 and DCL4 [16]. We

identified that the biogenesis of 21-, 22- and 24-nt siRNA overlapping with the photodamaged

regions predominantly relied on POL IV, in agreement with the hypothesis that such popula-

tions of siRNA originate from the same precursor and may serve for DNA repair and for DNA

methylation [16].

Combination of post-transcriptional gene silencing (PTGS) and transcriptional gene silencing

(TGS) processes acts to repress active plant retrotransposons [49, 57, 58]. Therefore, non-canoni-

cal siRNA biogenesis pathways and interconnections between RNA POL II and RNA POL IV

biogenesis pathways may coexist at particular loci that need to be repaired and whose DNAmeth-

ylation status needs to be tightly regulated [49]. This suggests that DR, GGR and small-RNA-

mediated GGR coordinately act with the different DNAmethylation pathways to maintain both

genome and methylome integrities as a general (epi)genome immunity process [8,17].

Photolesions are sources of DNAmethylation changes in heterochromatin

In order to characterize the relationship between photoproducts locations and methylome

changes, the genomic map of photolesions was produced using immunoprecipitation of

both CPD and 6,4 PP followed by next generation sequencing. We found, in all tested plant,

that photodamage were located genome wide, albeit a significant enrichment could be charac-

terized in repressive chromatin, stressing the point that these genomic regions are more prone

to form photoproducts. Interestingly, 5-mC adjacent to pyrimidine has higher absorbance in

the UV-B range and is more prone to form pyrimidine dimers compared to the combination
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with unmethylated cytosines [59]. Such feature is consistent with the higher enrichment of

photodamage identified in constitutive heterochromatin where DNAmethylation is concen-

trated. In addition, UV-C damages both euchromatin and heterochromatin whilst other geno-

toxic agents inducing bulky DNA lesions, like cisplatin, acts mostly in euchromatin [60].

Therefore, all these parameters allow considering that, in addition to the presence of di-pyrim-

idines, DNAmethylation, nucleosome density and histone variants/PTMmay synergistically

contribute to favor photolesions formation in heterochromatin vs euchromatin. Collectively

these studies highlight that heterochromatin likely displays higher genome/methylome flexibil-

ity than euchromatin and that DNA repair pathways (DR, GGR. . .) contribute to different

extents to maintain its integrity.

We identified changes in CO and release of silencing of particular repeats consistent with

heterochromatin reorganization observed during dark-light transition [61]. Interestingly, the

photomorphogenic factor DE-ETIOLATED 1 (DET1) and DDB2 act together in the GGR

pathway [62]. Thus, the light-induced chromocenters reorganization likely reflects the exis-

tence of a complex interplay between light signaling, induction/processing of photodamage

and maintenance of methylome integrity.

The differential accessibility of euchromatic and heterochromatic regions for the DNA

repair machinery implies that DNA repair is slower in compacted heterochromatin compared

to relaxed euchromatin due to the kinetics of recruitment of the DNA repair factors to the

damaged sites [63, 64]. Therefore, chromocenters reorganization upon UV-C exposure may

reflect this slower repair kinetics and highlights that heterochromatic photodamage repair

may require complex strategies as compared to euchromatic repair [64].

By comparing photolesions locations and DMRs we identified a significant overlap between

DNA damage and methylation changes suggesting that photodamage are source of DNA

methylation alterations. Interestingly, this un-proper re-establishment of methylome land-

scape is concentrated in repressed genomic regions (constitutive and facultative heterochro-

matin) and the DNA repair pathways prevent these exacerbated changes. The presence of TE

and repeats in heterochromatin may explain such changes of DNAmethylation levels in

response to UV stress to further repress TE mobilization, genomic rearrangement that may

affect genome integrity. Indeed, tight regulation of chromocenters compaction through spe-

cific epigenetic marks is important for chromosome architecture and segregation [65].

Importantly, we have to consider the effect of DNA damage on DNAmethylation landscape

may have been underestimated because UV-C irradiation also generates oxidatively induced

DNA damage (i.e. 8-oxoguanine: 8-oxo-G) and DSB [10, 66]. Therefore, and similarly to

photolesions, the proper re-establishment of DNA methylation profiles upon specific repair of

these other types of damage could have also been affected.

UV-C exposure leads to the de-regulation of hundreds of genes, TE and repeats, within the

first 24h hours following the treatment [35, 45, 48]. Heterochromatin-associated silencing was

shown to be released in plants exposed to environmental cues, such as prolonged heat stress

[48]. The temperature-induced release of silencing is transient, rapidly restored without the

involvement of factors known to be required for silencing initiation [6]. Interestingly, we

found that UV-C irradiation induced constitutive heterochromatin reshaping concomitantly

with transcriptional reactivation of TE and repeats. Transposon bursts was reported in maize

exposed to UV-B [44, 67] and light was shown to trigger changes in nuclear architecture

including heterochromatin de-condensation [45, 48, 61]. Moreover, the ONSEN RNA steady

state level increased upon UV-C exposure showing that such TE up-regulation reports both

elevated temperature and high light stress, a characteristic of the global warming [43, 68, 69].

This reflects the complex interplays between environmental-induced transcriptional regula-

tion, heterochromatin reorganization, DNAmethylation and DNA damage-repair.
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This study highlights that DNA repair pathways of UV-induced DNA lesions, namely DR,

GGR and small-RNA mediated GGR, prevent excessive methylome alterations upon UV-C

exposure. Moreover, we identified that photolesions are sources of DNA methylation changes

in silent genomic regions suggesting that the efficiency of photodamage repair might play a

significant role in the variation of DNAmethylation landscapes likely contributing to reflect

the evolutionary and life histories of plant species.

Materials andmethods

Plant materials and growth conditions

The Arabidopsis thaliana wild-type (WT); ddb2-3 [23], uvr3 phrI (WiscDsLox334H05 and

WiscDsLox466C12, [39]), nrpd1 (Salk_583051), nrpe1 (Salk_029919), dcl2-1 (Salk_064627),

dcl3-1 (Salk_005512), dcl4-2 (GABI_160G05), ago1-27 [42] plants used in this study are in the

Columbia ecotype (Col0). Plants were grown in vitro on solid GMmedium [MS salts (Duch-

efa), 1% sucrose, 0.8% Agar-agar ultrapure (Merck), pH 5.8] in a culture chamber under a 16 h

light (light intensity*150 μmol m−2 s−1; 21˚C) and 8 h dark (19˚C) photoperiod.

UV-C treatment

In order to prevent formation of photolesions, induced by the source of light, Arabidopsis WT

and mutant plants were germinated and grown in vitro on solid GMmedium for 10 days.

Seedlings were subsequently transferred in larger Petri dishes (145 x 200 mm) at a density of 1

plant/cm and grown in the culture chamber for 11 additional days. Plants (40 plants/plate)

were irradiated with UV-C (3,000 J/m2) using Stratalinker. Immediately upon UV-C exposure

40–50 leaves from 2 different plates were harvested and pooled (time point 0). Remaining

plants were put back in the growth chamber and 40–50 leaves from the same 2 different plates

were harvested 24h upon UV-C exposure (time point 24h). Leaves samples of two biological

replicates were pooled for genome wide studies.

Immunoprecipitation of photodamaged DNA

Genomic DNA was extracted immediately upon UV-C exposure (time point 0) using the Plant

DNA Extraction kit (Qiagen). Five μg of genomic DNA were sonicated (Diagenode Bioruptor:

18 x 30 s) and denatured 10 min at 95˚C in Buffer 1 (10 mM Tris HCl pH 7.5, 500 mMNaCl, 1

mM EDTA). Immunoprecipitation (IP) was performed by adding 5 μg of either anti-CPD

mouse monoclonal antibody (CAC-NM-DND-001, Cosmo Bio, Japan) or anti-6,4 PPs (CAC-

NM-DND-002, Cosmo Bio, Japan) and incubated on rotating wheel (8 rpm) overnight at 4˚C.

Afterwards the suspension was incubated with M280 Dynabeads (Invitrogen) 4h at 4˚C under

rotation (8 rpm). The pellet was washed 4 times with Buffer 1. The immunoprecipitated DNA

was eluted with Buffer 2 (30 mM Tris HCl pH: 8.0; 150 μg Proteinase K) during 1h at 42˚C.

DNA from the IP and input fractions was purified using the Nucleospin Gel and PCR clean-up

kit (Macherey-Nagel). DNA from IP and input were used for library preparation and sequenc-

ing by Illumina Hi-Seq (paired-end 2�75 bp; FASTERIS, Switzerland). Sequences were mapped

(input and IP) onto the Arabidopsis nuclear genome (TAIR10) using Bowtie 1.1.2 (-v2 –m1).

Both CPD and 6,4 PP enriched regions were determined using MACS2 (version 2.1).

Whole-genome bisulfite sequencing and mapping

Genomic DNA was prepared from the same set of plants used for photolesions immunopre-

cipitation (time point 0) and also from plants 24h upon UV-C exposure (time point 24h). Puri-

fied genomic DNA was bisulfite-treated and sequenced by Illumina Hi-Seq (paired-end 2�125
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bp) by the FASTERIS Company (Switzerland). Conversion efficiency was determined using an

unmethylated internal control (FASTERIS). For all samples conversion efficiency was

>99.99%. Mapping on the arabidopsis genome (TAIR10) was performed using Bsmap

(Bsmapz version) using default options (S2 Table).

DMRs calling

Upon mapping, the methylation levels were calculated with methratio.py. Differentially Meth-

ylated Regions (DMRs) between untreated and treated plants of the same genotype were deter-

mined according Daccord et al. (2017) [70] considering 200 bp sliding-windows with an

overlap of 50 bp (sliding-window-pipeline). DMRs were identified using the difference

between identical windows and upon filtering. Consecutive windows exhibiting the same

methylation change (gain or loss) were joined and methylation level recalculated. DMRs were

called for a DNAmethylation difference (p< 0.05 according Wilcoxon signed-rank test),

within the same genotype, higher or equal than 0.4 for CG, 0.2 for CHG and 0.1 for CHH

methylation contexts. We re-analyzed with our method previously published BS-seq datasets

[38] formet1 (GSM981031), cmt2 (GSM981002), cmt3 (GSM981003), drm1/2 (GSM981015),

nrpd1 (GSM981039), ago4 (GSM980991) and ago6 (GSM980993). Methylation levels were also

calculated from chosen genomic coordinates.

The overlaps between the characterized DMRs, the photolesions enriched genomic regions

and the chromatin states [36] were performed using the web assisted tool (https://usegalaxy.

org/; “Operate on genomic intervals”) with an overlap size of 50%.

Small RNA sequencing

Small RNAs were prepared from the untreated and UV-C treated plants (time points 0 and 24h)

using the Tri-Reagent (Sigma), used for library preparation and sequencing by Illumina Hi-Seq

(single end 50 bp; FASTERIS, Switzerland). Reads were aligned and mapped onto the Arabidopsis

genome (TAIR10) using Bowtie (version 1.2.1.1; parameters: -y -e 50 -n 0 -a—best—strata –

nomaqround; S2 Table). Upon conversion with samtools (version 1.5), reads overlapping with

either the UV-damaged loci or the DMRs (50% overlap) were calculated with intersectBed (BED

tools version 2.27.1). The read counts are divided by the “per million” scaling factor (RPM).

RT-qPCR

Reverse transcription (RT) was performed on total RNA extracted using Tri-Reagent (Sigma)

from untreated and UV-C treated plants (time points 0, 2h and 24h). The RT reaction was per-

formed on 5 μg of total RNA using a mixture of random hexamers-oligo d(T) primers and the

cDNA reverse transcription kit (Applied Biosystems). 100 ng of the RT reaction was used for

quantitative PCR (qPCR). qPCR was performed, including technical triplicates, using a Light

Cycler 480 and Light Cycler 480 SYBR green I Master mix (Roche) following manufacturer’s

instructions. All primers are listed in Supplemental S3 Table. Experiments were at least dupli-

cated using independent biological replicates.

UV-C root growth assay

UV-C sensitivity was performed using 7-day-old in vitro germinated WT and mutant plants.

Plants were grown vertically on square plates containing GMmedium. Root length was mea-

sured 24h upon UV-C exposure (900 J/m2) using the Stratalinker 2400 (Stratagene). The rela-

tive root growth was calculated: (root length treated/ root length untreated) ×100 (±SD). Eight

plants per replicate were used. Experiments were performed in triplicates.
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Tissue fixation and 5-mC immunolocalization

Leaves numbers 3 and 4 of 21-old day Arabidopsis WT and mutant plants were collected

before irradiation (time point 0) and 24h upon UV-C exposure as described above. The col-

lected leaves were fixed in 4 successive washing steps of at least 5 min in fixative solution (3:1

ethanol / acetic acid) and stored at -20˚C. Fixed leaves were washed twice with demineralized

water and incubated 3h at 37˚C in a digestion mix (0.3% cellulase, 0.3% pectolyase 10 mMNa-

citrate pH = 4.5). Digested leaves were spread on poly-lysine slides using 20 μl of acetic acid

solution (60%) at 46˚C for 1 min. Slides were washed 3 times in fixative solution and once in

sterilized demineralized water. Post fixation was performed in a 2% paraformaldehyde PBS

solution for 5 min. Slides were washed with demineralized water and incubated for 1h at room

temperature in permeabilization buffer (8% BSA, 0.01% Triton-X in Phosphate Buffer Saline

x1). For 5-mC immunolocalization slides were first incubated over night at 4˚C with a mono-

clonal anti-5-mC-antibody (Diagenode C15200003; 1/1000 dilution in 1% BSA, Phosphate

Buffer Saline x1). Upon incubation slides were washed 3 times with PBS and goat anti-mouse

antibody coupled to FluoProbes488 (Interchim FP-GAMOTTGO488; 1/200 dilution in 1%

BSA, Phosphate Buffer Saline x1) was added for 90 min at room temperature. Finally, slides

were washed 3 times with Phosphate Buffer Saline x1 and 15 μl of Fluoromount-G (Southern

Biotechnology CAT NO 0100–01) with 2 μg/ml DAPI were added as mounting solution for

the coverslip.

Image quantification

Whole image acquisition was performed on a Zeiss LSM 780 confocal microscope using a 64X

oil immersion objective. 405 nm and 488 nm laser excitation wavelengths were used for DAPI

and for the FluoProbes488, respectively. DAPI emission was measured between 410 nm and

585 nm wavelength on a first track. FluoProbes488 emission was measured between 493 nm

and 630 nm wavelength on a second track. The same acquisition gain settings were used for all

slides of a same genotype. Slight adjustment was performed due to labeling differences in

between experiences. Acquisition gain for DAPI and FluoProbes488 inWT, uvr3 phrI, ddb2,

dcl4 and ago1 were [650, 500], [750, 698], [800, 615], [750, 698] et [800, 615] respectively. Each

image acquisition consists in a Z-stack capture with a 0.43 μm slice distance. All pictures had a

final voxel size of 0.1014 x 0.1014 x 0.4300 μm^3.

The image quantification was performed on ImageJ1.52o using a homemade plugin called

Nucl.Eye (https://github.com/mutterer/Nucl.Eye). This plugin allows either an automatic or a

manual delimitation of all nuclei on the z-max compiled image in order to quantify size and

signal intensity of each nuclei and all internal spot like entities. Using the information of indi-

vidual spot (intensity, surface) and nuclei surface, the Chromocenter Occupancy (CO) was

defined as percentage of surface occupied by all bright DAPI spots (chromocenters) in the cor-

responding nucleus. Intensities and surfaces of each chromocenter and those of the whole

nucleus were used to calculate their relative intensities and surface.

Statistics

Mann-Whitney U or Wilcoxon Matched-Pairs Signed-Ranks tests were used as non-paramet-

ric statistical hypothesis tests (http://astatsa.com/WilcoxonTest/). Chi 2 test was used to deter-

mine significant difference between categories distribution (https://goodcalculators.com/chi-

square-calculator/). Representation factor (R) was used to determine the statistical significance

of the overlap between 2 independent groups of genomic regions (http://nemates.org/MA/

progs/overlap_stats.html). t-test was used as parametric statistical hypothesis test.
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Supporting information

S1 Fig. DMRs and chromatin states. aHistograms representing the percentage of hypo-

DMRs (red) and hyper-DMRs (blue) identified in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants

24h upon UV-C exposure.

bHistograms representing the distribution of the chromatin states overlapping with DMRs

identified in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants. A. t represents the overall distribution

of the 9 chromatin states in the Arabidopsis genome (A. t). � Chi square test< 0.01 compared

to the Arabidopsis genome.

cHistograms representing the distribution of TE families overlapping with DMRs identified

in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants. A. t represents the overall distribution of the TE

families in the Arabidopsis genome (A. t). � Chi square test< 0.01. compared to the Arabidop-

sis genome.

(TIFF)

S2 Fig. Genome wide distribution of DMRs and methylation changes. a Circos representa-

tion of the DMRs identified in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants 24h upon UV-C

exposure.

b Boxplots representing the CHHmethylation changes in WT, uvr3 phrI, ddb2, dcl4 and ago1

plants 24h upon UV-C exposure.

(TIFF)

S3 Fig. DNAmethylation levels. CHHDNAmethylation levels along chromosomes(light

grey: chromosome arms, dark gray: pericentromeric regions) in WT, uvr3 phrI, ddb2, dcl4 and

ago1 plants prior (0) and 24h upon UV-C exposure.

(TIFF)

S4 Fig. DMRs features. a Boxplots representing the size (bp) of hyper-DMRs (left panel) and

hypo-DMRs (right panel) identified in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants. Exact p val-

ues according MannWhitney test are indicated above each graph.

b Genome browser views of hyper- and hypo-DMRs identified in WT, uvr3 phrI, ddb2, dcl4

and ago1 plants upon UV-C exposure. Upper panel: Chr1: 15, 023, 000 bp-15, 027, 000 bp

intergenic region. Lower panel: Chr5: 20, 127, 000 bp-20, 130, 000 bp intergenic region/PCG.

Red line: HYPER-DMRs; blue line: hyo-DMRs.

cHistograms representing the distribution of methylation levels prior UV-C irradiation in

genomic regions exhibiting hypo- (left panel) and hyper-DMRs (right panel).

d Boxplots representing the CHHmethylation levels prior UV-C irradiation in genomic

regions exhibiting hypo- (left panel) and hyper-DMRs (right panel) identified in WT, uvr3

phrI, ddb2, dcl4 and ago1 plants. Exact p values according MannWhitney test are indicated

above each graph.

e Boxplots representing the CHHmethylation difference of hypo- (left panel) and hyper-

DMRs (right panel) identified in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants 24h upon UV-C

exposure. Exact p values according MannWhitney test are indicated above each graph.

(TIFF)

S5 Fig.ONSEN RNA level and DMRs. a Genome browser showing the density graph 24-nt

siRNA abundance and DMRs at ONSEN locus in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants

prior UV-C irradiation (0) and upon UV-C exposure (24h).

b RNA steady state level of ONSEN transcripts determined by RT-qPCR inWT, uvr3 phrI,

ddb2, dcl4 and ago1 plants before (0), 2h and 24h following UV-C irradiation.
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S6 Fig. Genome browser views. Examples of hyper- and hypo-DMRs identified in WT, uvr3

phrI, ddb2, dcl4 and ago1 plants upon UV-C exposure in TE enriched region (a) and in inter-

genic regions surrounding protein coding genes (b) or TE (c).

(TIFF)

S7 Fig. Overlap between hyper-DMRs. Venn diagrams representing the overlap of hyper-

DMRs between WT plants and either uvr3 phrI, ddb2, dcl4, ago1 or WT drought plants as well

as in between mutant plants. R: Representation factor and exact p value showing the statistical

significance of the overlap.

(TIFF)

S8 Fig. Overlap between hypo-DMRs. Venn diagrams representing the overlap of hypo-

DMRs between WT plants and either uvr3 phrI, ddb2, dcl4, ago1 or WT drought plants as well

as in between mutant plants. R: Representation factor and exact p value showing the statistical

significance of the overlap.

(TIFF)

S9 Fig. Comparisons of DNAmethylation levels. Boxplot of CHHmethylation levels within

DMRs identified in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants 24h upon UV-C exposure. The

CHHmethylation levels of each of these DMRs are reported before and upon UV-C exposure

for each plant. Exact p values according Wilcoxon signed rank test are indicated above each

graph. Blue significant decrease of DNAmethylation level, red significant increase of DNA

methylation level, black non-significant change.

(TIFF)

S10 Fig. Relative fluorescence intensities of chromocenters, chromocenters and nuclei sur-

faces. Boxplots representing the relative fluorescence intensities of chromocenters (a), chro-

mocenter surface (b) and nucleus surface (c) of untreated (time point 0) and UV-C treated

(time point 24h) WT, uvr3 phrI, ddb2, dcl4 and ago1 plants. Exact p values according Mann

Whitney test are indicated above each graph. Number of chromocenters analyzed: 252 to 601;

Number of nuclei analyzed: 44 to 109.

(TIFF)

S11 Fig. 180 bp and 5S RNA levels. Relative RNA steady state level (±SD) of 180 bp (a) and 5S

RNA (b) transcripts determined by RT-qPCR inWT, uvr3 phrI, ddb2, dcl4 and ago1 plants

before (0), 2h and 24h following UV-C irradiation.

(TIFF)

S12 Fig. DNAmethyltransferases RNA levels. Relative RNA steady state level (±SD) of

MET1, CMT2, CMT3 and DRM2 transcripts determined by RT-qPCR inWT, uvr3 phrI, ddb2,

dcl4 and ago1 plants before (0), 2h and 24h following UV-C irradiation.

(TIFF)

S13 Fig. DNA demethylases RNA levels. Relative RNA steady state level (±SD) of ROS1,

DML2 and DML3 transcripts determined by RT-qPCR inWT, uvr3 phrI, ddb2, dcl4 and ago1

plants before (0), 2h and 24h following UV-C irradiation.

(TIFF)

S14 Fig. RNA-directed DNAmethylation and hypo-DMRs. aHeatmaps of CHHmethyla-

tion levels within hypo-DMRs identified in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants before,

24h upon UV-C exposure. The CHHmethylation levels of each of these hypo-DMR are

reported for RNA POL IV (nrpd1) and AGO4 (ago4) deficient plants. (white: 0; black: 1).

b Boxplots representing the abundance of 24-nt siRNAs mapping to the CHH hypo-DMRs
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identified in WT, uvr3 phrI, ddb2, dcl4, ago1 plants for protein-coding genes (PCG), TE and

intergenic regions. For each genotype the abundance of 24-nt siRNAs is shown in RNA POL

IV deficient plants (nrpd1). The 24-nt siRNA abundance is normalized against global small

RNA content and expressed as reads per million (RPM). p-values are calculated according to

Wilcoxon Matched-Pairs Signed-Ranks.

(TIFF)

S15 Fig. DMR, active DNA demethylation and 24-nt siRNA. aHistograms representing the

percentages of hypo-DMRs identified in WT, uvr3 phrI, ddb2, dcl4, ago1 plants overlapping

with rdd hyper-DMRs.

b Boxplots representing the global 24-nt siRNA abundance before and 30 min following UV-C

exposure. p-value is calculated according to Wilcoxon Matched-Pairs Signed-Ranks.

(TIFF)

S16 Fig. 21-nt, 22-nt siRNA abundances at hyper-DMRs. Boxplots representing the abun-

dance of 21-nt (a) and 22-nt (b) siRNAs mapping to the CHH hyper-DMRs identified in WT,

uvr3 phrI, ddb2, dcl4, ago1 plants for protein-coding genes (PCG), TE and intergenic regions.

For each genotype the abundance of 21-nt and 22-nt siRNAs is shown in RNA POL IV defi-

cient plants (nrpd1). The 21-nt and 22-nt siRNA abundance are normalized against global

small RNA content and expressed as reads per million (RPM). p-values are calculated accord-

ing to Wilcoxon Matched-Pairs Signed-Ranks.

(TIFF)

S17 Fig. 21-nt, 22-nt siRNA abundances at hypo-DMRs. Boxplots representing the abun-

dance of 21-nt (a) and 22-nt (b) siRNAs mapping to the CHH hypo-DMRs identified in WT,

uvr3 phrI, ddb2, dcl4, ago1 plants for protein-coding genes (PCG), TE and intergenic regions.

For each genotype the abundance of 21-nt and 22-nt siRNAs is shown in RNA POL IV defi-

cient plants (nrpd1). The 21-nt and 22-nt siRNA abundance are normalized against global

small RNA content and expressed as reads per million (RPM). p-values are calculated accord-

ing to Wilcoxon Matched-Pairs Signed-Ranks.

(TIFF)

S18 Fig. DMRs in ago4 and ago6.Heatmaps of CHHmethylation levels within hyper- (a) and

hypo-DMRs (b) identified in WT, uvr3 phrI, ddb2, dcl4 and ago1 plants before and 24h upon

UV-C exposure. The CHHmethylation levels of each of these DMRs are reported for AGO4

(ago4) and AGO6 (ago6) deficient plants. Columns represent data for each indicated genotype

(white: 0; black: 1).

(TIFF)

S19 Fig. Photolesions location. Circos representation of photolesions identified in WT, uvr3

phrI, ddb2, dcl4 and ago1 plants.

(TIFF)

S20 Fig. Di-pyrimidines frequencies at photolesions. Boxplots representing the di-pyrimi-

dines frequencies (CC, TT, TC and CT) for each DNA strand (+ and–strand) in photoda-

maged regions (intergenic, TE and protein-coding genes: PCG) identified in WT, uvr3 phrI,

ddb2, dcl4 and ago1 plants. The frequency of di-pyrimidine in the Arabidopsis thaliana (A. t)

genome is also represented.

(TIFF)

S21 Fig. Photolesions and chromatin states. Boxplots representing the chromatin

states overlapping with photolesions enriched regions in WT, uvr3 phrI, ddb2, dcl4 and ago1
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plants.

(TIFF)

S22 Fig. siRNA overlapping photodamaged regions. Boxplots representing the abundance of

21-, 22 and 24-nt siRNAs mapping to the photodamaged genomic regions in WT, uvr3 phrI,

ddb2, dcl4, ago1 plants. For each genotype the abundance of 21-, 22 and 24-nt siRNAs is

shown in RNA POL IV deficient plants (nrpd1). siRNA abundances are normalized against

global small RNA content and expressed as reads per million (RPM). p-values are calculated

according to Wilcoxon Matched-Pairs Signed-Ranks.

(TIFF)

S23 Fig. Photolesions and DMRs.Distributions of DMRs overlapping (Stricto sensu) with

photolesions along the Arabidopsis chromosomes (light blue: chromosome arms, dark blue:

pericentromeric regions). Hyper- and hypo-DMRs are shown above and below each chromo-

some, respectively.

(TIFF)

S24 Fig. Characteristics of hypo-DMRs overlapping photolesions. aHeatmaps of CHH

methylation levels within hypo-DMRs identified in WT and uvr3 phrI plants before, 24h upon

UV-C exposure. Columns represent data for each indicated genotype (white, 0; black, 0.6).

b Circles of correlations between 21-, 22- and 24-nt small RNAs mapping to the hypo-DMRs

overlapping with photolesions in WT and uvr3 phrI plants.

(TIFF)

S25 Fig. DMRs overlapping photolesions. aDistributions of DMRs overlapping with photo-

lesions along the arabidopsis chromosomes (light blue: chromosome arms, dark blue: pericen-

tromeric regions). Hyper- and hypo-DMRs are shown above and below each chromosome,

respectively.

bHistogram representing the percentage of hyper- and hypo-DMRs overlapping with photole-

sions located within centromeric and pericentromeric regions.

cHistograms representing the distribution of the 9 chromatin states of DMRs overlapping

with photolesions.

(TIFF)

S26 Fig. UV sensitivity of DCLs and RNA POL IV/V loss of function arabidopsis plants. a

Genetic interaction between dcl2, dcl3 and dcl4. Seven-day-old WT, single (dcl2, dcl3 and dcl4)

and double (dcl2/3, dcl2/4, dcl3/4 and dcl2/3/4) mutant plants were exposed to UV-C (900 J/

m2). Root growth was calculated relative to the corresponding untreated plants (±SD). Eight

plants per replicate were used and experiments were triplicated. t-test �p<0.01 compared to

WT; �� p<0.01 compared to dcl3 and dcl4; ns: non-significant.

b Genetic interactions between nrpd1 and nrpe1. Seven-day-old WT, single (nrpd1 and nrpe1)

and double (nrpd1nrpe1) mutant plants were exposed to UV-C (900 J/m2). t-test �p<0.01 com-

pared to WT; �� p<0.01 compared to each single mutant.

(TIFF)
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bouté’s group.

Author Contributions
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4. Chapter II - Advanced methods for segmentation of 
Arabidopsis nuclei and chromocenters 

 

4.1. Introduction  

 

Visualization of cellular structures is an efficient approach for deciphering biological 

processes. In the last decades, cytochemistry protocols and microscopes have been improved 

a lot, allowing detailed observation and study on many kinds of cellular structures such as 

organelles (Weigel et al. 2021; Keuenhof et al. 2022), cytoskeleton (Steblyanko et al. 2020), 

extracellular vesicles (Colombo et al. 2021), stress granules (Van Treeck and Parker 2019) and 

chromatin (Birk 2019). The increasing interest in epigenetics and thus for chromatin 

contributed to develop a large repertoire of tools for visualization and analysis.  

Cytogenetics studies chromosomes structures and the features of particular genomic regions. 

For example, genomic DNA condensation is revealed by 4',6-Diamidino-2-phenylindol (DAPI) 

staining (Soppe et al. 2002). Fluorescent in situ Hybridization (FISH), immunostaining of 

specific epigenetic marks or proteins, are also routinely used to decipher mechanisms within 

the nucleus. The improvement of cytogenetic techniques, together with high-quality images 

acquisition, needs reliable quantification for accurate interpretations. For this, many  

open-source software, web-assisted applications and plug-ins are regularly developed and 

improved, to facilitate image analysis and quantification. Indeed, assistance or automatization 

of image analysis through basic principles such as intensity thresholding, edge detection and 

mathematical image transformation, have been implemented (Landini et al. 2017; Hunt et al. 

2020; Schroeder et al. 2021; Zhang et al. 2021). However, the segmentation of structures of 

higher complexity, exhibiting irregular shapes and intensities, remains challenging and 

generally requires a lot of human decision-making. Regretfully, any human decision-making is 

associated with an observer/user-specific cognitive bias, which, in worst-case scenarios,  

may false the conclusion of a well-designed experiment. Despite manual segmentation is often 

seen as the golden standard in medical image segmentation, reducing human decision making 

in image analysis process is a big issue for experimental reproducibility and accuracy (Renard 

et al. 2020). 
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Recently the breakthrough in the development of Deep Learning (DL) tools brought new 

opportunities for image analyses. Generally speaking, a DL method, derived from machine 

learning, is defined by its ability to learn on its own by which decision-making, a task of interest 

can be optimally performed. When applied to image analysis, DL was shown to outperform 

classical methods in different tasks, such as simple image classification (Seeland et al. 2019),  

denoising (Song et al. 2021), or the more complex segmentation (Zhou et al. 2021). 

Especially, segmenting objects of interest is a recurrent task for scientists during images 

analysis. A common approach to perform such trimming steps using DL is semantic 

segmentation, which consists in linking each pixel to a label. A fundamental requirement to 

do so is the use of enough training images in which objects of interest (for example, nuclei or 

sub-nuclear entities) are labeled. Such a training set is used as a reference to feed an artificial 

neuronal network, thereby learning the characteristics by which a given pixel can be linked to 

a specific label. Neuronal networks can have many different structures depending on the task 

of interest (Ithapu et al. 2017). A mile-stone network-structure, specially developed for 

semantic segmentation of biological images, is the Convolutional Neuronal Network (CNN)  

U-Net (Ronneberger et al. 2015). The U-net structure is built to perform end-to-end 

segmentation by contraction of the input image through successive down-convolutions, 

nonlinear activation function and Max-pooling steps, and follow-up expansion of the image 

by successive up-convolutions, non-linear activation function, and concatenation 

(Ronneberger et al. 2015). During the learning process, the mathematical changes applied to 

the pixel values of the input image upon contraction and expansion process are progressively 

optimized in such a way that the output image approaches the binary annotation mask. 

Unfortunately, despite its added value, deep learning-based image analysis approaches 

remain substantially weakly used due do the lack of programming expertise in many 

laboratories. Hence, the development of user-friendly open-source tools, democratizing the 

use of deep learning, was recognized as an essential objective by the scientific community 

(Godec et al. 2019; Shepley et al. 2021; Gómez-de-Mariscal et al. 2021). In plant research, 

increasing efforts have been devoted to develop DL-based tools for species identification 

(Seeland et al. 2019), phenotypic analysis of arial parts (Atanbori et al. 2020), roots (Yasrab et 

al. 2019), cells (Li et al. 2022) and analysis of organellar morphology (Li et al. 2021).   

 



4. Chapter II - Advanced methods for segmentation of Arabidopsis nuclei and chromocenters 

 

92 

Meanwhile, in plant cytogenetics, a growing interest and efforts have been devoted to detect 

nuclei and subnuclear structures within microscopy images (Kalyanikrishna et al. 2020;  

Tatout et al. 2022). In Arabidopsis thaliana, interphasic nuclei centromeric and 

pericentromeric DNA sequences are highly condensed, building the so-called chromocenters 

(Simon et al. 2015). Nucleus and chromocenters morphologies undergo major changes during 

several biological processes such as development (Benoit et al. 2013; Bourbousse et al. 2015), 

cell differentiation (Goto et al. 2021), cell division (Pecinka et al. 2020), or exposure to 

environmental stresses (Pecinka et al. 2010; Graindorge et al. 2019).  

Thus, the accurate analysis of nuclear phenotypes is necessary to better describe many 

relevant biological mechanisms. 

 

The following study aims at providing user-friendly tools to perform the segmentation of 

Arabidopsis thaliana nuclei and chromocenters to further quantify several of their features. 

After showcasing the inter-user differences in the segmentation, the semi-automatic plug-in 

ICRAQ, was evaluated to reduce user-specific behaviors. Finally, our study will present the 

ready-to-use Nucl.Eye.D script, developed for the segmentation of Arabidopsis thaliana nuclei 

and chromocenters using a DL approach. The Nucl.Eye.D script was written by biologists for 

biologists and is conceptualized so that it can be used and adapted with beginner 

programming knowledge. Additionally, an essential part of the described methods addresses 

the daily-life application problems such as the availability of few annotated training images 

and the aim of comparing very different image types with a minimum of effort. 

Firstly, different ways of annotating the training set will be compared (by hand or using the 

semi-automated plug-in ICRAQ). Secondly, the Nucl.eye.D script will be evaluated, depending 

on the training set used. Finally, its relevance is exemplarily showcased on the well-known 

variability in chromocenter morphologies between WT and DECREASED DNA METHYLATION 1 

(ddm1) mutant plants (Vongs et al. 1993).  

 

This study wishes to raise awareness and to present several advantages of DL-based analysis 

applied to plant cytogenetics and, more importantly, to provide tools for biologists to analyze 

nuclear features.  
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4.2. Results & Discussion  

 

In this study, different sets of images will be used to evaluate the variability occurring 

in-between users and segmentation methods. Fifty images containing around 135  

DAPI-stained nuclei prepared from Arabidopsis plants grown either in darkness or in light have 

been used (Bourbousse et al. 2015). Hereafter this Light/Dark image set will be called “L/D 

set”. Previous studies using the same growth condition revealed a decreased Heterochromatin 

Indexes (HX, chromocenter surface in % of nuclear surface), Relative Chromocenter Intensities 

(RCI, Mean chromocenter intensity divided by Mean Nuclear Intensity), and Relative 

Heterochromatin Fraction (RHF, HX multiply by RCI) for nuclei grown in darkness  

(Bourbousse et al. 2015). Consequently, the L/D set brings the advantage of containing a  

well-described variety of nuclear phenotypes, allowing to compare the accuracy of different 

segmentation methods. Our first interest was to evaluate the inter-user variability using 

manual, semi-automated, and DL-based segmentation in order to demonstrate the issues 

associated with human decision-making.  

 

4.2.1. Manual Segmentation of nucleus and chromocenters 

 

The segmentation of the L/D set was performed manually using ImageJ (Schroeder et 

al. 2021) by three independent users proficient in image analysis of Arabidopsis nuclei.  

This manual approach produced binary masks (Fig. S1) of nuclei and chromocenters that were 

used for inter-user comparisons. As shown in Figure 1 on representative nuclei from L/D set, 

differences in the segmentation of nucleus and chromocenters can be observed by all  

non-overlapping-colored regions. Unsurprisingly, whereas the segmentations only slightly 

differ in edge regions of chromocenters representative of the light condition (Fig. 1), users do 

not always agree on chromocenter segmentation of more complex structures with an 

intermediate intensity as observed in the dark condition (Fig. 1).  More importantly, when 

analyzing chromocenter morphology, manual segmentations of all three users measured the 

expected trend with a significant decrease of RCI, HX, and RHF for nuclei prepared from plants 

grown in darkness (Bourbousse et al. 2015) (Fig. 2).  
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However, the measured mean RHF for Light and Dark nuclei ranges between 18% - 15% and 

11 - 8%, respectively, depending on the user (Fig. 2). This RHF value is higher than the one 

reported in the literature with 13% and 7% (Bourbousse et al. 2015). These observations 

illustrate the significant effect of the user-specific decision-taking during the segmentation 

steps. Hence priority should, as far as possible, be given to the reproducibility of relative 

differences in-between samples segmented by the same method. Our approach reports the 

variability observed between three users, performing nucleus and chromocenter 

segmentation tasks during 3h. However, the cognition and cognitive biases of each user may 

fluctuate depending on physical, psychological, and emotional conditions.  

Consequently, the accuracy of user performance likely differs from one day to another, 

inducing additional biases, especially on large and time-consuming datasets.  

In the following step, we will investigate the ability of a semi-automatic plug-in to perform an 

assisted segmentation that may reduce Inter-user biases. 

 

4.2.2. ICRAQ: a plug-in assisted segmentation of nucleus and chromocenters  

 

Here above, we observed and described the inter-user variability upon manual 

segmentation of nuclei and chromocenters on images from the L/D set. In order to prevent a 

significant effect of inter-user variability and human decision-taking in the process of nuclei 

and chromocenter segmentation, several open-access tools, with different degrees of 

automatization, have been developed in the last years (Iannuccelli et al. 2010; Graindorge et 

al. 2019; Dubos et al. 2020). To illustrate the performance of such tools, the same three users 

performed the segmentation of nuclei, and chromocenters from L/D set using the ICRAQ 

plugin (https://github.com/gschivre/iCRAQ) (Fig. 3). The ICRAQ tool provides semi-automatic 

segmentation assistance, detecting nuclei via global-variable thresholding of the median 

filtered z-projection, and chromocenters through an interactive H-watershed (Fig. 3). 

Interestingly the ICRAQ tool also includes options for a potential free-hand correction of the 

segmentation in case of need. As shown by the overlays in Figure 1, the nuclear perimeter 

shows a close overlap in-between all three users. In addition, users more easily agree about 

the chromocenter segmentations. However, their delimitations remain slightly different (Fig. 

1). This feeling is confirmed by the calculation of the mean-distance in between segmentation 

masks from 2 different users (Fig. 4).  
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Indeed, for all possible user pairs, the mean distance between perimeters of nuclear masks 

shows a significant decrease when segmentation was performed using ICRAQ (Fig. 4).  

The same trend can be observed for the mean distance between chromocenter entities  

(Fig. 4). Altogether, these results show that the ICRAQ plug-in tends to globally reduce the 

inter-user variability, even though this effect remains dependent on user behavior and the 

degree of manual re-adjustment of the segmentations. Necessarily, if the inter-user difference 

appears to be reduced with ICRAQ, the overlay between manual and ICRAQ assisted 

segmentation of the same nucleus by the same user show remarkable changes (Fig. 1).  

These differences reveal how easily users’ decision-making can be influenced by the 

proposition of assisted segmentation tools (Sensakovic et al. 2010). Thus, it can be questioned 

to which extent the decreased number of inter-user differences is accompanied by a gain of 

plug-in/algorithm-sourced bias. Finally, when ICRAQ segmentation masks are used to measure 

RCI, HX, and RHF, a significant decrease in RHF and RCI can be identified in dark nuclei 

compared to light nuclei, independently on the user (Fig. 2). In contrast, when measuring the 

HX, only two out of three users observed a significant decrease in dark nuclei (Fig. 2). 

Interestingly, for all users, the observed RHF differed between manual and ICRAQ 

segmentation (Fig. 2). These observations highlight the known cognitive biases a 

trendline/segmentation-assistance may induce, regardless of user expertise (Sensakovic et al. 

2010).  In addition, these comparative analyses put emphasis on the fact that measures of 

nuclear morphology should not only rely on mean RCI, HX, or RHF, but always need to be 

expressed as relative to an internal control (i.e., nuclei from Col-0 plants grown in control 

condition).  

 

In summary, this analysis shows how assisted segmentation tools such as ICRAQ can 

significantly reduce inter-user differences. However, this does not imply that human  

decision-making becomes irrelevant in the processes, as shown by the slight changes that may 

interfere with the biological meaning of the results.  
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Figure 1: Segmentation of nuclei and chromocenters by three different users  

Representative DAPI stained WT (Col-0) nuclei from Light/Dark set (top left) segmented by three different users 

either manually or by using the ICRAQ plug-in. Border of nucleus segmentation masks are shown as lines, and 

chromocenter masks as transparent color overlays. Merged images show the overlap between masks, comparing 

differences between users and differences associated to the segmentation method. Scale bar = 5μm. 
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Figure 2: Comparison of heterochromatin features depending on users and segmentation methods 

Violin plots illustrating the distribution of relative chromocenter intensity, chromocenter index, and relative 

heterochromatin fraction in a population of at least 50 nuclei per condition (all nuclei from Light/Dark set).  

Each black dot represents the measure for one nucleus. The large dot shows the mean value. Exact p values are 

shown (Mann Whitney Wilcoxon test).  
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Figure 3: iCRAQ workflow  

(A) iCRAQ’s first step is to detect the nuclei on the 2D projection of 3D z-stack images based on intensity 

thresholding. Two examples of segmented nuclei are shown as regions of interest (ROIs) outlined in red.  

(B) A region surrounding each nucleus is set and cropped from the original stack. On each single-nucleus stack, 

the first eigenvalue of the structure tensor is calculated at each pixel in the image stack and projected in z.  

This projected image is segmented interactively via the H-watershed plugin. (C) The final result is an image mask 

with three levels of gray: black for the image background, gray for the nuclear interior outside of chromocenters, 

and white for the chromocenters. See Materials & Methods for more details. 
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Figure 4:  Mean distance in between segmentation masks 

All objects from segmentation masks are compared between users and methods. In the constellation 

“User_A_vs_User_B” the segmentation mask from user A serve as the reference point. The mean distance  

(in pixel) represents the distance between the perimeters of the same object segmented by two different users. 

For mean distance calculation, entities with an overlap of 0 were excluded. Statistical comparison was performed 

in between the segmentation methods. Exact p values are shown (Mann Whitney Wilcoxon test). 
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4.2.3. Presentation of a fully automized Deep-Learning pipeline for segmentation of 

nucleus and subnuclear structures 

 

We demonstrated how human decision-taking influenced the segmentation of nuclei 

and chromocenter structure. To overcome the lack of segmentation reproducibility linked to 

intra- and inter-user variability, the next part is devoted to the description of a fully automated 

Deep-Learning-based tool: Nucl.Eye.D (https://tinyurl.com/NuclEyeD) (Fig. 5).  

As a tool developed by biologists, for biologists, our approach and design tried to reproduce 

realistic average-lab conditions, disposing of a relatively small training dataset, potential 

problems of inter-user diversity in sample preparation and image acquisition, and basic 

programming skills. Another key goal of this tool development was to build a script that 

includes all necessary code and explanations to easily teach your own model with your own 

images, in case the provided pre-trained model does not fit your probe preparation 

(https://tinyurl.com/NuclEyeD). 

 

Each DL tool starts with a training data set that needs to be properly thought. In our example, 

the training sets are composed of 300 and 150 images (with an average of 5 nuclei/image) to 

train nuclear and chromocenters segmentations, respectively. This training sets originates 

from several different experiments, including mutant plants, abiotic treatments…(Soppe et al. 

2002; Graindorge et al. 2019), providing a high variability of nuclear morphologies.  

Slides preparation and images acquisition of this training set were performed as described in 

§ 4.4. The annotation of the training set is the first critical step. Indeed, in contrast to common 

expectations, deep-learning algorithms are far from being deprived of human-like bias (Cazes 

et al. 2021; Kliegr et al. 2021). Indeed, the segmentation of a DL-based tool can only be 

efficient if the provided training annotation is of high quality. Therefore, the first step for 

preventing algorithm bias consists in reducing user-specific bias in the annotation of the 

training set (Alzubaidi et al. 2021; Cazes et al. 2021; Paullada et al. 2021). In order to study the 

effect of inter-user differences on the Nucl.Eye.D pipeline, the same training images get 

annotated in three different ways. The first set of annotations was performed manually by a 

single user (User3 in previous parts: One_User, OU). The second set of annotations was 

produced manually by ten different users (Ten_Users, TU), and the third set of annotations 

was displayed by ten users with the ICRAQ plug-in (Ten_Users_Icraq, TUI).  
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After several optimization steps, the Nucl.Eye.D tool finally was released as a pipeline 

composed of 3 successive U-net neuronal networks (Ronneberger et al. 2015) (Fig. 5).  

To prevent model overfitting (Alzubaidi et al. 2021) as consequence of small training data sets, 

the pipeline includes optional data-augmentation steps.  In a first step, the 300 nuclei trained 

images are fed into a Region Proposal U-Net Model (RPM) (Fig. 5), which aims at making a raw 

prediction of the regions of the image that contains nuclei to define bounding boxes,  

ideally containing a single nucleus. In a second step, the predicted bounding boxes are used 

to produce small image fragments, which will, in turn, feed the nuclei segmentation U-Net 

model (Fig. 5). This second model precisely predicts the borders of each single nuclei, 

previously identified by the RPM, redefining a more accurate bounding box (Fig. 5). Finally, 

nuclei from the 150 chromocenter-trained images are successively segmented using the RPM 

and nuclear segmentation models, providing small image fragments which will be used to train 

the chromocenter segmentation U-Net (Fig. 5).  

 

Once trained, models can be loaded and used to predict nuclear and chromocenter structures 

on a test data set. In our case, we primarily use the L/D set (Fig. 5). Upon prediction process, 

input images are also refined into image fragments, with one nucleus per image, as previously 

described for the training process. A full-image prediction mask is automatically reconstructed 

from the different image fragments for output in order to deliver a user-friendly format where 

masks can easily be overlayed to the original input images (Fig.5). To fully exploit the potential 

of the Nucl.Eye.D pipeline, it needs to be considered that prior being released as a binary 

segmentation mask, each prediction output is an uncertainty heat map, with intensities 

ranging from 0 to 1 (Fig. S1). Increased intensity means a high certainty of the pixel for being 

a part of the target object. Thus, in order to obtain a binary mask, a threshold needs to be set. 

This threshold can be chosen by a trial-and-error process until the segmentation fits the best 

with the user's expectations. However, to avoid as much human decision-making as possible, 

the threshold is by default set at 0.5. With this threshold, as soon as the model reaches a 

higher probability for a pixel to be part of the object than being part of the background,  

the pixel is kept for the segmentation step. The training of the three successive models takes 

around 12h. In contrast, once trained, the prediction of large data sets (1000 images)  

can be performed within a few minutes.  
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Figure 5: Nucl.Eye.D Pipeline 

Graphical abstract of the Nucl.Eye.D pipeline, subdivided into three successive neuronal U-networks. The training 

period takes around 12h for the detection of both nuclei and chromocenters. Prediction takes 2 min for 50 

Dark/Light test-set images. 
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4.2.4. Nucl.Eye.D based segmentation of nucleus and chromocenter 

 

To evaluate the accuracy of nuclear and chromocenter segmentations performed by 

the Nucl.Eye.D pipeline, all images of the L/D set were predicted using a threshold of 0.5. 

Importantly, the L/D set was produced using different sample preparation and image 

acquisition protocols than the one used for the training set. Consequently, its segmentation 

may be less accurate. As shown in Figure 6, the segmentation performed by the Nucl.Eye.D 

pipeline slightly varies depending on the training set used. Nevertheless, it shows a coherent 

overlay. Interestingly, whereas OU and TU models lead to relatively similar results, TUI model-

based predictions recognize a few more chromocenters in the dark nuclei and slightly reduce 

the nuclear perimeter (Fig. 6).  

 

When calculating RCI, HX and RHF using the segmentation masks produced by the Nucl.Eye.D 

pipeline, the expected decrease of all three features could be observed in dark nuclei, 

independently of the training set initially used (Fig. 7A). The mean RHF values range from  

8% to 10% and 4% to 6% in light and dark nuclei, respectively (Fig. 7A). This indicates that the 

Nucl.eye.D pipeline tends to globally underestimate the HX of nuclei from the L/D set when 

compared to the manual segmentations (Fig. 2). This result reflects a globally high uncertainty 

for chromocenter prediction of the L/D set and may notably be linked to the differences in 

sample preparations protocols. However, a close overlap with the results obtained with the 

manual segmentation could be observed when defining a lower threshold for the 

chromocenter model (Fig. S2). Interestingly, despite the close segmentations identified for 

OU, TU and TUI pipelines, an influence of the training set can be observed (Fig. 6 and 7A). 

Indeed, RHF values obtained from manual segmentation, ICRAQ, and from the 3 Nucl.Eye.D 

pipelines vary (Fig. 7B). However, it can be noticed that manual segmentation performed by 

three different users correlates, showing that such an approach is accurate although  

time-consuming (Fig. 7B). In contrast, a higher variability is observed in between the 3 ICRAQ 

segmentations (Fig. 7B). The TUI tends to reproduce the mean RHF calculation observed for 

ICRAQ users (Fig. 7B). Importantly, the User3 ICRAQ segmentation correlates with the manual 

segmentations, suggesting that human decisions may have occurred (Fig. 7B).  
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Figure 6: Segmentation of nuclei and chromocenters using the Nucl.Eye.D tool 

Representative DAPI stained WT (Col-0) nuclei from Light/Dark set (top left) segmented by three different 

Nucl.Eye.D pipelines. The “One_User” pipeline was trained with an image set manually segmented by a single 

user. The “Ten_User” pipeline was trained with the same image set manually segmented by ten different users. 

The “Ten_User_ICRAQ” pipeline was trained with the same image set segmented by ten different users with the 

ICRAQ tool. Border of nucleus segmentation masks are shown as lines, and chromocenter masks as transparent 

color overlay. In comparison to “One_User” the segmentation of the same nuclei performed by User_3 who 

produced the training set for the “One_User” pipeline, was added. As a comparison to “Ten_User” the merge of 

manual segmentations from 3 users was added. Finally, as a comparison to “Ten_User_ICRAQ” the merge of 

ICRAQ segmentations from 3 users was added. Merged images show the overlap between masks, comparing the 

different pipelines. Scale bar = 5μm. 
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Figure 7: Comparison of heterochromatin features using Nucl.Eye.D segmentation pipelines 

(A) Violin plots illustrating the distribution of relative chromocenter intensity, chromocenter index and relative 

heterochromatin fraction in a population of at least 50 nuclei per condition (all nuclei from Light/Dark Set).  
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OU: one user; TU: ten users; TUI: ten users ICRAQ. Each black dot represents the measure for one nucleus. The 

large dot shows the mean value. Exact p values are shown (Mann Whitney Wilcoxon test). (B) Circular correlation 

plots of RHF between different users and segmentation methods.  

 

4.2.5. Application of the Nucl.Eye.D tool: analysis of the ddm1 data set  

 

In order to demonstrate the ability of the Nucl.Eye.D pipelines to accurately measure 

nuclear features, we used Decreased DNA Methylation I (ddm1) Arabidopsis plant exhibiting 

well-described alterations of heterochromatin structure (Soppe et al. 2002; Mathieu et al. 

2003). For this, we used three different Nucl.Eye.D pipelines to automatically segment a data 

set of more than 150 WT (Col-0) and 150 ddm1 Arabidopsis nuclei, prepared following the 

same procedure as the one used to produce the training images. As shown in Figure 8, the OU 

and TU pipeline presents a coherent segmentation of low contrasted nuclei and small atypical 

ddm1 chromocenters. However, with a TH of 0.5, the TUI pipeline shows a weakness for the 

detection of nuclear borders, especially in low contrasted images (Fig. 8). This behavior is 

probably linked to the fact that ICRAQ users tend to apply the basic thresholding mechanism 

for nuclear detection (Fig. 2). This observation perfectly summarizes (i) the necessity of 

building a bias-free training set and (ii) the effort needed to provide good quality test sets.  

 

However, for the RCI, HX, and RHF measures, despite the observed weakness of nuclear 

detection, the TUI, as well as the TU and OU pipelines, allow detecting the well- 

described chromocenter morphology of the ddm1 mutant (Soppe et al. 2002; Mathieu et al. 

2003) (Fig. 9). Indeed, the mean RHF in WT (Col-0) plants ranges between (12.5 and 14) as 

usually described in the literature (Soppe et al. 2002; Snoek et al. 2017), whereas ddm1 nuclei 

exhibit an expected mean RHF of 5 to 8 (Soppe et al. 2002) (Fig. 9). The analysis of this test set 

demonstrates the convincing performance of the Nucl.Eye.D pipeline for fast Arabidopsis 

nuclei and chromocenter segmentation to identify significant differences in nucleus 

morphologies and phenotypes. Importantly, the Nucl.Eye.D pipeline could be trained with a 

new set of images specific of particular mutant plants or biological processes, providing an 

added value to build a highly accurate automated segmentation method. In addition, to the 

detection of DAPI stained structures, Nucl.Eye.D tool offers the possibility to perform the 

segmentation of any sub-nuclear structures revealed by FISH- or Immuno-staining  

(i.e., histone PTMs). 
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Figure 8: Segmentation of ddm1 Nuclei and Chromocenters using the Nucl.Eye.D tool 

Representative DAPI stained WT (col-0) and ddm1 nuclei extracted from leaves (top left) segmented by three 

different Nucl.Eye.D pipelines. The “One_User” pipeline was trained with an image set manually segmented by 

a single user. The “Ten_User” pipeline was trained with the same image set manually segmented by ten different 

users. The “Ten_User_Icraq” pipeline was trained with the same image set segmented by ten users with the 

ICRAQ tool. Border of nucleus segmentation masks are shown as lines, and chromocenter masks as transparent 

color overlay. Merged images show the overlap between masks, comparing the different pipelines.  

Scale bar = 5μm. 
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Figure 9: Comparison of heterochromatin features between WT and ddm1 plants 

(A) Violin plots illustrating the distribution of Relative chromocenter Intensity, Chromocenter Index, and Relative 

Heterochromatin Fraction in a population of at least 150 nuclei per genotype. OU: one user; TU: ten users;  

TUI: ten users ICRAQ. Each black dot represents the measure for one nucleus. The large dot shows the mean 

value. Exact p values are shown (Mann Whitney Wilcoxon test).  
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4.3. Conclusions  

 

Our work describes user-linked issues in manual nuclei-chromocenter detection and 

the need to improve tools for accurate segmentation. A semi-automatic plug-in, ICRAQ, and a 

DL-based approach, Nucl.Eye.D, which reduced this variability, have been developed and 

highlight the important steps to consider for the segmentation task. Although the Nucl.Eye.D 

tool was trained with a relatively small data set (around 300 images); it provides convincing 

segmentations, even on images produced from different protocols witnessing its adaptability.  

Nucl.Eye.D as DL-based approach for segmentation of nuclear and subnuclear structures 

provide an interesting step-froward in the field of plant science cytogenetics, and complete 

the existing range of DL-based tools already existing for phenotypic analysis in roots  

(Yasrab et al. 2019), leaves (Atanbori et al. 2020) and cells (Li et al. 2022).  

Our work assists nuclei and subnuclear structure segmentation and encourages biologists to 

consider DL-based methods in their experimental approaches.  

 

Importantly, it must be kept in mind that any algorithm- and DL-based tool is far from being 

free of human bias. Obviously, bias can be introduced during the training process due to image 

choice and data labeling but additionally, the “programmer”-based bias starts to be 

investigated as a potential explanation for data-set specific performance (Sun et al. 2020; 

Cazes et al. 2021).  

 

Conclusively, according to our thoughts, the growing trend of automatizing image 

segmentation and analysis, should be accompanied by substantial efforts in verifying the 

efficiency of these segmentation methods (Robinson et al. 2019). 
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Supplemental figure 1: From prediction to the comparison of binary segmentation masks 

(A) Graphical representation of the predicted uncertainty heat map, Thresholding process to obtain binary 

segmentation masks. (B) Graphical representation of overlap and mean distance between binary segmentation 

masks.  
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Supplemental figure 2: Segmentation of nuclei and chromocenters using different TH in the Nucl.Eye.D tool 

Left panel: representative DAPI stained WT (Col-0) nuclei from Light/Dark set segmented by Nucl.Eye.D.  

The “One_User” (DL_OU) pipeline was trained with an image set manually segmented by User3.  

The manual segmentation of User3 was consequently added as a comparison. The prediction was performed 

using three different Threshold (TH) Settings. The first segmentation (cyan) was performed with a TH of 0.5 for 

nucleus (Nuc.) and 0.5 for chromocenter (Chr.) The second segmentation (magenta) with a TH for Nuc. 0.5 and 

for Chr. 0.25.  The third segmentation (yellow) with a TH for Nuc. = 0.8 and for Chr. = 0.2. Border of nucleus 

segmentation masks are shown as lines, and chromocenter masks as transparent color overlay.  

Right panel: violin plots of the relative heterochromatin fraction in a population of at least 50 nuclei per condition 

(all nuclei from Light/Dark Set) depending on the segmentation tool used. Each black dot represents the measure 

for one nucleus. The large dot shows the mean value. Exact p values are shown (Mann Whitney Wilcoxon test). 
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4.4. Materials & Methods  

 

4.4.1. Plant material and growth conditions 

 

Seeds from wild-type (Col-0) Arabidopsis plants are surface-sterilized, plated on filter 

papers lying on MS medium supplemented with 0.9% agar, and exposed to either a 16-/8-h 

(23/19 °C) white light/dark photoperiod or constant-dark conditions (wrapped in 3 layers of 

aluminum foil). White light is generated by fluorescent bulbs (100 μmol⋅m−2⋅s−1). Seedlings 

are harvested under light conditions or under safe green light for dark condition (Bourbousse 

et al. 2015).  Arabidopsis Col-0, ddm1-2 (Jeddeloh et al. 1999) plants are grown in vitro on solid 

GM medium [MS salts (Duchefa), 1% sucrose, 0.8% Agar-agar ultrapure (Merck), pH 5.8] in a 

culture chamber under a 16 h light (light intensity ∼150 μmol m−2 s−1; 21°C) and 8h dark (19°C) 

photoperiod.  

 

4.4.2. Tissue fixation and nuclei preparation  

 

Leaves 3 and 4 from 21-days-old Col-0 and ddm1 plants are washed four times (4°C), 

at least 5 min, in fixative solution (3:1 ethanol/acetic acid; vol/vol). Leaves nuclei are extracted 

by chopping fixed tissue in LB-01 Buffer (15 mM Tris-HCl pH 7.5, 2 mM EDTA, 0.5 mM 

spermine, 80 mM KCl, 29 mM NaCl, 0,1% Triton X-100) with a razor blade.  

The nuclei-containing solution is filtered through 20 µm nylon mesh and centrifugated 1 min 

(1000g). The supernatant is spread on poly-lysine slides (thermofisher 631-1349) and  

post-fixation is performed using a 1:1 acetone/methanol (vol/vol) solution for 2 min.  

Slides are washed with Phosphate Buffer Saline x1 and incubated for 1h at room temperature 

in permeabilization buffer (8% BSA, 0.01% Triton-X in Phosphate Buffer Saline x1).  

Finally, 15 μl of Fluoromount-G (Southern Biotechnology CAT NO 0100–01) with 2 μg/ml  

4',6-Diamidino-2-phenylindol (DAPI) are added as a mounting solution before deposing the 

coverslip. Image acquisition is performed on a Zeiss LSM 780 confocal microscope using a  

64X oil immersion objective. 405 nm laser excitation wavelength is used for DAPI.  

Emission is measured between 410 nm and 585 nm wavelength each image acquisition 

consists of a Z-stack capture. For training sets different gain and slice distances are used on 

purpose to diversify the set. All images are available at: https://tinyurl.com/NucleyeSD 

 

https://tinyurl.com/NucleyeSD
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4.4.3. Tissue fixation and nuclei preparation of dark/light test set 

 

Seedlings are fixed in 4% formaldehyde for 3h under light or dark condition and treated 

with a solution containing 0.5% cellulose Onozuka R10 (Yakult), 0.25% macerozyme R10 

(Yakult), and 0.1% Triton X-100 for 1h and 30 min. Cotyledons are isolated and squashed on a 

glass slide, flash-frozen in liquid nitrogen, and incubated with PEMSB [50 mM Pipes pH 7.3,  

5 mM EGTA pH 7.1, 5 mM MgSO4, 0.05% saponin, 5% (wt/vol) BSA] before being mounted 

with Vectashield (Vector Laboratories) supplemented with 2 μg/mL−1 DAPI (4′,6′-diamidino-

2-phenylindole). Images are acquired using a confocal laser-scanning microscope (SP5, Leica).  

All images are available at: https://tinyurl.com/NucleyeSD 

 

4.4.4. Mask preparation  

 

Manual segmentation of nuclei and chromocenters is performed on ImageJ using the 

freehand tool and converted into binary masks. Image names are randomized before 

annotation. For training sets #1 the segmentation was performed by a single user.  

For the training sets #2, ten different users segmented 10% of the total set of images.  

For training sets #3, ten different users segmented 10% of the total set using the ICRAQ tool.  

 

4.4.5. iCRAQ analysis 

 

iCRAQ is a tool written in ImageJ macro language which relies on the FeatureJ 

(http://imagescience.org/meijering/software/featurej/) and Interactive H_Watershed 

(https://imagej.net/plugins/interactive-watershed) plugins; here we use a version adapted 

from https://github.com/gschivre/iCRAQ to annotate images. Nuclei are detected via global 

thresholding of the median filtered z-projection (either standard deviation or maximum 

intensity) of the stack, and the corresponding regions are saved as ImageJ regions of interest 

(ROIs). Incorrectly detected nucleus ROIs are suppressed manually. Likewise, missed nuclei are 

added manually. The input stack is cropped around each nucleus ROI.  

For chromocenter segmentation, the largest 3D structure tensor eigenvalue is calculated using 

the FeatureJ plugin, and its z-projection serves as an input for the interactive H-watershed 

plugin.  

https://tinyurl.com/NucleyeSD
http://imagescience.org/meijering/software/featurej/
https://imagej.net/plugins/interactive-watershed
https://github.com/gschivre/iCRAQ
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Image regions labeled as chromocenters are also saved as ROIs. Chromocenter ROIs can also 

be manually added or removed. Finally, binary masks of the nucleus and chromocenter ROIs 

are used to produce an annotated image with three gray levels: 0 for the background, 128 for 

the nucleus, and 255 for the chromocenters. 

 

4.4.6. Nucl.Eye.D 

 

Nucl.Eye.D script is written in python using Keras and TensorFlow libraries for Neuronal 

network designing. U-net networks are built according to the original paper from Olaf 

Ronneberger (Ronneberger et al. 2015). Model training was performed using Google Colab 

with access to Tesla P100 - 16 Go HBM2 GPU (Bisong 2019). The full script is available on 

https://tinyurl.com/NuclEyeD, user guide and trained models are available on 

https://tinyurl.com/NucleyeSD. 

 

4.4.7. Masks comparisons  

 

 The comparison between masks from the same image was performed using a self-

developed ImageJ plug-in “compare2masks” (available at https://tinyurl.com/JotoBe).  

The mean distance was calculated by measuring the minimal distances of each point of the 

perimeter of a first object to the closest point of the perimeter from the same object on the 

second mask. The lower the mean distance, the closer the compared objects' perimeters.  

 

4.4.8. Data display and statistics 

 

Violin plots, Principal Component Analysis, and statistics (Mann Whitney Wilcoxon 

test) are done with RStudio, using the ggPlot2 and FactoMineR Libraries 

(http://www.rstudio.com/).  

 

 

 

 

https://tinyurl.com/NuclEyeD
https://tinyurl.com/NucleyeSD
https://tinyurl.com/JotoBe
http://www.rstudio.com/).
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5. Chapter III - DDB2 and JMJ27 contribute to H3K9me2 
dynamic at chromocenters in response to UV-C exposure 

 

5.1. Introduction   
 

We identified that ionizing (protons) and non-ionizing (UVs) irradiations alter both 

genomic and epigenomic integrities (Chapter I). Indeed, UV-C and protons that generate 

different types of DNA lesions affect the structure of constitutive heterochromatin 24h upon 

exposure. As shown for UV-C, these changes in constitutive heterochromatin shape depend 

on DNA repair processes and are accompanied by alterations of the DNA methylation 

landscape (Graindorge et al. 2019). The analysis of early time points upon UV-C exposure  

(i.e., 2h), showed that the chromocenter shape undergoes an important restructuration, 

which likely includes modifications of several epigenetic marks aside from DNA methylation. 

Additionally, this phenomenon indicates that the late changes in constitutive heterochromatin 

structure (24h) might result from the precocious reshaping process.  

 

In the last decades, many studies reported evidence for multiple interplays between DNA 

repair pathways and epigenome landscape (Agarwal and Miller 2016; Sharma and Hendzel 

2019). This includes the epigenetically related DNA damageability (Johann to Berens and 

Molinier 2020), the specific damage repair processes (Conconi et al. 2002; Johann to Berens 

and Molinier 2020), and the role of these interconnected mechanisms in the maintenance and 

plasticity of the epigenome (Graindorge et al. 2019).   

 

UV-C irradiation induces predominantly CPDs and 6,4-PPs (Rastogi et al. 2010; Johann to 

Berens and Molinier 2020). The localization of both types of photolesions seems partially 

influenced by the epigenetic context (Johann to Berens and Molinier 2020)(Chapter I).  

Indeed, 5mC within cytosine-containing di-pyrimidines (CT, TC and CC) (Rochette et al. 2009; 

Banyasz et al. 2016) and nucleosome binding sequences are more prone to form photolesions 

(Gale et al. 1987; Gale and Smerdon 1990). In addition, microscopical approaches highlighted 

an enrichment of photolesions in chromocenter regions, containing high 5mC levels and 

specific histones PTMs (Chapter I).  
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Therefore, constitutive heterochromatin appears to be a showcase to analyze DNA  

repair and epigenetic remodeling upon lesions formation and processing.  

The maintenance of (epi)genome integrity relies on the efficient recognition of the DNA 

damage, on the accurate re-establishment of both nucleotide and epigenetic marks identity.  

Interestingly, the epigenetic context of the damaged genomic regions would define by which 

repair pathways the lesions would be processed (Johann to Berens and Molinier 2020). 

Indeed, the Transcription Coupled Repair (TCR) pathway relies on the damage recognition by 

the RNA-POL II and thus mainly excises lesions in regions with an epigenetic landscape 

allowing transcription (Al Khateeb et al. 2019). The nucleosome rich, heterochromatic regions, 

in turn, are predominantly repaired by the Global Genome Repair (GGR) pathway involving 

DDB2 (Fei et al. 2011; Johann to Berens and Molinier 2020), and by the direct 

photoreactivation repair (DR) pathway, involving the 2 photolyases PHR1 and UVR3  

(Ahmad et al. 1997; Nakajima et al. 1998; Guintini et al. 2015). The exact mechanisms by which 

both repair pathways process photodamaged DNA sequences wrapped around nucleosomes 

remain speculative and are controversially discussed (Duan and Smerdon 2010; Hauer and 

Gasser 2017; Matsumoto et al. 2019). In vitro experiments described how nucleosome hinders 

the DNA repair by photolyases and NER factors (Schieferstein and Thoma 1998; Liu 2015). 

Interestingly, Cryo-Electron Microscopy approaches demonstrated how DDB2 recognizes 

photolesions at loci wrapped around nucleosomes, suggesting that only slight shifts may be 

required for the first damage recognition step (Matsumoto et al. 2019). 

 

According to several reports and working models, the DNA repair in compacted 

heterochromatic regions acts in concert with mechanisms involved in active nucleosome 

sliding (Dinant et al. 2012; Matsumoto et al. 2019; Nodelman and Bowman 2021) and in 

histones/nucleosome depletion (Chakraborty et al. 2021). Importantly, the recognition step 

of the GGR, involving DDB2, occurs in two temporally controlled steps: one precocious,  

in nucleosome free regions and the other, later, in nucleosome containing DNA sequences  

(Fei et al. 2011). Once bound to the DNA damage, DDB2 is targeted by the CULLIN4 E3 

ubiquitin ligase complex (Cavadini et al. 2016) to be (i) released from the DNA and  

(ii) degraded (Luijsterburg et al. 2007). The DNA repair protein XPC (Xeroderma pigmentosum 

complementation group C) and histones are also targeted by the CULLIN4 E3 ubiquitin ligase 

complex (Sugasawa et al. 2005; Wang et al. 2006).  
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Interestingly, this mechanism has been demonstrated to occur preferentially in the 

nucleosome-free DDB2-pool, whereas DDB2 dynamics in core nucleosomes is  

ubiquitin-independent (Fei et al. 2011). Additionally, the human UV-DDB complex allows the 

recruitment of chromatin remodelers (Zhao et al. 2009; Jiang et al. 2010; Pines et al. 2012) 

and histone writer such as: the histone H3K4 methyltransferase ASH1L (Absent, Small, or 

Homeotic discs 1-Like) (Balbo Pogliano et al. 2017) and the H3K79 methyltransferase DOT1L 

(Disrupter of telomere silencing protein 1 Like ) (Zhu et al. 2018; Kari et al. 2019).  

In Drosophila, the NER pathway was shown to be increased by H3K9me3 demethylation of 

heterochromatic regions depending on the Lysine-9 demethylase 4B (KDM4B)  

(Palomera-Sanchez et al. 2010). This histone demethylation most likely enhances the NER 

efficiency by chromatin remodeling/relaxation (Shu et al. 2012). Finally, the role of DDB2 in 

heterochromatin decompaction upon UV-C was deeply investigated in human cell lines, 

revealing displacement of histone H1, incorporation of new core histones, and strict 

maintenance of histone H3K9me3 upon UV-C irradiation (Fortuny et al. 2021).   

 

In contrast to DDB2, the binding of photolyases to nucleosome-DNA complexed structures 

remains elusive. Consequently, its relevance for photolesion repair in heterochromatic regions 

with dense nucleosome packaging could be addressed. As shown in yeast strains 

overexpressing photolyases, all damages even in dense chromatin are finally cleared  

(Bucceri et al. 2006). Thus, due to their mono-enzymatic mode of action (Zhang et al. 2017), 

photolyases may efficiently participate in the DNA repair within heterochromatin assisted by 

nucleosome sliding/shifting mechanisms (Guintini et al. 2015). Alternatively, it could be 

assumed that photolyases can take advantage of the relaxed microenvironment formed by 

DDB2 during the recognition step of the GGR to revert photolesions. 

 

In Arabidopsis thaliana, the constitutive heterochromatin is mainly characterized by two 

repressive histone PTMs, H3K27me1, and H3K9me2, as well as by high DNA methylation 

(Roudier et al. 2011). The lack of one of these marks leads to a decompaction of the 

chromocenter regions (Jacob et al. 2009; Shu et al. 2012). Thus, it could be assumed that the 

decreased Chromocenter Occupancy observed 2h upon UV-C exposure (Chapter I) might 

reflect changes in the amount of H3K27me1 and/or H3K9me2 and/or 5mC.  
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In most eukaryotes, the methylation of H3K27 depends on different E(z)/PRC2  

(Polycomb Repressive Complex 2). In Arabidopsis, only H3K27me2 and H3K27me3 depend on 

PRC2 complex activity (Jiao and Liu 2015), whereas H3K27me1 was shown to mainly depend 

on the SET-domain histone methyltransferase trithorax-related protein 5 and 6 (ATXR5 / 

ATXR6), independently of the DNA methylation status, but in a replication-dependent manner  

(Jacob et al. 2009; Jacob et al. 2014; Ma et al. 2018). Although it was reported that mutations 

of ATXR5 and ATXR6 induce genomic instability as a consequence of TE reactivation (Potok et 

al. 2022), no link has been established with photodamage repair.  

 

Whereas in other organisms, constitutive heterochromatin formation goes ahead with 

H3K9me3 deposition (Burton et al. 2020; Wei et al. 2021), in Arabidopsis,  

heterochromatin H3K9 is predominantly di-methylated (H3K9m2) (Xu and Jiang 2020).  

Arabidopsis genome encodes 15 potential H3K9, SET-domain containing methyltransferases, 

homologous of the Su(Var)3-9 Suppressor of variegation 3-9 proteins (Su(Var)3-9) from 

Drosophila (Baumbusch et al. 2001). However, the H3K9 di-methylation mainly depends on 

SUVH4 (Suppressor of variegation 3-9 homolog protein 4 hereafter also called KRYPTONITE: 

KYP) and to some extent on SUVH5 and SUVH6 (Jackson et al. 2002; Ebbs and Bender 2006;  

Li et al. 2018). Interestingly, in contrast to H3K27me1, H3K9m2 correlates with 5mC due to 

the affinity of the SET and RING-associated (SRA) domain of SUVH4/5/6 to methylated DNA 

(Stroud et al. 2014; Li et al. 2018; Xu and Jiang 2020). Respectively, H3K9me2 enhances DNA 

methylation by several pathways including CMT2/3 (Chromomethylases 2 and 3), ADCP1 

(AGENET DOMAIN (AGD)-CONTAINING P1) and SHH1 (DNA TRANSCRIPTION FACTOR 

1/SAWADEE HOMEODOMAIN HOMOLOG 1)/RdDM (RNA directed DNA methylation) (Law et 

al. 2013; Stroud et al. 2014; Zhang et al. 2018). H3K9me2 establishment was also shown to 

alternatively occur in a DNA methylation-independent manner through the activity of the 

histone methyltransferases SUVR5 and SUVR4 (Veiseth et al. 2011; Caro et al. 2012). 

 

As counterpart, regulation of H3K9me2 content is mediated by specific demethylases. 

Arabidopsis carries 3 H3K9me2 demethylases with Jumonji (JMJ) C domain-containing: JMJ29, 

JMJ25, and JMJ27 (Fan et al. 2012; Dutta et al. 2017; Hung et al. 2020). Whereas JMJ29 was 

recently described as a regulator of trichome development, JMJ25, also called IBM1 (INCREASE 

IN BONSAI METHYLATION 1), was the first H3K9me2 demethylase studied.  
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IBM1 was shown to prevent heterochromatinization of particular genic regions  

(Saze et al. 2008; Miura et al. 2009), to regulate Arabidopsis immunity (Chan and Zimmerli 

2019) and RdDM (Fan et al. 2012). JMJ27 was reported to coordinate defense against 

Pseudomonas, to control flowering time (Dutta et al. 2017), and, more recently, to respond to 

drought stress (Wang et al. 2021b).  

 

Despite the increasing amounts of studies related to Arabidopsis histone 

methylases/demethylases, the interplays between factors involved in H3K27me1/H3K9me2 

homeostasis and DNA repair within constitutive heterochromatin is poorly documented.  

 

To address this question, we investigated: 

• Whether UV-C irradiation induces heterochromatin dynamics  

• Whether interplays between photodamage repair and H3K27me1-H3K9me2 

homeostasis exist  

• Which factors act in this process.  

Through cytogenetic, genetic, and biochemical approaches, we aimed at identifying the 

underlying molecular mechanisms contributing to the repair of photolesions within 

heterochromatic regions. 

 

5.2. Results  
 

We described how UV-C and the DNA repair mechanisms control DNA methylation 

landscape and chromocenter shape (Graindorge et al. 2019) (Chapter I).  

Indeed, constitutive heterochromatin shows UV-C induced dynamics, and its reshaping relies 

on the GGR and DR photodamage repair pathways (Chapter I). We also demonstrated that the 

structural changes in constitutive heterochromatin are linked to DNA methylation. To better 

decipher the underlying molecular processes of chromocenter reshaping upon UV-C 

irradiation, we followed the dynamics of particular histone marks known to associate with 

constitutive heterochromatin, namely H3K9me2 and H3K27me1 (Roudier et al. 2011). 
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5.2.1.  Immunolabeling of H3K27me1 and H3K9me2 upon UV-C exposure 

 

5.2.1.1. H3K27me1 and H3K9me2 dynamics in WT plants upon UV-C exposure 

 

In order to follow the putative correlation between alteration of chromocenter shape 

and histone PTMs, we monitored H3K9me2, and H3K27me1 occupancy in WT (Col-0) plants 

prior (0) and upon UV-C irradiation (30’, 2h, 24h) using immunolabeling (Fig. 1A). 

Chromocenter-like structures of both epigenetic marks were segmented using Nucl.Eye.D 

models specially trained for H3K9me2 and H3K27me1 signal recognition (see chapter II  

for details). This segmentation enabled the calculation of PTM Occupancies, PTM Relative 

chromocenter intensities, and PTM contents (Fig. S1). As a negative control, kyp suvh-5,6 and 

atxr-5,6 mutant plants were specifically used for H3K9me2 and H3K27me1 detection, 

respectively.  

 

In WT plants, before UV-C irradiation, both H3K9me2 and H3K27me1 signals are, as expected, 

located in the chromocenter regions (Fig. 1A). These signals are reduced, even absent, in both 

control mutant plants (kyp suvh-5,6 and atxr-5,6), highlighting the specific immunolabeling of 

these histone marks (Fig. 1B). The H3K9me2 content significantly increases 30 min upon UV-C 

exposure and is followed by a decrease at 2h (Fig. 1C). As shown in Fig. 1D, the differences in 

H3K9me2 contents are mainly due to changes in occupancy, whereas H3K9me2 relative 

intensity remains stable. 24h upon irradiation, the H3K9me2 content is re-established even 

higher than prior irradiation (Fig. 1C). Thus, the amount of H3K9me2 in chromocenter regions 

is highly dynamic upon UV-C exposure. These H3K9me2 dynamics fit with the previously 

observed changes in chromocenter structures observed in DAPI stained nuclei, suggesting the 

potential involvement of H3K9me2 homeostasis in constitutive heterochromatin reshaping 

upon UV-C exposure. The H3K27me1 contents show slight differences, with a significant 

decrease 30 min upon UV-C exposure (Fig. 1C). We can observe at 24h that the H3K27me1 

occupancy increase and the relative intensity decrease, whereas comparable content values 

are detected (Fig. 1D). This observation indicates that the spatial distribution of H3K27me1 

containing loci may change whilst the global amount per nucleus remains stable.  
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Altogether, these data demonstrate that UV-C irradiation induces predominantly H3K9me2 

dynamics, which follow chromocenters reshaping. These observations are in agreement with 

the well-described high correlation between H3K9me2 and DNA methylation, whereas 

correlation is lower between H3K27me1 and DNA methylation (Roudier et al. 2011). 

Moreover, our results highlight that histone and/or specific histone PTMs undergo either 

eviction/sliding or erasure during the photodamage repair processes. 
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Figure 1: H3K9me2 and H3K27me1 patterns in WT plants upon UV-C exposure 
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(A) Microscopy images of DAPI, H3K9me2, and H3K27me1 immuno-stained Arabidopsis nuclei isolated from WT 

(Col-0) leaves in control condition (0) or upon UV-C irradiation (30min, 2h, 24h). Scale bar = 5μm.  

(B) Microscopy images of DAPI / H3K9me2 and DAPI / H3K27me1 immuno-stained Arabidopsis nuclei isolated 

from kypsuvh-5,6 and atxr-5,6 respectively in control. Scale bar = 5μm. (C) Violin plots of the H3K9me2 and 

H3K27me1 Content (Occupancies * Relative Intensities). Each black dot represents the measure for one nucleus. 

The blue dot shows the mean value. Exact p values are shown (Mann Whitney Wilcoxon test).  

(D) Violin plots of H3K9me2 and H3K27me1 occupancy (percent of the nuclear surface occupied by 

chromocenter-like structure) and Relative Intensity (ratio of mean chromocenter structure intensity / Mean 

nuclei intensity) in a population of at least 80 nuclei per condition as described in (A). Each black dot represents 

the measure for one nucleus. The blue dot shows the mean value. Exact p values are shown (Mann Whitney 

Wilcoxon test). 

 

5.2.1.2 H3K27me1 and H3K9me2 dynamics upon UV-C in photodamage repair-deficient 

plants  

 

We observed how H3K9me2 and H3K27me1 contents evolved in WT nuclei upon  

UV-C exposure. To further investigate if the observed changes depend on DNA repair 

pathways, an immunostaining of H3K9me2 and H3K27me1 marks was performed on WT  

(Col-0), ddb2, uvr3phr1, and ddb2uvr3phr1 plants prior (0) and upon UV-C irradiation (2h, 24h) 

(Fig. 2).   

 

As shown in Figure 3, the H3K27me1 contents remain stable in ddb2 and uvr3phr1 mutant 

plants exposed to UV-C. Only minor changes in relative chromocenter intensity of H3K27me1 

could be observed in ddb2, at 2h and 24h (Fig. 3). Interestingly, in the triple mutant 

ddb2uvr3phr1, affected in both DR and GGR pathways, nuclei show a higher H3K27me1 

occupancy and content compared to the WT nuclei prior UV-C exposure (Fig. 3).  

Interestingly, H3K27me1 content significantly decreases 2h upon irradiation (Fig. 3).  

This observation suggests that DDB2 and the UVR3/PHR1 photolyases may have a redundant 

role in the stabilization of the H3K27me1 landscape in response to UV-C irradiation.  

 

The H3K9me2 dynamics, in turn, seem to depend on DDB2 (Fig. 4). Indeed, in ddb2 mutant 

plants, H3K9me2 content remains stable 2h upon UV-C (Fig. 4). Additionally, the observed 

increase of H3K9me2 content 24h upon irradiation in WT plants, is suppressed in ddb2 plants 

and mainly depends on a decrease of H3K9me2 occupancy (Fig. 4).  
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This likely suggests a role for DDB2 in the re-establishment of the H3K9me2 landscape at 

chromocenter upon repair (Fig. 4). In uvr3phr1 mutant plants, the H3K9me2 dynamic is closely 

related to the one observed in WT plants, with a significant decrease in H3K9me2 content and 

occupancy 2h upon UV-C (Fig. 4).  24h upon exposure, the H3K9me2 content again reaches 

the level observed in the control condition (0) but does not show further increase as observed 

in WT plants (Fig. 4). In ddb2uvr3phr1 mutants, like in ddb2, no decrease in H3K9me2 content 

could be observed (Fig. 4). Surprisingly a significant increase could be measured at 24h, 

suggesting that alternative repair processes may have stimulated H3K9me2 deposition  

(Fig. 4).     

 

Taken together, these observations highlight an essential role for the photodamage repair 

machinery in H3K9me2 homeostasis upon UV-C irradiation. Especially, DDB2 seems to initiate 

the early decrease of H3K9me2 and in its proper re-establishment upon repair.  
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Figure 2: UV-C induced H3K9me2 and H3K27me1 dynamic in ddb2, uvr3phr1, and ddb2uvr3phr1 mutants 

Microscopy images of DAPI, H3K9me2 and H3K27me1 immuno-stained Arabidopsis nuclei isolated from WT  

(Col-0), ddb2, uvr3phr1 and ddb2uvr3phr1 leaves in control condition (0) or upon UV-C irradiation (2h, 24h).  

Scale bar = 5μm.  
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Figure 3: Measurements of H3K27me1 in WT, ddb2, uvr3phr1, and ddb2uvr3phr1 mutant plants upon UV-C 

Exposure 

Violin plots of H3K27me1 Occupancy (percent of the nuclear surface occupied by chromocenter like structure), 

Relative Intensity (ratio of mean chromocenter structure intensity / Mean nuclei intensity), and Content 

(Occupancies * Relative Intensities) in a population of at least 30 nuclei per condition as described in Figure 2. 

Additionally, nuclei from atxr-5,6 mutant, were used as negative control. Each black dot represents the measure 

for one nucleus. The blue dot shows the mean value. Exact p values are shown (Mann Whitney Wilcoxon test).  
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Figure 4: Measurements of H3K9me2 in WT, ddb2, uvr3phr1, and ddb2uvr3phr1 mutant plants upon UV-C 

exposure 

Violin plots of H3K9me2 Occupancy (percent of the nuclear surface occupied by chromocenter like structure), 

Relative Intensity (ratio of mean chromocenter structure intensity / Mean nuclei intensity), and Content 

(Occupancies * Relative Intensities) in a population of at least 30 nuclei per condition as described in Figure 2. 

Additionally, nuclei from kypsuvh-5,6 mutant as described in Figure 1B were used as negative control.  

Each black dot represents the measure for one nucleus. The blue dot shows the mean value. Exact p values are 

shown (Mann Whitney Wilcoxon test).  
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5.2.1.3. H3K27me1 and H3K9me2 nucleoplasmic signals upon UV-C irradiation in WT and 

photodamage repair-deficient plants  

 

In the previous part, we determined how UV-C affects the H3K27me1 and H3K9me2 

marks within chromocenter-like structures. In a complementary approach, we measured the 

H3K27me1 and H3K9me2 Mean Nucleoplasmic Intensity (MNI) to define their potential 

dynamics in other parts of the genome (i.e. chromosome arms; Fig. S1).  

 

In WT nuclei, the H3K27me1 MNI strongly increases 2h upon UV-C irradiation which is 

followed by a slight decay at 24h (Fig. 5A). This holds true in ddb2 plants, whereas this 

enhancement occurs at 24h in uvr3phr1 plants (Fig. 5A). In the triple ddb2uvr3phr1 mutant 

plants, the H3K27me1 MNI profile behaves like in WT plants (Fig. 5A), suggesting that the 

nucleoplasmic H3K27me1 dynamics is DDB2-, UVR3- and PHR1-independent.  

Interestingly, in WT and uvr3phr1 nuclei, the H3K9m2 MNI significantly decreases at 2h whilst 

it remains stable in ddb2 and in ddb2uvr3phr1 nuclei (Fig. 5B). This observation highlights the 

putative role of DDB2 in the regulation of H3K9me2 dynamics at a genome-wide level. 

Importantly, H3K27me1 and H3K9me2 MNIs are not correlated (Fig. 5A), indicating the 

independent dynamics of both marks.  

 

These changes in histone PTM contents within chromocenter-like structures and in the whole 

nucleus can be due to a fine-tuning of histone removal/active erasure and writing upon UV-C 

exposure.  
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Figure 5: Measurements of H3K9me2 and H3K27me1 nucleoplasmic contents in WT, ddb2, uvr3phr1, and 

ddb2uvr3phr1 plants upon UV-C exposure 

Violin plots of H3K9me2 (A) and H3K27me1 (B) Mean Nucleoplasmic Intensities in a population of at least  

30 nuclei per condition as described in Fig.X2. Each black dot represents the measure for one nucleus.  

The blue dot shows the mean value. Exact p values are shown (Mann Whitney Wilcoxon test). 
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5.2.2. Role of factors acting in H3K9me2 homeostasis 

 

Given that UV-C induces significant changes of chromocenter and nucleoplasmic 

H3K9me2 contents, it could be assumed that factors involved in their homeostasis would 

cooperate with the photodamage repair pathways to ensure genome and epigenome 

integrities. Thus, the following part aims at characterizing the role of several H3K9me2 

writers/erasers in UV-C response. 

 

5.2.2.1 H3K9me2 dynamics in HMTase and histone demethylases deficient plants upon UV-

C exposure 

 

In Arabidopsis, KYP, SUVH5, and SUVH6 are the main H3K9me2 methyltransferases 

(Jackson et al. 2002; Ebbs and Bender 2006; Li et al. 2018). IBM1 and JMJ27 are the most 

characterized H3K9me2 demethylases (Saze et al. 2008; Wang et al. 2021b).  

We used these methyltransferases and demethylases deficient plants to monitor H3K9me2 

contents, using immunolabeling. H3K9me2 Occupancy, Relative intensity, and Content  

(Fig. S1) were measured in kyp suvh5,6, jmj27, and ibm1 plants prior (0) and 2h upon UV-C 

exposure.  

 

In the absence of the three main H3K9me2 methyltransferases, in kyp suvh-5,6, the H3K9me2 

content is, as expected, remarkably low (Fig. 6A and 6B). Interestingly, 2h upon UV-C, a 

significant increase in H3K9me2 Occupancy, RCI, and Content could be observed  

(Fig. 6A and 6B). Aside from KYP(SUVH4), SUVH5, and SUVH6, the Arabidopsis thaliana 

genome encodes 12 other SET-domain proteins, which may be responsible for the observed 

increase in H3K9me2 2h upon UV (Xu and Jiang 2020). The analysis of H3K9me2 content in 

nuclei isolated from plants deficient in the expression of the H3K9me2 demethylase JMJ27, 

reveals a loss of dynamic 2h upon UV-C (Fig. 6A and 6B).  In ibm1 plants, deficient for another 

H3K9me2 demethylase, a WT-like decrease of H3K9me2 Occupancy and content could be 

observed (Fig. 6A and 6B). Consequently, the decrease of H3K9me2 content at 2h seems to 

depend on the H3K9me2 demethylase JMJ27. Additionally, it can be observed that in ibm1 

mutant nuclei the H3K9me2 content is highly variable in control conditions when compared 

to jmj27 and WT plants, highlighting its potential importance for the maintenance of accurate 

H3K9me2 patterns, during the daily plant growth.   
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Figure 6 Measurements of H3K9me2 in kyp suvh-5.6, jmj27, and ibm1 mutant plants upon UV-C exposure 

(A) Microscopy images of DAPI and H3K9me2 immuno-stained Arabidopsis nuclei isolated from WT (Col-0), kyp 

suvh-5.6, jmj27, and ibm1 leaves in control condition (0) or upon UV-C irradiation (2h). Scale bar = 5μm.  

(B) Violin plots of H3K9me2 Occupancy (percent of the nuclear surface occupied by chromocenter like structure), 

Relative Intensity (ratio of mean chromocenter structure intensity / Mean nuclei intensity) and Content 
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(Occupancies * Relative Intensities) in a population of at least 25 nuclei per condition as described in (A). 

 Each black dot represents the measure for one nucleus. The blue dot shows the mean value. Exact p values are 

shown (Mann Whitney Wilcoxon test).  

 

5.2.2.2 Photolesions repair in H3K9me2 MTase-demethylases deficient plants 

 

In order to decipher the putative role of H3K9me2 MTase-demethylases in the repair 

of photolesions, we assayed the DNA repair efficiency of H3K9me2 MTase-demethylases 

mutant plants. For this, we measured the remaining amount of photodamage (CPD and  

6,4-PP) 1h upon UV-C. It is expected that photodamage repair-deficient plants will show 

higher CPD or 6,4 PP contents than WT plants (Schalk et al. 2017). 

 

In WT (Col-0) plants, more than 90% of the UV-C induced CPDs and 6,4 PPs get repaired 1h 

upon irradiation (Fig. 7). Interestingly, 1h upon irradiation, the amount of both types of 

photolesions in kyp remain high, demonstrating a repair deficiency (Fig. 7).  

In ibm1 plants, the remaining amount of CPD 1h upon UV-C exposure is higher than in WT 

plants, while no clear difference could be observed in jmj27 plants (Fig. 7). 

 Interestingly both jmj27 and ibm1 plants display a 6,4-PP repair deficiency compared to WT 

plants (Fig. 7), highlighting that both H3K9me2 demethylases likely control the repair of this 

type of photolesions. Importantly, it could be observed that the amount of photolesions 

induced by UV-C is reduced in kyp mutant plants, whereas in jmj27 and ibm1 mutants, only 

the basal level of induced 6,4-PPs is lower than those measured in WT plants (Fig. 7). 

 

Our results are in agreement with the emerging notion that the epigenetic context may 

influence DNA damageability. Indeed, the significant decrease in damage accumulation in kyp, 

may be explained by the reduced amount of H3K9me2 in heterochromatin. 

However, KYP and consequently H3K9me2 deposition also seems essential for efficient 

photolesion repair. In addition, these results show that both IBM1 and JMJ27 are important 

for efficient 6,4PP repair.  
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Figure 7: Photolesions repair in H3K9me2 MTase-demethylases deficient plants 

Left Panel: histogram of the percentage of remaining photodamages 1h upon UV-C irradiation.  

Right Panel: histogram of the amount of photolesions measured directly after UV-C treatment normalized to WT 

plants.  

 

5.2.2.3. Genetic interactions between photodamage repair and H3K9me2 MTase-

demethylases mutations. 

 

We provided evidence that factors involved in H3K9me2 homeostasis contribute to the 

proper dynamics of H3K9me2 content upon UV-C irradiation. However, the interplay between 

H3K9me2 writers-erasers and the photodamage repair pathways remains elusive.  

To decipher such putative interconnections, we analyzed the genetic interactions between 

photodamage repair and H3K9me2 MTase-demethylases mutations. For this, we used the 

well-established root growth assay (Molinier et al. 2004) that predominantly reflects UV-C 

repair efficiency. 

 

As shown in Figure 8A, UV-C induces a significant root growth delay in the jmj27 mutant plant 

that is suppressed in the complementation line (Fig. 8B and 8C).  

These observations strengthen the assumption that JMJ27, catalyzing H3K9me2 

demethylation, is involved in UV-C response and likely in DNA repair.  

However, a significant UV-C sensitivity of kyp (Fig. 9A) and ibm1 (Fig. 9B) could also be 

observed, indicating that both H3K9me2 methylation and demethylation processes are both 

required for proper root growth upon UV-C irradiation.    
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Figure 8: Complementation and UV-C sensitivity assay of the jmj27 mutant plants 

(A) Schematic representation of the construct used to complement the jmj27 mutant plants. 

The expression of the genomic JMJ27 coding sequence fused to the MYC tag was driven by the UBI10 promoter. 

Vector used pEAQ_ΔP19 (Fig.SX2). (B) Western blot of jmj27 JMJ27MYC expressing plants.  

(C) UV-C sensitivity assay of jmj27 and jmj27JMJ27MYC plants Line T12. 3 different UV-C doses were used. 

 

As expected, DNA repair-deficient plants such as ddb2, rad10, and uvr3phr1 mutants exhibit 

a UV-C hypersensitivity compared to WT plants (Fig. 9A and 9D). Interestingly, when ddb2 and 

rad10 mutations are combined with jmj27, the UV-C sensitivity does not differ from the one 

observed in the single jmj27 mutant plants (Fig. 9A). Therefore ddb2, rad10, and jmj27 

mutations are epistatic and JMJ27 acts upstream of DDB2 and RAD10 (Fig. 9A).  

Similar epistasis could be determined with ddb2 and kyp mutations, also revealing that KYP 

acts upstream of DDB2 (Fig. 9A). These results show that the KYP HMTase and the JMJ27 

demethylase likely act in the GGR pathway. Interestingly, kyp and jmj27 are epistatic (Fig. 9C), 

suggesting that both act in GGR. ibm1 shows a synergistic effect when combined with ddb2, 

suggesting that IBM1 and DDB2 act in two parallel pathways (Fig. 9B). ibm1 also shows a 

synergistic effect with jmj27, highlighting the non-redundant function of both H3K9me2 

demethylases in response to UV-C (Fig. 9C).  
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In order to determine whether KYP and the JMJ27 demethylase may also be involved in the 

DR pathway, we produced uvr3phr1 kyp and uvr3phr1 jmj27 triple mutant plants.  

Both combinations show synergistic effects (Fig. 9D) highlighting that KYP and JMJ27 unlikely 

act in the DR pathway. These data reinforce the hypothesis that KYP and JMJ27 are involved 

in the GGR pathways, known to process photolesions in parallel to the DR pathway  

(Johann to Berens and Molinier 2020). 

 

In Arabidopsis, there exists a non-canonical GGR mechanism (Schalk et al. 2017).  

This pathway involves small RNA and factors of the TGS-PTGS machinery such as DCL4 and 

RNA-POL IV (Schalk et al. 2017).  In order to underpin the role of JMJ27 in this non-canonical 

DNA repair pathway, jmj27 was crossed with mutants deficient in the small RNA-mediated 

GGR pathway dcl4 and nrpd1 (Schalk et al. 2017). As shown in Figure 9E, single dcl4 and nrpd1 

mutant plants exhibit UV-C sensitivity, whereas no significant difference could be measured 

in dcl4 jmj27 and jmj27nrpd1 double mutant plants compared to single mutants (Fig. 9E), 

revealing epistatic interactions. In addition, we can identify that DCL4, and NRPD1, act 

upstream of JMJ27. These results demonstrate that JMJ27 is likely involved in the small  

RNA-mediated GGR pathway. In order to test the potential interplay between JMJ27 and DNA 

methylation pathways, we used in genetic interaction assays cmt2, cmt3, and drm2 mutant 

plants defective for maintenance and de novo DNA methylation (Ashapkin et al. 2016).  

DNA methylation mutants cmt2, cmt3, and drm2, do not exhibit UV-C sensitivity compared to 

WT plants (Fig. 9F). Surprisingly, cmt2 and cmt3 show UV-C tolerance (Fig. 9F). Both cmt2jmj27 

and cmt3jmj27 double mutant plants exhibit an intermediate UV-C sensitivity compared to 

the respective single mutant plants, suggesting that they act in independent processes  

(Fig. 9F). Although the mode of action of CMT2 and CMT3 is linked to H3K9me2  

(Stroud et al. 2014), it reflects that (i) this well-documented interplay might be more complex 

than expected in plants exposed to UV-C (ii) alternative processes might exist. The double 

mutant drm2jmj27 exhibited a drm2-like growth upon UV-C irradiation, indicating that DRM2 

and JMJ27 act in the same pathway with DRM2 upstream of JMJ27 (Fig. 9F). This observation 

is in agreement with the role of DRM2 in the RdDM pathway and the crosstalk between DNA 

repair factors and the RNA silencing machinery (Schalk et al. 2016; Schalk and Molinier 2016). 

All together, these genetic interaction assays allow defining that KYP and JMJ27, involved in 

H3K9me2 homeostasis, contribute to both canonical and non-canonical GGR pathways.  
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Figure 9:  Genetic interactions between jmj27, DNA-repair (GGR, DR), H3K9me2 methyltransferase, DNA 

methyltransferases, and RdDM-PTGS mutations 

Root-growth assay of 6-day-old plants exposed to UV-C. Root growth was calculated relative to the 

corresponding untreated plants (±SD). Eight plants per replicate were used, and three independent biological 

replicates were performed. Exact p values are shown (t-test). (A) Genetic interactions between ddb2, rad10, kyp, 

and jmj27. (B) Genetic interactions between ddb2, jmj27, and ibm1. (C) Genetic interactions between jmj27, 

ibm1, and kyp. (D) Genetic interactions between uvr3phr1, kyp, and jmj27. (E) Genetic interactions between 

jmj27, nrpd1, and dcl4. (F) Genetic interactions between jmj27, cmt2, cmt3, and drm2.  
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5.2.3. Localizations and loadings on chromatin of DDB2 and UVR3 

 

Cytogenetic approach and genetic interactions highlighted that factors regulating 

H3K9me2 homeostasis contribute to the repair of UV-C-induced photodamages with a 

predominant role in the GGR pathway. The following study aims at analyzing the role of 

H3K9me2 homeostasis on DDB2 dynamics to decipher the putative role of this histone mark 

on DDB2 loading on chromatin to sense photolesions. In addition, the localization and the 

chromatin loading of the photolyase UVR3, which reverts photolesions in parallel to the GGR 

pathway, will be analyzed to provide an overview of photodamage repair within genome 

complexity. 

 

5.2.3.1. DDB2 chromatin loading in H3K9me2 MTase-demethylases deficient plants 

 

The loading of DDB2 on chromatin and its release were already extensively studied 

(Jones et al. 2010). Importantly, DDB2 recognizes in priority photodamage in the accessible 

internucleosomal regions and later in the core nucleosome (Fei et al. 2011).  

Given that H3K9me2 participates in fine-tuning chromatin compaction, we decided to take 

into account such complexity. For this, we designed experiments to follow the kinetics of DDB2 

on chromatin upon UV-C exposure with a particular focus on nucleosomal or internucleosomal 

DNA fractions prepared from H3K9me2 MTase/demethylases deficient plants.  

Samples fractionation was performed as shown in Figure 10A (see Materials and Methods  

for details). 

  

Firstly, the total amount of DDB2 was tracked in a time course upon UV-C irradiation in WT, 

jmj27, and kyp plants (Fig. 10B). As expected, in WT plants DDB2 content decreases at 2h, 

reflecting its ubiquitin-dependent decay (Fig. 10B) (Molinier et al. 2008). In jmj27 and kyp 

mutant plants, the total amount of DDB2 is slightly lower than in WT plants (Fig. 10B).  

Upon UV-C exposure, the DDB2 kinetics in kyp plants looks like the one observed in WT plants 

with a decay at 2h (Fig. 10B). Conversely, in jmj27 mutant plants, the DDB2 content increased 

at 2h, suggesting a protein stabilization (Fig. 10B).  
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Secondly, we followed the DDB2 content in soluble (free DDB2) and in insoluble fractions 

(DDB2 enriched in chromatin). In WT plants, the soluble DDB2 pool, which is not 

 associated with chromatin, slightly increases upon treatment (Fig. 10C).  

Interestingly, in the insoluble fraction, which reflects the chromatin pool, DDB2 content 

increases at 30 min/ 1h and decreases at 2h, showing its loading and release from chromatin 

(Fig. 10C). In jmj27 and kyp plants, no significant differences in DDB2 concentration can be 

observed in the soluble fraction (Fig. 10C). However, in the insoluble fraction of jmj27 plants, 

DDB2 shows a strong peak at 30 min, whereas in kyp, the DDB2 signal remains very weak and 

only displays a slight increase until 2h (Fig. 10C). These observations might indicate that the 

presence of H3K9me2 and the active demethylation both participate in the regulation of DDB2 

loading/release on chromatin.  

 

DDB2 was shown to recognize photolesions on DNA even on sequences wrapped around 

nucleosomes (Matsumoto et al. 2019). To further decipher DDB2 dynamics within chromatin 

complexity, the plant nucleosomes have been dissected by micrococcal nuclease (MNase) to 

reveal the proportion of DDB2 loaded on internucleosomal regions vs core nucleosomes. 

 In WT and jmj27 plants, DDB2 shows a peak of loading to internucleosomal regions at 30 min, 

indicating that the biding to internucleosomal DNA does not significantly depend on JMJ27 

(Fig. 10D). Interestingly, in WT plants DDB2 is progressively loaded on core nucleosomes to 

reach a maximum at 2h (Fig. 10D). In contrast, in jmj27 mutant plant the signal of DDB2 loading 

to nucleosomes is weaker and shows a peak at 30 min (Fig. 10D). Thus, JMJ27 seems to 

facilitate the progressive loading of DDB2 on DNA wrapped around nucleosome.  
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Figure 10: Immunoblotting of DDB2 in H3K9me2 methyltransferase and demethylase mutant plants upon UV-

C exposure 

(A) Protein fractionation used for immunoblotting. (B) DDB2 in total extracts of WT, jmj27, and kyp plants prior 

(0) and upon UV-C exposure (30 min, 1h, 2h). (C) DDB2 in soluble and insoluble fractions of WT, jmj27, and kyp 

plants prior (0) and upon UV-C exposure (30min, 1h, 2h). (D) DDB2 in nucleosomal and internucleosomal fractions 

of WT plants prior (0) and upon UV-C exposure (15min, 30min, 1h, 2h). H3 is shown as control for MNase 

treatment. (E) DDB2 in nucleosomal and internucleosomal fractions in jmj27 plants prior (0) and upon UV-C 

exposure (15 min, 30 min, 1h, 2h). Coomassie blue staining are shown as loading controls. 
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5.2.3.2. UVR3 chromatin dynamics upon UV-C irradiation 

 

The DDB2 loading on chromatin was shown to occur rapidly upon UV-C exposure, 

predominantly on internucleosomal regions and later on core nucleosomes.  

Given that the GGR pathway acts cooperatively with the DR pathway to repair photolesions, 

we decided to follow the dynamics of one of the photolyases, UVR3, that reverts specifically 

6,4 PP. Importantly, jmj27 plants display a delay of 6,4 PP removal compared to WT plants, 

suggesting a specific role for this histone demethylase in this repair process.  

Therefore, deciphering UVR3 spatio-temporal dynamics may help in better defining the 

interplays between GGR, H3K9me2, and DR. To measure UVR3 dynamics, we used UVR3-GFP 

expressing line (Katarzyna Banas et al. 2018) in microcopy and immunoblotting experiments.  

 

Firstly, the localization of UVR3-GFP was observed in leaf nuclei before (0) and upon UV-C 

exposure (30 min and 2h). In the absence of UV-C irradiation, a spread GFP signal could be 

observed within the nucleus (Fig. 11A). Thirty minutes upon irradiation, the GFP signal 

accumulates at chromocenter regions, indicating a UV-C-induced localization of UVR3 to 

constitutive heterochromatin (Fig. 11A). This localization persists at 2h upon UV, although at 

this timepoint, most of the photolesions are already repaired in WT plants (Fig. 11A;  

Chapter I). Secondly, we used immunoblotting approach to follow UVR3 chromatin loading on 

soluble and insoluble protein fractions prepared from UVR3-GFP expressing plants. 

Importantly, UVR3-GFP plants have been grown either in light or in darkness conditions upon 

UV-C exposure to favor DR or GGR, respectively (Fig. 11B). In light growth conditions, a stable 

amount of soluble UVR3-GFP can be observed (Fig. 11B). In the insoluble fraction, a peak is 

visible at 1h, showing UVR3 chromatin loading (Fig. 11B). Interestingly, in dark cultured plants, 

a UVR3-GFP decay in the soluble fraction is observed, whereas we identified a peak at 2h in 

the insoluble chromatin fraction (Fig. 11B). These data suggest that light regulates the UVR3 

turnover as well as its loading on chromatin.  

 

In parallel, we performed H3K9me2 immunoblotting in nucleosomal fraction of UVR3-GFP 

expressing plants grown in light or in darkness conditions to allow DR-GGR and only GGR to 

process photolesions, respectively. This approach confirms that the predominant use of the 

GGR pathway (dark condition) favors to H3K9me2 decay as observed in WT plants using 

cytogenetics (Fig. 11C).  
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Importantly, it also suggests that H3K9me2 alteration (histone eviction/sliding or active 

demethylation) may contribute to the GGR pathway. This result strengthens the notion that 

regulation of H3K9me2 content/homeostasis participates in the repair of photolesions. 

 

 

 

Figure 11: UVR3-GFP localization and loading on chromatin upon UV-C irradiation 

(A) Left panel: Schematic representation of the UVR3-GFP constructs expressed in uvr3 mutant plants (Katarzyna 

Banas et al. 2018) and immunostaining showing the nuclear localization of UVR3-GFP in control condition and 

upon UV-C exposure (30 min, 2h). Scale bar = 5μm. Right panel: Immunoblotting of total protein extracts of  

UVR3-GFP (90 kDa), JMJ27-GFP (130 kDa) or JMJ27m-GFP (130kDa) expressing plants. A Cross-reacting signal was 

used as a loading control. (B) Immunoblotting of UVR3-GFP in plants in control condition (0) and upon UV-C 

exposure (30 min, 1h, 2h), grown under light or darkness conditions upon irradiation.  

(C) Immunoblotting of H3K9me2 in nucleosomal and internucleosomal fractions of UVR3-GFP expressing plants 

in control condition (0) and upon UV-C exposure (30 min, 1h, 2h) grown under light or darkness conditions upon 

irradiation.  
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5.2.4. JMJ27 and DDB2 dynamics upon UV-C exposure    

 

In the previous part, we described how JMJ27 contributes to the proper chromatin 

loading of DDB2. According to these results, we further investigated the spatio-temporal 

localization of JMJ27 and its putative interaction with DDB2. 

 

5.2.4.1. Nuclear localization of JMJ27 and DDB2 

 

The localization of JMJ27 was first analyzed in planta, using JMJ27::JMJ27GUS 

expressing line (Wang et al. 2021b). As previously described, JMJ27 is strongly expressed in 

shoot and apical meristems (Fig. 12A)(Wang et al. 2021b). Additionally, GUS staining could be 

observed in leaves nuclei, especially in the vicinity of the vascular bundles (Fig. 12B).  

Upon UV-C irradiation, the intensity of the GUS staining shows a slight increase in leaves at 

2h, followed by a decrease at 6h (Fig. 12C). This indirect approach provides evidence that 

JMJ27 turnover is stimulated by UV-C irradiation in planta.  

 

At the cellular scale, the immunolocalization of JMJ27-GFP (Wang et al. 2021b) reveals a 

spread nuclear GFP pattern, mostly excluded from nucleoli and with lower intensity in 

chromocenter regions compared to the nucleoplasm (Fig. 13A). This pattern remains the same 

upon UV-C exposure (30 min and 2h), indicating that JMJ27 does not drastically re-localize in 

a UV-C-dependent manner (Fig. 13A).  

 

Immunolocalization of DDB2, using DDB2-FLAG expressing plants (Schalk et al. 2017), shows a 

nuclear distribution similar to that of JMJ27 (Fig. 13A). Nevertheless, the heterogeneity of 

signal intensity slightly differs (Fig. 13A). Neither exposure to UV-C, nor jmj27 defect 

significantly change the DDB2-FLAG signal distribution (Fig. 13A).  

Altogether, these observations, highlight that DDB2 and JMJ27 exhibit similar nuclear 

patterns.  
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5.2.4.2. DDB2 and JMJ27 chromatin recruitment upon UV-C exposure  

 

DDB2 is loaded on chromatin 30 min upon UV-C exposure to sense photodamage  

(Fig. 10C; Schalk et al. 2017). In order to investigate the chromatin dynamics of JMJ27 we used 

immunoblot analyses of JMJ27-GFP expressing plants over a 2h time-course upon UV-C 

irradiation (Fig. 13B). JMJ27-GFP was indeed progressively enriched in the insoluble chromatin 

extracts, reaching a peak at 30 min upon UV-C treatment (Fig. 13B). However, when using 

jmj27 mutants expressing JMJ27m-GFP, an enzymatically inactivated version of JMJ27-GFP, 

the total JMJ27m-GFP amount appears to be higher than the amount of JMJ27-GFP (Fig.13B). 

In addition, no progressive decrease of the JMJ27m-GFP signal could be observed at 2h, 

suggesting that the protein decay may depend on the enzymatic activity whereas the 

chromatin loading does not (Fig. 13B).   

 

Collectively, these results show that, upon UV-C exposure, DDB2 and JMJ27 follow comparable 

UV-C-dependent chromatin dynamics that could be controlled by common mechanisms and 

factors.  

 

5.2.4.3. Co-immunoprecipitation of DDB2 and JMJ27  

 

Given that DDB2 and JMJ27 act in the same pathway as demonstrated by genetic 

interactions assay and that both proteins display similar nuclear/chromatin patterns, we thus 

tested if DDB2 could associate with JMJ27. For this, we used transgenic plants expressing a 

functional DDB2-FLAG version (Schalk et al. 2016) crossed with JMJ27-GFP expressing plants 

(Wang et al. 2021b). DDB2-FLAG effectively co-immuno-precipitated with JMJ27-GFP in plant 

whole-cell extracts prepared before and after UV-C exposure (Fig. 13C). This preliminary 

experiment suggests that DDB2 and JMJ27 would assemble into a protein complex whose 

chromatin dynamics relies on UV-C exposure.  
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Figure 12: GUS patterns of JMJ27::JMJ27-GUS expressing line upon UV-C exposure 

(A) Histochemical GUS staining of 21-day old JMJ27::JMJ27-GUS expressing plants (Wang et al. 2021b). The red 

arrow shows root and apical meristems. (B) Magnified view on a GUS-stained leaf. (C) GUS-stained leaves of 

JMJ27::JMJ27-GUS expressing plants in control condition (0) and upon UV-C exposure (30 min, 1h, 2h, 6h). 
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Figure 13: JMJ27-GFP Immuno-labelling, -blotting and -precipitation upon UV-C  

(A) Left panel: Schematic representation of the JMJ27-GFP constructs expressed in jmj27 mutant plants. 

Microscopy images of DAPI-stained and GFP immuno-labeled Arabidopsis nuclei in control (0) condition and upon 

UV-C exposure (30 min, 2h). Scale bar = 5μm. Right panel: Schematic representation of the DDB2-FLAG construct 

expressed in ddb2 and ddb2jmj27 mutant plants. Microscopy images of DAPI-stained and FLAG immuno-labeled 

Arabidopsis nuclei in control (0) condition and upon UV-C exposure (30 min, 2h). Scale bar = 5μm.  

(B) Immunoblotting of JMJ27-GFP and a catalytic loss of function JMJ27m-GFP construct in jmj27 mutant plants 

in control condition (0) and upon UV-C exposure (30 min, 1h, 2h).  
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(C) In vivo pull-down of JMJ27-GFP with DDB2-FLAG protein upon UV-C exposure. ddb2-3 mutant line co-

expressing DDB2-FLAG and JMJ27-GFP (L1) was used for immunoprecipitation assay using anti-FLAG antibody 

prior and upon UV-C irradiation (30 min, 2h). WT plants were used as a negative control. Coomassie blue staining 

of the blots are shown. 

 

5.3. Discussion   

 

We deciphered the interplay between photodamage repair and H3K9me2 homeostasis 

in response to UV-C damage. An important reshaping of chromocenter-like H3K9me2 

structures was observed upon UV-C irradiation in Arabidopsis leaf nuclei.  

Further characterization reveals a strong disturbance of H3K9me2 reshaping in DDB2, KYP, 

and JMJ27 deficient plants, highlighting crosstalk between the GGR pathway and the factors 

regulating H3K9me2 homeostasis. Indeed, the UV-C-dependent DDB2 loading on chromatin is 

influenced by the H3K9me2 contents, and its stabilization on DNA packed around 

nucleosomes relies on the H3K9m2 demethylase JMJ27. Moreover, we found that DDB2 and 

JMJ27 form a complex, suggesting that the H3K9me2 demethylation would facilitate 

photodamage recognition by DDB2. 

 

5.3.1. UV-C irradiation induces changes in H3K9me2 contents  

 

We investigated the dynamics of the chromocenter-associated H3K9me2 and 

H3K27me1 histone marks in a time course following UV-C irradiation. We identified significant 

alterations of their patterns with an increase of H3K9me2 content at chromocenters 30 min 

upon exposure, whereas H3K27me1 remains stable. This increase of H3K9me2 could also be 

observed by immunoblotting, suggesting that the change likely occurs at a genome-wide level. 

In human cells irradiated with UV, a significant increase of the heterochromatin mark, 

H3K9me3, could be measured (Fortuny et al. 2021), indicating the early increase of H3K9 

methylation would be a conserved mechanism among eukaryotes. In addition, it has been 

observed in mammals that DOT1L-dependent H3K79me3 or the ASH1L-dependent H3K4me3 

occur upon UV exposure to promote damage handover between DDB2 and XPC during NER 

(Zhu et al. 2018). Arabidopsis lacks a DOT1L homolog (Kari et al. 2019), and ASHH2/SDG8 (the 

homolog of ASH1L) was, to our knowledge, not reported to be linked to DNA repair, suggesting 

that some specific processes also exist between kingdoms.  
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Later upon UV-C irradiation (2h), in parallel to the drop of DAPI-stained chromocenter 

occupancy (Graindorge et al. 2019), H3K9me2 chromocenter content and occupancy  

also decreased, reflecting a potential heterochromatin decompaction.  

Such alteration of chromatin structure occurs during several DNA repair processes and is often 

described to result from a change in nucleosome density (Waters et al. 2015; Tripuraneni 

et al. 2021; Chakraborty et al. 2021). 

 

Few emerging models proposed that different chromatin remodeling events facilitate DNA 

repair. This includes nucleosome PTM erasure (Palomera-Sanchez et al. 2010;  

Jeon et al. 2020), nucleosome sliding (Dinant et al. 2012; Matsumoto et al. 2019;  

Nodelman and Bowman 2021), and nucleosome eviction (Chakraborty et al. 2021). 

Interestingly, the decreased H3K27me1 chromocenter intensity at 2h, indicates that despite 

the lack of significant changes in its spatial organization, some quantitative changes may also 

occur at particular loci. Importantly, our results suggest that the characterized 

heterochromatin dynamics predominantly depend on the modulation of H3K9me2 content 

upon UV-C exposure. In Arabidopsis, UV-C was found to increase the RNA steady-state levels 

of 180 bp repeats, 5S rDNA, and ONSEN highlighting that exposure to such genotoxic stress 

also induces the release of silencing at centromeric and pericentromeric repeats  

(Graindorge et al. 2019). Indeed, the lack of H3K9me2 was related to the release of silencing 

and to heterochromatin opening (Zhao et al. 2019; Wang et al. 2019; Kabi and Filion 2021). 

Given that heterochromatic structures are highly compacted and thus represent a physical 

barrier for the DNA repair machinery, the transient decrease of H3K9me2 and chromocenter 

occupancy is likely dependent on the DNA repair activity, allowing the release of the silencing 

and TE mobilization.  

 

A recent study on human cells irradiated with UV also shows an important relaxation of 

heterochromatin (Fortuny et al. 2021). However, no significant decrease in the constitutive 

heterochromatin mark, H3K9me3, has been measured (Fortuny et al. 2021).  

In contrast, in Drosophila it was shown that the amount of H3K9me3 actively decreased upon 

UV exposure, from 30 min till several hours (Palomera-Sanchez et al. 2010).  
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Interestingly the decrease in H3K9me3 in the context of Double Strand Break (DSB) repair was 

already described, showcasing the induction of such dynamic by factors acting upstream of 

the DNA repair processes (Jeon et al. 2020). Finally, in Saccharomyces cerevisiae, UV was 

shown to induce H3K9 acetylation at silenced loci to promote chromatin remodeling and 

 GG-NER (Waters et al. 2015), highlighting that several different histone PTMs contribute to 

the repair of UV-induced DNA lesions. 

 

We also found a significant increase of H3K9me2 content 24h upon UV exposure.  

At this time point, the photolesion repair is completed, and the H3K9me2 content should be 

restored together with the chromocenter structure to ensure (epi)genome integrity  

(Chapter I). However, this “final” H3K9me2 content, as well as the chromocenter occupancy 

(Chapter I), appears higher than those measured before irradiation. This observation indicates 

that the H3K9me2 content in chromocenter regions is not accurately maintained 24h upon 

UV-C irradiation. This alteration of H3K9me2 content might represent a durable scare of the 

UV-induced dynamics, preventing further release of the silencing and thus strengthening 

genetic immunity (Kim and Zilberman 2014). 

 

Interestingly, our previous studies identified that UV-C and DNA repair processes introduced 

differences in the DNA methylation landscape, genome wide and at damage sites 

predominantly in the CHH context (Graindorge et al. 2019). These changes in H3K9me2 

content would likely overlap/correlate with the observed changes in DNA methylation  

(Law et al. 2013; Stroud et al. 2014; Zhang et al. 2018) and vice versa (Stroud et al. 2014;  

Li et al. 2018; Xu and Jiang 2020). This hypermethylation of H3K9me2 may also participate in 

a genome-wide loss of chromatin accessibility following UV exposure (Schick et al. 2015).  

The hereabove described H3K9me2 dynamic resembles the prime-repair-restore model well 

described for DSB repair (Soria et al. 2012). 
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5.3.2. GGR pathway act together with factors involved in H3K9me2 homeostasis 

 

We identified that H3K9me2 dynamic is disturbed in photodamage repair-deficient 

Arabidopsis plants and that DDB2 plays a predominant role. The photolyases UVR3 and PHR1, 

in turn, appear to be dispensable, suggesting that the reshaping of H3K9me2 chromocenter 

signals is predominantly a part of the GGR-NER pathway. This observation is relevant 

considering the complexity of the GGR pathway compared to the DR process  

(Johann to Berens and Molinier 2020). Furthermore, these results are in agreement with the 

DDB2-dependent heterochromatin decompaction reported in human cells exposed to UV 

(Fortuny et al. 2021) and the interplay between H3K9me3 and NER reported in Drosophila 

(Palomera-Sanchez et al. 2010).  

 

We identified that the decrease of H3K9me2 content at 2h upon UV depends on the  

histone demethylase JMJ27 and on the HMTases KYP/SUVH5/SUVH6.  

Importantly, the well-characterized demethylase IBM1 is unlikely involved in this  

UV-C-induced dynamics, in agreement with its predominant role in the control of H3K9me2 

contents in genic regions (Chan and Zimmerli 2019).  

 

In addition, the observed effect of JMJ27 mutation on H3K9me2 content can be likely linked 

to its demethylase activity (Dutta et al. 2017; Wang et al. 2021b). For now, JMJ27 was mainly 

associated with the regulation of gene expression (Dutta et al. 2017; Wang et al. 2021b);  

thus, it cannot be excluded that JMJ27 also indirectly modulates the H3K9me2 content at 

chromocenter regions by regulating the expression of particular genes related to chromatin 

remodeling and DNA repair. Nevertheless, the transcriptome analysis of jmj27 deficient plants 

did not reveal significant deregulation of such candidate genes (Wang et al. 2021b). 

Alternatively, the observed decrease in H3K9me2 content might be due to chromatin 

remodeling events, including a histone eviction process. Given that H3K27me1 contents did 

not show significant changes, the eviction mechanism would need to be specific to the 

H3K9me2 containing heterochromatin. Therefore, the most plausible explanation remains,  

an active demethylation process triggered by a H3K9me2 specific histone demethylase.  

This assumption is supported by the lack of detectable H3K9me2 decrease in jmj27 mutant 

plants at 2h as well as their UV-C sensitivity.  
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In parallel, we found that plants lacking the 3 HMtases KYP, SUVH4/5 exhibit an increase of 

H3K9me2 content 2h upon UV-C exposure, suggesting that non-canonical HMTase(s) may 

exist and are activated in such stress conditions. Two putative candidates are the SUVR4 and 

SUVR5 HMTase, already described for their DNA methylation-independent H3K9 

methyltransferase activity (Thorstensen et al. 2006; Caro et al. 2012).  

 

The potential roles of KYP and JMJ27 in the repair of photodamage were strongly supported 

by our genetic approach. Indeed, we demonstrated that KYP and JMJ27 act together with 

DDB2 in both canonical and non-canonical GGR pathways. In addition, kyp and jmj27 show a 

delay in photolesion removal. Thus, H3K9 di-methylation and active H3K9me2 demethylation 

most likely participate in GGR. Our data are in agreement with the reports showing an increase 

in H3K9me3 content in human cells upon UV exposure (Fortuny et al. 2021) and  

the KDM4B-dependent H3K9me3 demethylation acting in the NER in Drosophila  

(Palomera-Sanchez et al. 2010).  

 

The behavior of heterochromatin during DNA repair relies on antagonist mechanisms. 

On the one hand, continuous silencing is essential to maintain genome integrity by avoiding 

TE reactivation (Lisch and Slotkin 2011). On the other hand, the dense heterochromatin 

structure hinders an efficient DNA repair process and thus needs to be decompacted 

(Schieferstein and Thoma 1998; Liu 2015). The fine-tuning of H3K9me2 occurring during the 

first step of GGR (photodamage recognition) reveals the complex Spatio-temporal regulation 

of chromatin structure enabling genome stability but allowing a transient release of the 

silencing that might lead to genome flexibility. 

 

5.3.3. Factors involved in H3K9me2 homeostasis contribute to an efficient DDB2 chromatin 

loading  

 

Considering the results of genetic interactions and photolesions removal assays, both 

KYP and JMJ27 participate in the GGR pathway upstream of DDB2. Interestingly, chromatin 

fractionation highlighted a significant decrease/delay of DDB2 chromatin loading in the 

absence of KYP, suggesting that H3K9me2 enhances the affinity of DDB2 to chromatin.  
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This result agrees with the role of DDB2 in recognizing photolesions in GGR acting in poorly 

transcribed and/or un-transcribed genomic regions known to contain high H3K9me2 level 

(Johann to Berens and Molinier 2020). Interestingly, in the kyp plants, we identified:  

low photolesions induction and weak DDB2 chromatin loading. This suggests that the reduced 

amount of H3K9me2 would prevent the formation of photolesions and could activate 

alternative DNA repair pathways (i.e. DR). These observations strengthen the emerging notion 

that the epigenome landscape would contribute to the photodamage formation and to the 

choice of the repair pathway to process these lesions (Johann to Berens and Molinier 2020). 

Interestingly, we also observed the localization of the UVR3 photolyase in constitutive 

heterochromatin in the first 2h following UV exposure. This reveals that the DR pathway likely 

acts genome-wide, including in heterochromatin.  

 

Chromatin fractionation experiments allowed identifying that DDB2 loads rapidly in 

nucleosome-free DNA, whereas the core nucleosomal fraction is enriched later by DDB2.  

Our results fit with the data obtained in mammal cells, reporting the sequential DDB2 loading 

in internucleosomal regions followed later by its loading in the core nucleosome (Fei et al. 

2011). In Drosophila, although it was elusive how the decrease of H3K9me3 triggered by the 

KDM4B histone demethylase is coupled to NER (Palomera-Sanchez et al. 2010),  

our study provides this potential connection. Indeed, we propose a model in which both DDB2 

and JMJ27 cooperate as a molecular complex to trigger active H3K9me2 demethylation and 

chromatin relaxation. This complex allows DDB2 loading/stabilization at DNA-damaged sites 

located in high nucleosome occupancy loci that were initially weakly accessible (Fig. 14).  

It can be expected that H3K9me2 demethylation is among the first step in DDB2-dependent 

chromatin remodeling.  

 

In mammals, stabilized DDB2 at damaged sites was shown to recruit the chromatin remodeler 

ALC1 (Pines et al. 2012; Wang et al. 2021a). Interestingly, reports about the role in DNA repair 

of its homolog, CHR10 (AtALC1), are still missing. Importantly, the chromatin relaxation 

observed upon UV-C exposure may reflect the combination of several mechanisms.  

Indeed, nucleosome sliding and histone eviction enable the recruitment of the full NER 

machinery together with active H3K9me2 demethylation (Zhao et al. 2009; Jiang et al. 2010; 

Luijsterburg et al. 2012; Pines et al. 2012).  



5. Chapter III - DDB2 and JMJ27 contribute to H3K9me2 dynamic at chromocenters in response to UV-C exposure 

 

157 

 

In addition, we cannot exclude that UVR3 may participate in the heterochromatic DNA repair 

within the DDB2-JMJ27 relaxed chromatin microenvironments. Such a synergistic mode of 

action would enhance the repair efficiency by preventing a long-time window of chromatin 

relaxation, enabling an uncontrolled release of the silencing (i.e. TE mobilization). 

 

 

The transient increase of H3K9me2 content may serve as an anchor for JMJ27 to load together 

with DDB2 for damage recognition (Fig. 14). Given that DDB2-JMJ27 complex formation is 

independent of UV irradiation and that the main loading of JMJ27 on chromatin was observed 

30 min upon UV, H3K9me2 demethylation could also occur in particular euchromatic regions 

that would need to be characterized. This possibility holds true regarding the decrease in 

H3K9me2 signal intensity in the nucleoplasm, 2h upon UV-C, and the delayed repair of the 

6,4-PP in JMJ27 deficient plants (Han et al. 2016). In addition, it is well established that  

DDD2 also recognizes mismatches, abasic sites…. (Wittschieben et al. 2005).  

Thus, the UV-independent DDB2-JMJ27 complex formation also indicates that active 

H3K9me2 demethylation may participate in the initiation of the excision repair of other types 

of DNA lesions.  
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Figure 14: Model illustrating the interplay between photodamage repair and H3K9me2 dynamic upon UV-C 

exposure 

UV-C irradiation induces CPD and 6,4-PPs in internucleosomal regions and in core nucleosomes carrying the 

H3K9me2 histone mark. 30 min upon UV-C exposure DDB2 and UVR3/PHR1 load at photodamages sites in 

internucleosomal regions. At 1h, the DDB2-JMJ27 complex is recruited to H3K9me2 enriched regions, and JMJ27 

actively demethylated H3K9 me2 to ensure a stable binding of DDB2 to the damaged DNA wrapped into core 

nucleosomes. The H3K9me2 removal and DDB2 stabilization may induce the further recruitment of chromatin 

remodelers (i.e., ALC1). The induced chromatin reshaping likely relies on the combination of nucleosome sliding 
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and eviction. Once an open chromatin microenvironment is built around the damaged site, DDB2 recruits the 

NER machinery. In parallel, the relaxed chromatin may favor the binding of UVR3 and PHR1 photolyases.  

After repair, heterochromatin structure is restored, with a slightly different DNA methylation landscape, a higher 

H3K9me2 content, and potentially different histone variants/ nucleosome occupancy.  

 

5.4. Ongoing work  

 

We provided evidence that GGR and regulation of H3K9me2 homeostasis act  

together to maintain genome and epigenome integrities upon UV-C exposure.  

In order to better characterize the precocious dynamics of epigenetic marks and the loading 

of the photodamage repair factors, several genome-wide analyses are being performed (Fig. 

15). These approaches would allow to better decipher the kinetics of the epigenome 

landscape and the photodamage recognition/processing. Therefore, we are experimentally 

determining:  

 

• How does the H3K9me2 landscape evolve in the first 2h following UV-C exposure? 

• How does the DNA methylation landscape evolve in the first 2h following UV-C 

exposure? 

• Where do DDB2 and UVR3 load? 

• Do their loadings depend on the epigenetic landscape? 

 

 

Figure 15: Graphical abstract of the ongoing experiments 
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H3K9me2 contents, DDB2, and UVR3 binding will be characterized by ChIP prior to UV-C irradiation, 30’ and 2h 

upon UV-C exposure in WT and jmj27 plants. DNA methylation landscape will be characterized in the same 

conditions.  

 

 

 

Supplemental Figure 1: Schematic representation of the measurements performed on microscopy images 

Scheme of the different nuclear fractions and how their intensities and areas were used to calculate Mean 

intensity (MNI), Occupancy (OC), Relative Intensity (RI), and Content.  
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6. Chapter IV - UV-B exposure of Arabidopsis natural variants 
and parental memory 

 

6.1. Introduction   
 

Previous chapters described the impact of UV-C and proton irradiations on the shaping 

of constitutive heterochromatin (i.e., chromocenters). Both induce changes in chromocenter 

structure 24h upon exposure (Chapter I). In the case of UV-C, these alterations go along with 

the remodeling of the epigenetic landscape. DNA methylation and the histone PTM H3K9me2 

were previously shown to undergo a dynamic upon UV-C exposure, at least partially, and are 

related to the photodamage repair pathways (Chapter I and III). However, given that proton 

irradiation also induces chromocenter reshaping 24h upon exposure, photolesions are not the 

only type of DNA damage-inducing constitutive heterochromatin reshaping (Chapter I). 

Hence, it can be hypothesized that the oxidatively-induced DNA damage also affects the 

epigenetic landscape. Interestingly, as previously introduced, UV-B induces concomitantly 

photolesions and oxidative stress (Schuch et al. 2017). However, the amount of UV-B-induced 

photolesions is lower compared to UV-C and the oxidative burst is reduced compared to 

proton irradiation. Despite such quantitative differences, UV-B irradiation  

represents an environmental source of DNA damage, combining different types of stresses. 

Thus, it can be questioned how chromocenters structure evolves upon exposure to this 

biological relevant genotoxic stress. In addition, several studies revealed robust correlations 

between light perception, light intensity, and chromocenter shape (Tessadori et al. 2009; 

Snoek et al. 2017). However, the consequence of the exposure to specific wavelengths such 

as UV-B was not deeply investigated yet.     

 

As a naturally occurring irradiation, UV-B brings some interesting additional aspects into our 

working model. For example, plants sense UV-B through the photoreceptor UVR8 

(Kliebenstein et al. 2002), enabling the activation of specific cellular mechanisms 

(physiological adaptation, choice of the repair process...). In the absence of UV-B, UVR8 is 

present in the cytoplasm as homodimers (Kaiserli and Jenkins 2007; Tossi et al. 2019; Liang et 

al. 2019).  
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When activated by UV-B, UVR8 changes its quaternary structure, becoming an active 

monomer and interreacts with several nuclear partners (Kaiserli and Jenkins 2007;  

Tossi et al. 2019; Liang et al. 2019). A main target of UVR8 is the Constitutively 

Photomorphogenic 1 protein (COP1), part of an E3 ubiquitin ligase complex  

(Lau and Deng 2012). COP1  binding hinders the E3 ubiquitin ligase activity, preventing the 

ubiquitination and subsequent degradation of ELONGATED HYPOCOTYL 5 (HY5) and HY5 

HOMOLOG (HYH), activators of UV-B responsive genes (Cloix et al. 2012).  

UVR8 monomers also interact with the transcription factors BIM1 (BES1-INTERACTING MYC-

LIKE 1) and BES1 (BRI1-EMS-SUPPRESSOR1), regulating Brassinosteroids signaling and 

promoting hypocotyl growth in the absence of UV-B (Liang et al. 2018).   

 

Interestingly, UVR8 was also described as a potential activator of the PHR1, photolyase, 

expression (Li et al. 2015), highlighting its role in prioritizing specific DNA repair pathways. 

Recently, UVR8 was also shown to be involved in the modulation of the DNA methylation 

landscape. Indeed, UVR8 active monomers can bind DRM2 in the nucleus, inhibiting its DNA 

methylation activity (Jiang et al. 2021). Thus, UV-B sensing by UVR8 was reported to induce 

hypomethylation, especially at TE (Jiang et al. 2021). The changes in DNA methylation 

observed upon UV-B irradiation appear to be enriched in chromocenter regions and rely on 

DRM2 (Jiang et al. 2021). In addition to its regulatory role in DNA methylation, UVR8 was 

reported to induce both H3K9 and H3K14 acetylation at several light-responsive genes, such 

as PHR1 and HYH (Velanis et al. 2016). However, the exact mechanisms by which UVR8 induces 

these histone PTMs remains unknown (Velanis et al. 2016). In extension, UV-B and UVR8 could 

also be considered as putative regulators of the epigenetic landscape in constitutive 

heterochromatin.   

 

Another aspect of UV-B signaling/response is the specific evolution and adaptation of plants 

that undergo recurrent exposure to the genotoxic effect of the UV-B wavelength.  

Deciphering the pathways that differentially act in Arabidopsis plants originating from 

different ecological niches, exposed to particular UV-B regimes, would provide some clues 

about the biological mechanisms that may have contributed to efficiently cope with this stress 

(Latta 2010).  
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A driver of adaptation would be a stress-induced epigenetic memory, which sometimes could 

even be inherited in the offspring (D’Urso and Brickner 2014; Ashe et al. 2021). UVR8 was 

recently shown to enhance the establishment of short-term memory (3 days) by 

transcriptional priming of UV-B responsive genes (Xiong et al. 2021). Studies on clonal plants, 

such as Glechoma longituba, show the existence of an epigenetic memory 

 maintained in genic regions upon UV-B exposure of the parents (Zhang et al. 2021).  

However, no molecular mechanisms of UV-B-induced parental or transgenerational memory 

(PTGM) have been described yet. Few examples of epigenetic PTGM in response to abiotic 

stress have been reported for now (D’Urso and Brickner 2014). A recently characterized model 

is the heat-memory, driving early flowering in the progeny, through an interplay between the 

H3K27me3 demethylase RELATIVE OF EARLY FLOWERING 6 (REF6), the HEAT SHOCK 

TRANSCRIPTION FACTOR A2 (HSFA2), and a tasiRNA (Liu et al. 2019). Unfortunately, even here, 

the exact mechanism by which the feedback loop is primarily transmitted to the offspring 

remains unclear (Liu et al. 2019). However, considering these reports together, as well as the 

environmental cues, it can be expected that UV-B may somehow induce an epigenetic PTGM.  

 

In order to better characterize the adaptive processes to environmental cues, the analysis of 

hundreds of natural accessions variants of Arabidopsis recently emerged (Ossowski et al. 

2008; Weigel and Mott 2009; Gan et al. 2011; Schmitz et al. 2013). Such large-scale resources 

provide potent tools for ecological and evolutionary studies (Kawakatsu et al. 2016).  

The 1.001 genome project, for example, gives access to genome sequences, transcriptome 

and methylome data sets of hundreds of different Arabidopsis ecotypes  

(Weigel and Mott 2009; Kawakatsu et al. 2016). The methylomes of Arabidopsis natural 

accessions are correlated with geography and climate of origin (Kawakatsu et al. 2016). 

Especially, the DNA methylation levels within TEs were positively correlated with latitude 

(Kawakatsu et al. 2016). In other words, high light intensities / high UV exposure likely 

participate in the modulation of DNA methylation at TE. This fits with the previous observation 

that variation in light exposure induces changes in chromocenter structure, where TE are 

enriched (Tessadori et al. 2009). 
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Nevertheless, the link(s) between the naturally occurring UV-B regime, DNA methylation, and 

constitutive heterochromatin structure were not investigated yet. In parallel, the global UV-B 

radiation data set for macroecological studies are available and would help to perform 

correlative studies (Beckmann et al. 2014). 

 

Altogether, these observations and resources pave the way for future studies, focusing on the 

characterization between UV-B and the natural adaptation of Arabidopsis thaliana accessions. 

The following experiments aim at determining whether UV-B, as a biological relevant 

environmental factor, impacts constitutive heterochromatin shape in different Arabidopsis 

accessions. To this end, we first investigated whether UV-B can induce chromocenter 

dynamics. Additionally, Arabidopsis natural accessions exposed to various UV-B regimes were 

analyzed for UV-B chromocenter shapes and specific transcriptional priming.  

Finally, the inheritance of chromocenter dynamics will be questioned, using inter-ecotype 

hybrids and a UV-B-directed evolution approach. 

 

6.2. Results  

 

6.2.1 UV-B and chromocenter shape  

 

We showed the effect of UV-C on chromocenter shape and its epigenetic landscape 

(Chapters I and III). Interestingly, this dynamic seems to depend, at least, on DDB2 and 

photolyases (UVR3 and PHR1), which are known to be also involved in the repair of UV-B 

induced photodamage (Biedermann and Hellmann 2010; Vechtomova et al. 2020).  

Thus, this observation addresses the broader question related to the effect of the biologically 

more relevant UV-B wavelength on chromatin shape : "Does UV-B also affect the constitutive 

heterochromatin structure?". In contrast to the previous chapters, an additional focus will be 

put on the diversity and heredity of constitutive heterochromatin structures found in natural 

Arabidopsis accessions. Such an approach wishes at answering the following question:   

 

"Does UV-B exposure participate in the evolution of Arabidopsis heterochromatin in particular 

ecological niches?"  
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6.2.2. UV-B-induced structural dynamics of chromocenters  

 

To analyze the chromocenter dynamics upon UV-B exposure leaves nuclei of WT  

(Col-0) Arabidopsis thaliana plants were DAPI stained and analyzed using the Nucl.eye.D script 

(Chapter II for details), prior (0), 2h, and 24h upon UV-B irradiation. As shown in (Fig. 1A),  

WT nuclei show an expected Heterochromatin Content (HC) of about 11% in untreated control 

conditions (0) (Biedermann and Hellmann 2010). Two hours upon UV-B exposure, the HC 

significantly decreases to reach about 8% (Fig. 1A). The following day (time point 24h), 

 the heterochromatic entities look efficiently restored, reaching the same content as before 

irradiation (Fig. 1B). This result shows that UV-B irradiation induces HC dynamics similar to 

those previously described upon UV-C exposure (Chapter I). In order to test whether these 

UV-B-induced chromocenter dynamics rely on the UVR8 receptor, HC was measured in a 

similar way in uvr8 plants (Brown et al. 2005). Prior UV-B exposure, HC content in uvr8 plants 

does not significantly differ from WT plants (Fig. 1A). Two hours upon irradiation,  

the HC in uvr8 nuclei decreases to 8% like in WT plants (Fig. 1A). Interestingly, 24h upon 

irradiation, HC does not reach the initial level and remains as low as at 2h (Fig. 1B).  

These data suggest that the accurate re-establishment of HC depends on the UVR8 receptor 

whilst its dynamics (at 2h) do not. To better decipher which parameters contribute to HC 

alteration, the chromocenter occupancies (CO), the relative intensity of chromocenters (RI), 

and the number of chromocenters (CC) per nucleus have also been evaluated.  

In WT plants, the drop of HC at 2h upon irradiation is mainly related to a significant decrease 

of CO and CC number per nucleus, whereas the RI remains stable (Fig. 1C and 1D).  

In uvr8 plants, the HC decrease seems to be mainly related to the drop of RI 2h and 24 h upon 

UV-B exposure (Fig. 1C). 

 

To summarize, our results demonstrate that UV-B induces HC dynamics similarly to UV-C 

irradiation, reinforcing the idea that the chromocenter dynamics are predominantly related 

to the induction of DNA damage and DNA repair pathways. Interestingly, the restoration of 

chromocenter shape depends on the UV-B specific receptor, UVR8, likely involved in the 

regulation of factors acting in heterochromatin reconstruction. This observation is in 

agreement with the recent study revealing a link between UV-B perception and DNA 

methylation (Jiang et al. 2021). Indeed, UVR8 represses DRM2 activity upon UV-B exposure 

(Jiang et al. 2021) 
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Figure 1: UV-B-induced constitutive heterochromatin dynamics in WT and uvr8 plants 

(A) Microscopy images of DAPI stained Arabidopsis nuclei isolated from WT (Col-0) and uvr8 leaves in the control 

condition (0) or upon UV-B irradiation (2h, 24h). Scale bar = 5μm. (B) Violin plots illustrating the distribution of 

heterochromatin content (Chromocenter occupancy * Relative chromocenter Intensity) in a population of at 

least 45 nuclei per condition as described in (A). Each black dot represents the measure for one nucleus. The red 

dot shows the mean value. Exact p values are shown (Mann Whitney Wilcoxon test). (C) Violin plots showing the 

distribution of the Chromocenter Occupancies (percent of the nuclear surface occupied by chromocenters) and 

Relative Chromocenter Intensities (ratio of mean chromocenter intensities / Mean nuclei intensity). Each black 
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dot represents the measure for one nucleus. The red dot shows the mean value. Exact p values are shown  

(Mann Whitney Wilcoxon test). (D) Stacked pillar diagram comparing the number of chromocenters per nucleus 

upon UV-B in WT and uvr8 nuclei. Exact p values are shown (Chi-Square test: χ²). 

 

6.2.3. DNA repair gene expression in natural Arabidopsis variants 

 

We found that the UV-induced HC dynamics depend on several factors involved in 

photodamage repair and UV-B perception (Chapter I). Therefore, it can be hypothesized that 

the chromocenter shape of Arabidopsis ecotypes may correlate with their natural UV-B 

regimes and with the expression level of particular photodamage repair genes.  

 

Arabidopsis thaliana can be found worldwide in various ecological niches.  

In addition, the 1001 genome project (https://1001genomes.org/) provides essential 

information about transcriptomes, methylomes, and SNPs (Single Nucleotide Polymorphisms) 

for several hundreds of ecotypes (Alonso-Blanco et al. 2016; Kawakatsu et al. 2016).  

These natural resources and the associated molecular data offer a set of powerful tools to 

study the putative correlation between UV-B regime, genes expression, and HC shape.  

In a first analysis, we investigated the correlation between the expression of factors 

demonstrated to directly or indirectly regulate chromocenter shape and the natural UV-B 

regime (Table 1). For this, we performed a Principal Component Analysis (PCA) on 561 

Arabidopsis ecotypes focusing on DNA repair, H3K9me2 homeostasis, and DNA  

methylation-related genes. 
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DNA repair 

DDB2 Photodamage detection in Global Genome repair (GGR)  

DCL4 21-nt siRNA biogenesis related to small RNA mediated GGR 

PHR1 Cyclobutane pyrimidine dimer (CPD)-specific photolyases  

UVR3 6-4 Photoproduct (6-4PP) -specific photolyases  

CSA Recruiting NER-machinery for Transcription Coupled Repair (TCR) 

OGG1 Functional 8-oxoguanine DNA glycosylase 

DNA 

methylation/demethylation 

MET1 Cytosine methyltransferase (CG) 

CMT2 Cytosine methyltransferase (CHH) 

CMT3 Cytosine methyltransferase (CHG)  

ROS1 Cytosine demethylase all contexts 

DML2 Cytosine demethylase all contexts 

DML3 Cytosine demethylase all contexts 

RNA directed DNA methylation 

DRM2 Cytosine methyltransferase (de novo and CHH maintenance) 

NRPD1A Large subunit of RNA Polymerase IV 

NRPD1B Large subunit of RNA Polymerase V 

RDR2 RNA-dependent RNA polymerase 2 

DCL3 24-nt siRNA biogenesis 

AGO4 Argonaute protein involved in siRNA mediated gene silencing 

H3K9me2 homeostasis  

SUVH4 / KYP Histone 3 lysine 9 dimethyltransferase (H3K9me2) 

IBM1 H3K9me2 demethylase  

JMJ27 H3K9me2 demethylase 

 

Table 1: List of genes used for PCA analysis  

 

As shown in Figure 2A, DDB2 and PHR1 expressions correlate as well as DCL4, OGG1, and CSA 

expressions. When considering the UV-B doses, both PHR1 and DDB2 show the highest 

correlation with the UV-B regimes (Fig. 2A). Surprisingly, the expression of the UVR3 

photolyase is negatively correlated with the UV-B doses (Fig. 2A) in agreement with its 

expression occurring during the night (Fig. S1) (Cortijo et al. 2019). Expressions of several 

factors regulating DNA methylation levels correlate, such as MET1 and CMT3 on one hand and 

ROS1 and CMT2 on the other hand (Fig. 2B). However, we cannot observe a linear correlation 

between UV-B regimes and the expression of most of the factors involved in the control of the 

DNA methylation landscape (Fig. 2B). The RdDM related genes all show a high correlation to 

each other, apparently independent of the natural UV-B regimes (Fig. 2C). 
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Interestingly, expressions of both JMJ27 and IBM1 involved in H3K9me2 removal are 

correlated, whilst no linear correlation can be found with the H3K9me2 methyltransferase 

KYP/SUVH4 (Fig. 2D). Moreover, the expression of these three genes involved in H3K9me2 

homeostasis does not correlate with UV-B regimes (Fig. 2D). When considering the expression 

level of UVR8 in the 561 ecotypes in relation to the UV-B doses, no correlation can be observed 

(Fig. 2E), highlighting the complexity of the regulation of UV-B perception and signaling.  

  

 

 

Figure 2: Principal Component Analysis of gene expression data of 561 ecotypes related to the UV-B regime 

PCA circular correlation plots of the variables (gene expression) in principal components PC1 and PC2 in 561 

ecotypes, with or without naturally encountered UV-B regimes as an additional variable. (A) DNA repair genes 

(DDB2, DCL4, PHR1, UVR3, CSA, and OGG1). (B) DNA methylation / active demethylation genes (MET1, CMT3, 

CMT2, ROS1, DML3, and DML2). (C) RdDM genes (DRM2, NRPD1A, NRPD1B, DCL3, AGO4, and RDR2). (D) 

H3K9me2 homeostasis genes (KYP/SUVH4, IBM1, and JMJ27). (E) Gene coding for the UV-B receptor UVR8. Green 

areas highlight genes exhibiting correlated expression levels. 
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In order to experimentally assay the putative correlation between natural UV-B regime and 

expression profile of photodamage repair genes, we decided to test several Arabidopsis 

ecotypes in our growth conditions. For this, we analyzed publicly available data for the 

expression of the photodamage repair genes DDB2, UVR3, PHR1 and CSA on a set of 14 

ecotypes representative of different UV-B regimes (Beckmann et al. 2014).  

In order to experimentally validate these published expression profiles, we measured by  

RT-qPCR the mRNA steady-state level of these photolesions repair genes in our growth 

condition. A particular focus was devoted to the identification of natural variants with altered 

expression of DDB2, UVR3, or PHR1 genes, that have been shown to be involved in both 

photodamage repair and chromocenter shape (Chapter I). In other words, we aim at 

identifying low DDB2, UVR3, or PHR1 expressing ecotypes (compared to Col-0) to study HC 

dynamics upon UV-B exposure. They would represent natural hypomorphic mutant plants. 

 

The comparisons of the publicly available transcriptomic profiles with the mRNA steady-state 

levels measured by qPCR, show that many differences are observed when plants are cultivated 

under our growth conditions (Fig.3A). Indeed, PHR1 expression is low in most of the ecotypes 

compared to Col-0 whilst UVR3 expression is high (Fig. 3A). Interestingly, under our growth 

conditions, the Ms-0 ecotype shows low expression levels for all the tested repair genes  

(Fig. 3A). This hypomorphic phenotype appears interesting, given that Ms-0 ecological niche 

is under low UV-B regime (Fig.4A). In contrast, two other ecotypes, Can-0, and Cvi growing 

under a high UV-B regime display high DDB2 mRNA steady-state level compared to Col-0  

(Fig. 4A). Their CSA expressions are low compared to Col-0, suggesting that the GGR repair 

pathway is likely to be predominant in such natural variants or that the TCR pathway needs to 

be stimulated (Fig. 4A). This holds true also in Old-2 plants that display the highest DDB2 mRNA 

steady-state level (Fig. 4A). PCA analyses of DDB2, UVR3, PHR1, and CSA expression in these 

14 ecotypes, show that DDB2 and photolyases expression are negatively correlated (Fig. 3B).  

 

Importantly, most of the 14 ecotypes cultivated in our growth conditions show different 

expression patterns than in the transcriptomic data (Fig. 3A). This variability observed 

between transcriptomic data and qPCR, highlights that growth conditions interfere 

significantly with the expected expression profiles, adding several layers of complexity in the 

experimental system.  
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Figure 3: Heatmap of photodamage repair gene expression 

(A) Heatmap of mRNA steady-state level of DDB2, UVR3, PHR1, and CSA in 14 ecotypes. The left panel shows a 

heatmap generated according to the expression data from (Beckmann et al. 2014). The right panel shows the 

heatmap generated from qPCR results in our growth conditions, normalized to Col-0. (B) PCA clustering plots of 

the variables (gene expression of DDB2, UVR3, PHR1, and CSA) in principal components PC1 and PC2 for  

14 ecotypes using transcriptomic data or RT-qPCR results in our growth condition. (C) PCA circular correlation 

plots associated with (B). 
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To better analyze the repair efficiency of several ecotypes exhibiting differential expression of 

photodamage repair genes compared to Col-0, a CPD removal assay was performed.  

We choose Can, Cvi (high UV-B regime and high GGR), and Ms-0 (low UV-B regime and low 

expression of photodamage repair genes) plants. This assay allows measuring the remaining 

amount of photodamage (CPD) 1h upon UV-B exposure and thus reflects the specific repair 

efficiency (Schalk et al. 2017). As shown in Figure 4 in Col-0 plants, 45% of CPDs are left upon 

1h. Can-0 shows a slightly more efficient repair with only 35% of CPD remaining (Fig. 4). 

Interestingly, Cvi, Ms-0, and rad10 (photodamage repair-deficient plant) exhibit a high amount 

of CPDs 1h upon exposure to UV-B (Fig. 4). In rad10 and Ms-0 plants (low expression of 

photodamage repair genes, Fig. 3A), this observation could be correlated to a low GGR activity.  

Aside from DNA repair, we also measured the DNA damageability of these different ecotypes 

by comparing CPD quantity directly upon UV-B exposure (Fig. 4). When normalized to Col-0, 

Can-0, MS-0, and rad10 show a lower CPD accumulation of 0.75, 0.6, and 0.65, respectively 

(Fig. 4). Strikingly Cvi appears to accumulate only 30% of the CPDs measured in Col-0 plants 

(Fig. 4).  

 

In conclusion, our study allowed determining the correlative trends between the expression 

of some genes such as DDB2, PHR1, and the natural UV-B regimes. Unfortunately, the qPCR 

analysis of ecotypes grown in our conditions did not confirm this correlation.  

However, it should be considered that the accumulation of transcripts in the absence of UV-B 

treatment does not reflect the protein pools and the mRNA steady-state level that could be 

induced/repressed upon UV-B exposure. Furthermore, we observed that Arabidopsis 

ecotypes with different CPD repair efficiency are neither linked to their respective UV-B 

regime nor to the expression of specific DNA repair genes.  
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Figure 4:  Photolesions repair in different Arabidopsis ecotypes  

Left Panel: histogram illustrating the percentage of remaining photodamages 1h upon UV-B irradiation.  

Right Panel: histogram illustrating the amount of photolesions measured directly after UV-B treatment 

normalized to the Col-0 plants.  

 

6.2.4. Chromocenter shape in natural variants 

 

We identified that UV-B induces a transient reorganization of constitutive 

heterochromatin in the first 2h following irradiation. This observation suggests that the UV-B 

regime may have contributed to the shaping of the heterochromatic structures in Arabidopsis 

natural variants. Given that heterochromatic structures are the predominant targets for 

photolesion formation (Chapter I), it may provide an advantage in reducing these structures 

when plants are naturally exposed to high UV-B doses.  

 

In order to investigate the link between UV-B exposure and chromocenter shape in natural 

variants, we choose four ecotypes among a range of natural UV-B regimes as shown in Figures 

5A and 5B. Ms-0 originates from Moscow, (Latitude 55.75°) and is used to the lowest UV-B 

exposure with a mean annual dose of 1418 J/m²/day. Col-0 from Columbia (Latitude 38.3°) in 

turn got exposed to a mean dose of 2721 J/m²/day. For high UV-B exposure, we used Can-0 

on the Canary Islands (Latitude 29.21°) with a 4074 J/m²/day and Cvi from Cap-Verde Islands 

(15.11°) with a mean annual dose of 5582 J/m²/day (Fig. 5B). According to our working 

hypothesis, if UV-B contributes to a particular dynamic and/or shaping of constitutive 

heterochromatin, we would expect to observe a gradual distribution of the HC in the four 

ecotypes. Prior to the analysis of the nuclear traits, we performed a growth assay to compare 

the effect of UV-B between the four different ecotypes. 
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 As shown in Figure S2 none of the tested ecotypes exhibit UV-B hypersensitivity in our 

protocol. Indeed, 48h upon irradiation, the growth was reduced by around 40% in all four 

ecotypes (Fig. S2). Importantly, irradiated rad10 plants, deficient for the NER pathway, exhibit 

a similar growth delay to those of the four natural variants, indicating that the UV-B dose used 

is below a lethal dose.   

   

We next measured, under our growth conditions, CO, RCI, and HC in the four ecotypes.  

As shown in Figure 5C and D, CO, RCI, and HC in Can-0 and Cvi are significantly lower compared 

to Col-0. These results are in agreement with published data reporting that Cvi chromocenters 

are smaller than those of Col-0 (Pavlova et al. 2021). Thus, the lower HC of Can-0 and Cvi 

compared to Col-0 suggests that a high natural UV-B regime likely contributes to shaping HC 

structures. 

 

In contrast, Ms-0 exhibits significantly smaller CO whilst its RCI is higher compared to Col-0 

(Fig. 5C and 5D). Moreover, HC measurements do not show a significant difference between 

Col-0 and Ms-0 (Fig. 5C and 5D), suggesting that other environmental parameters may also 

influence HC, especially for this ecotype originating from a low natural UV-B regime.  

This approach allowing the identification of ecotypes with different HC provides a useful tool 

to further characterize chromocenter dynamics and its shaping in nature.   
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Figure 5: Chromocenter shapes in relation with natural UV-B regimes 
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(A) Worldwide natural UV-B exposure map showing the location of 4 different Arabidopsis thaliana ecotypes: 

Ms-0 (Moscow), Col-0 (Columbia-0), Can-0 (Canary Islands), Cvi (Cape Verde Islands) (adapted from glUV:  

A global UV-B radiation dataset for macroecological studies (Beckmann et al. 2014))  (B) Histograms displaying 

UV-B exposure of Ms-0, Col-0, Can-0 and Cvi in their native ecosystem. UV1 = Annual Mean UV-B (in J/m²/day); 

UV2= Mean UV-B of Highest Month (in J/m²/day); UV3= Mean UV-B of Lowest Month (in J/m²/day); UV4 = Sum 

of Monthly Mean UV-B during Highest Quarter (in J/m²); ); UV5 = Sum of Monthly Mean UV-B during Lowest 

Quarter (in J/m²) [ref]. (C) Microscopy images of DAPI stained Arabidopsis nuclei isolated from Ms-0, Col-0,  

Can-0, and Cvi leaves. Scale bar = 5μm. (D) Violin plots showing the distribution of the Chromocenter Occupancies 

(percent of the nuclear surface occupied by chromocenters), Relative Chromocenter Intensities  

(ratio of mean chromocenter intensities / Mean nuclei intensity), and Heterochromatin content  

(Chromocenter occupancy * Relative chromocenter Intensity) in a population of at least 40 nuclei per ecotype. 

Each black dot represents the measure for one nucleus. The red dot shows the mean value.  

Exact p values are shown (Mann Whitney Wilcoxon test). 

 

6.2.5 Inheritance of chromocenter shape 

 

As described in the introduction, the chromocenter entities are characterized by 

specific sequences, such as centromeric repeats and TEs. In addition, chromocenters are 

characterized by a specific epigenetic landscape, including the loading of particular histone 

variants, the deposition of histone PTMs, and high DNA methylation (Simon et al. 2015). 

Therefore, the inheritance of the heterochromatic chromocenter shape is complex and 

multifactorial (Snoek et al. 2017). The following part aims at characterizing the inheritance of 

chromocenter shape and its dynamics upon UV-B exposure in 2 ecotypes with divergent HC: 

Col-0 and Cvi.  

 

6.2.5.1. Cvi chromocenter dynamics and parental effect 

 

In order to investigate to which extent the chromocenter shape can be inherited in the 

offspring, inter-ecotype hybrids, produced by crossing Col-0 (high HC) with Cvi (low HC),  

were analyzed. The crossing was performed in both directions (having Col-0 once as mother 

and once as father) to test a putative parental effect on HC inheritance.  
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As shown in Figure 5A, the progeny of both Col-0     x Cvi     (Hybrids 1: H1) and 

Cvi     x Col-0     (Hybrids 2: H2) show an intermediate HC compared to the Col-0 and Cvi 

parents suggesting that both parents contribute independently and in equal parts to the 

chromocenter shape in the hybrids progenies. The plotting of the relative intensities and HC 

for each nucleus in H1 and H2 does not indicate the formation of two strikingly different 

subpopulations, arguing against a sequence-specific regulation of the chromocenter 

structures (Fig. S3).   

 

To go further in the characterization of chromocenter dynamics and inheritance, we measured 

the nuclear traits in both parents (Col-0 and Cvi) as well as in the inter-ecotype hybrids 2h 

upon UV-B exposure. Surprisingly, Cvi nuclei exhibit a significant increase of HC 2h upon UV-B 

exposure, whereas Col-0 HC decreases (Fig. 6C). This observation reveals that in Cvi plants, 

non-canonical chromocenter dynamics exist. This UV-B induced HC increase in Cvi is mainly 

explained by an increased CO and CC number per nucleus (Fig. 6D and Fig. S3), arguing in favor 

of de novo heterochromatin formation. Significantly, in both H1 and H2 hybrids, CO, RI, or HC 

do not vary 2h upon UV-B (Fig. 6C), suggesting that independent/antagonist mechanisms 

acting in trans, likely act to regulate CC dynamics. The highly complex, genetic, and epigenetic 

structure of constitutive heterochromatin seems to "equally" depend on both parents.  

The Cvi ecotype may have evolved a non-canonical mechanism of HC remodeling to cope with 

recurrent high UV-B exposure. Therefore, its detailed characterization in comparison to the 

canonical dynamics observed in Col-0 may be an added value to decipher chromocenter 

dynamics in response to the induction of photodamages. 
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Figure 6: Chromocenter dynamics of Cvi, Col-0 x Cvi and Cvi x Col-0 hybrids following UV-B exposure 

(A) Microscopy images of DAPI stained Arabidopsis nuclei isolated from Col-0, Cvi, Col-0 x Cvi and Cvi x Col-0 

leaves in control condition (0) or upon UV-B irradiation (2h). Scale bar = 5μm. (B) Violin plots showing the 
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distribution of the Chromocenter Occupancies (percent of the nuclear surface occupied by chromocenters) and 

Relative Chromocenter Intensities (ratio of mean chromocenter intensities / Mean nuclei intensity), and 

Heterochromatin content (Chromocenter occupancy * Relative chromocenter Intensity) in a population of at 

least 45 nuclei per control condition described in (A). Each black dot represents the measure for one nucleus. 

The red dot shows the mean value. Exact p values are shown (Mann Whitney Wilcoxon test).  

(C) Violin plots showing the distribution of the Chromocenter Occupancies (percent of the nuclear surface 

occupied by chromocenters) and Relative Chromocenter Intensities (ratio of mean chromocenter  

intensities / Mean nuclei intensity), and Heterochromatin content (Chromocenter occupancy * Relative 

chromocenter Intensity) in control condition (0) and two hours upon UV-B (2h) in a population of at least 45 

nuclei per sample described in (A). Each black dot represents the measure for one nucleus. The red dot shows 

the mean value. Exact p values are shown (Mann Whitney Wilcoxon test).  

 

6.2.5.2 Parental effect of UV-B exposure 

 

In order to challenge the hypothesis of an inherited UV-B-dependent chromocenter 

reshaping, a "directed evolution" experiment was designed, as described in Figure 7A. 

Col-0 and Cvi S0 parent plants were divided into two groups:  

• an unirradiated control group  

• an UV-B-irradiated group.  

 

For both groups, the offspring were collected after selfing, generating S1 and S1UV plants  

(Fig. 7A).  We aimed at measuring the differences in HC dynamics observed between Col-0 and 

Cvi, thereby tracking a UV-B-dependent parental modification of particular genes expressions. 

For this, we followed by qPCR, in a time course following UV-B exposure, the steady-state 

levels of DDB2, KYP, JMJ27, 5S rRNA, and 180 bp repeats transcripts of Col-0 and Cvi S1/S1UV 

leaves (Fig. 7B). In S1 plants, DDB2 shows similar profiles in both Col-0 and Cvi ecotypes  

(Fig. 7B). KYP and JMJ27 also show similar profiles in S1 and S1UV plants (Col-0 and Cvi;  

Fig. 7B). Interestingly, the steady-state level of transcripts of the centromeric 180-bp repeats 

in the S1 Cvi plants displays a 5 times higher accumulation compared to Col-0 (Fig. 7B).  

This trend is reversed in the S1UV plants (Fig. 7B), suggesting an inherited UV-B repressive 

effect. When analyzing the 180-bp repeats dynamics, transcripts accumulation is strongly 

reduced in both Col-0 and Cvi S1/S1UV offsprings (Fig. 7B).  
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In control condition (time point 0), the steady-state level of 5S rRNA shows a 4 times higher 

accumulation in Cvi compared to Col-0 S1 plants (Fig. 7B). Similarly to the 180bp-repeats,  

this trend is reverted in S1UV offspring (Fig. 7B). These results highlight that UV-B induces 

inherited repression of expression of particular genomic loci located in centromeric and 

pericentromeric regions in Cvi plants. In the Col-0 S1 plants, the 5S rRNA steady-state level 

gradually increases during the time course (Fig. 7B). This effect may be related to a  

UV-B-induced heterochromatin relaxation enabling a higher transcriptional activity of the 

pericentromeric regions. In Cvi S1 plants, the amount of 5S rRNA decreased 30 min upon  

UV-B irradiation and gradually increased until 6h (Fig. 7B). The dynamics of 5S rRNA steady-

state level is changed in both Col-0 and Cvi S1UV plants (Fig. 7B), highlighting the potential 

role of UV-B in the modulation of the epigenetic landscape in centromeric/pericentromeric 

regions of the offspring. These changes may also explain the slight differences in growth and 

flowering time observed in S1 and S1UV (Fig. S5). Finally, when analyzing the chromocenter 

structures in Col-0 and Cvi S1/S1UV leaf nuclei, no significant differences related to the UV-B 

exposure of the parent plants could be observed (Fig. 8). The HC is, as expected, around  

11 for Col-0 and around 5 for Cvi (Fig. 8). 

 

Taken together, these results show that a single UV-B exposure in S0 parent plants is 

not sufficient to induce a significant modulation of the chromocenter structure in their 

progenies. However, we identified that this single UV-B exposure is enough to alter 5S rRNA 

and 180 bp repeats transcripts accumulation in the offspring. Indeed, the Cvi heterochromatic 

regions look more silenced when parents get exposed to UV-B whilst these Col-0 regions show 

enhanced transcriptional activity. It highlights that UV-B may have induced local inherited 

changes of the epigenomic landscape in constitutive heterochromatin, altering the expression 

levels of particular regions prior to and upon UV-B irradiation.  
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Figure 7: Transcripts levels of DDB2, KYP, JMJ27, 5S rRNA, and 180bp repeats 

(A) Schematic representation of the experimental design to produce S1 and S1UV plants. (B) Transcripts steady-

state levels of DDB2, 180bp repeats, 5S rRNA, KYP, and JMJ27 in Col-0 or Cvi S1/S1UV plants in a time course 

upon UV-B exposure. All steady-state levels were normalized to Col-0 S1 (0).  
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Figure 8:  Heterochromatin Content in S1 and S1UV plants 

(A) Microscopy images of DAPI stained Arabidopsis nuclei isolated from Col-0 S1, Col-0 S1UV, Cvi S1, and Cvi 

S1UV leaves in the control condition. Scale bar = 5μm. (B) Violin plots showing the distribution of the 

Chromocenter Occupancies (percent of the nuclear surface occupied by chromocenters) and Relative 

Chromocenter Intensities (ratio of mean chromocenter intensities / Mean nuclei intensity), and Heterochromatin 

content (Chromocenter occupancy * Relative chromocenter Intensity) in a population of at least 45 nuclei per 

control condition described in (A). Each black dot represents the measure for one nucleus. The red dot shows 

the mean value. Exact p values are shown (Mann Whitney Wilcoxon test). 
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6.3. Discussion  

 

The effect of UV-B exposure on constitutive heterochromatin was characterized, 

revealing a dynamic reshaping of the chromocenter structure upon irradiation.  

In follow-up experiments, the role of this mechanism in a UV-B specific PTGM was also 

investigated by analyzing expressional priming and chromocenter shape inheritance in natural 

variants cultivated under our growth conditions.  

 

6.3.1. UV-B induces constitutive heterochromatin dynamics 

 

Col-0 nuclei were analyzed for HC prior and 2h or 24h upon UV-B exposure.  

This analysis was performed using the fully automated nuclei and chromocenter segmentation 

performed by the Nucl.Eye.D script (Chapter II). Our analysis reveals a decrease in HC 2h upon 

UV-B exposure and a structurally restored HC at 24h. This dynamic is mainly related to changes 

in CO and goes along with a release of silencing of pericentromeric 5S rDNA in early time points 

following UV-B irradiation (Fig. 7B; Col-0 S1). These observations indicate that the area 

identified as chromocenters decreases, whereas the DAPI density in the detected structures 

remains stable. Consequently, the recognized chromocenter structures do not become more 

compact, whereas some others decondense and change shapes, interfering with the proper 

identification of a chromocenter-like structure. UV-B irradiation induces a similar decrease 2h 

upon exposure as previously described for DAPI and H3K9me2 with UV-C (Chapter I and 

Chapter III). Therefore, it can be assumed that in both cases, similar pathways are involved in 

the remodeling of constitutive heterochromatin upon induction of photolesions. 

 

In the case of UV-C, this dynamic seems mainly due to the repair of photodamage  

(Chapter III). Given that UV-B induces the same type of lesions and may consequently use the 

same DNA repair pathways: DR, GGR, and TCR, similar mechanisms may act to reshape 

heterochromatin. Interestingly, we also found that proton irradiation induces significant 

changes in HC, 24h upon exposure, reflecting alterations of the epigenetic landscape  

(Chapter I). These changes could not be observed upon UV-B irradiation, suggesting that the 

effect of UV-B on the remodeling of the chromocenter is less pronounced or delayed in time. 
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This difference may be due to the relatively high amount of DNA damage expected to be 

induced by UV-C or proton irradiation compared to UV-B. In other words, only when saturated 

the DNA repair processes may be the source of durable changes in the epigenetic landscape. 

Alternatively, it can be hypothesized that UV-B sensing and signaling somehow allows more 

accurate epigenome maintenance after DNA repair.  This hypothesis is strengthened regarding 

the HC dynamics observed in uvr8 nuclei. Indeed, uvr8 nuclei show a decrease of HC 2h upon 

exposure (like in Col-0), but the chromocenter reshaping 24h after irradiation looks disturbed 

with a low HC. 

 

UVR8 was recently described as an inhibitor of DRM2 following UV-B exposure  

(Jiang et al. 2021). Consequently, in uvr8 plants, DRM2 activity may be higher compared to 

Col-0. This enhanced activity could, in turn, leads to hypermethylation of particular genomic 

regions. Surprisingly, in uvr8 nuclei, CO is relatively stable, whereas a decrease in RCI can be 

measured 2h and 24h upon UV-B (Fig. 1). These changes in RCI are mainly responsible for the 

dynamic in HC observed in uvr8 upon UV-B (Fig. 1). Theoretically, a decrease in RCI should 

indicate a decreased DAPI/DNA density by surface (Pavlova et al. 2021)(Chapter II). 

Hypermethylation, in turn, is expected to increase the DNA density. However, it cannot be 

excluded that DNA methylation highly impacts CO and that the decrease in RCI observed in 

uvr8 plants depends on epigenetic marks such as H3K9me2. Future studies may help to clarify 

how nuclei with a low HC (i.e. 8%) and a CO/CRI ratio of 4/2 differ epigenetically from nuclei 

with an HC of 8% and a CO/CRI ratio of 2/4. Interestingly, a significant difference could be 

measured when comparing the CO and RCI in Col-0 and uvr8 control nuclei, indicating that the 

uvr8 chromocenters are already in a different epigenetic context, potentially inducing a bias 

in damageability and repair processes.  

 

In summary, we showed that UV-B induces chromocenter dynamics comparable to those 

observed upon UV-C, providing evidence for the use of similar pathways. However, both 

mechanisms seem to, at least partially, differ due to the UVR8 activity, which appears to be 

essential for the proper dynamic and maintenance of heterochromatic chromatin. This role in 

epigenome maintenance may also be dependent on the interplay with DRM2 (Jiang et al. 

2021). According to these results, it can be proposed that in nature, the activity of UVR8 is an 

important driver in maintaining constitutive heterochromatin and chromocenter shape.  
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6.3.2. UV-B-driven variations of expression and chromocenter shaping in natural 

accessions of Arabidopsis thaliana   

 

In several ecological niches, high UV-B constantly challenges the integrity of genetic 

information and, according to our observations, the centromeric integrity of plant genomes. 

Consequently, the above-described dynamics and the modulation of the expression of factors 

involved in genome and epigenome dynamics may affect adaptation during chronic UV-B 

exposure. 

 

We considered the expression level of potential actors involved in the maintenance of 

chromocenter shape, and we observed that in natural accessions, high UV-B exposure in the 

natural environment somehow correlates with high KYP, CMT3, MET1 expressions and low 

DML3 expression (Fig. 2). Consequently, it can be speculated that in accessions exposed to a 

high UV-B regime, de novo H3K9me2 deposition, as well as CG and CHG DNA methylation, are 

predominant.  Interestingly, DDB2 and PHR1 expressions show a correlation with the UV-B 

regimes (Fig. 2A), indicating that GGR and DR are likely required to cope with the UV-B 

pressure rather than the CSA-based TCR and the UVR3 based DR of 6-4PPs. This observation 

is in agreement with studies describing PHR1 as the most important actor to avoid genome 

instability and mutations upon UV-B exposure (Ries et al. 2000; Willing et al. 2016).  

However, the expression patterns of the photodamage repair genes on a subset of 14 

ecotypes vary a lot in our growth conditions (Fig. 3), indicating the multifactorial influence of 

environmental parameters on the regulation of these genes. Indeed, the expression of UVR3 

and PHR1, depends on the circadian clock and UV-B wavelength, respectively (Castells et al. 

2010; Li et al. 2015)( Fig. S1).  

 

Epigenetic marks may, on their own, influence the frequency of DNA lesions formed  

(Johann to Berens and Molinier 2020) (Chapter I). For example, methylated cytosines, in 

combination with another pyrimidine, are more prone to form pyrimidine dimers  

(Rochette et al. 2009). Hence, the epigenetic landscape, as well as the nucleotide composition 

of constitutive heterochromatin, may have evolved in such a way that in ecological niches 

exposed to high UV, DNA methylation decreased. As a consequence, it can be expected that 

the HC also decreases in ecotypes exposed to elevated UV-B regimes. This assumption fits with 

our results.  
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Indeed, the Col-0 ecotype shows a higher HC than Can-0, which in turn has a higher HC than 

Cvi (Fig. 3). The Ms-0 HC, naturally exposed to very low UV-B doses, is not higher than the  

Col-0 HC (Fig. 3), suggesting that (i) UV-B may only affect the chromocenter shape when 

reaching a biologically relevant dose (ii) other environmental factors such as precipitation, 

white light and temperature may also influence the HC. For example, heat-stress was also 

shown to induce 3D remodeling of pericentromeric regions using HI-C analysis  

(Sun et al. 2020). DNA methylation level within TEs is positively correlated with latitude and 

precipitation and negatively correlated with warmer temperatures, as described in the 1001 

methylome analysis (Kawakatsu et al. 2016). Light intensity was also described as a main actor 

in heterochromatin shaping in natural variants through regulation of HDA6  

(HISTONE DEACETYLASE 6) and PHYB (PHYTOCHROME B) activity (Tessadori et al. 2009;  

Snoek et al. 2017). Given that light intensity and UV-B irradiance correlate in nature, it would 

be interesting to combine such light regimes with different natural accessions to follow 

nuclear phenotypes. Interestingly, if we consider that compacted methylated DNA is more 

prone to form photolesion (Rochette et al. 2009; Banyasz et al. 2016), the reduction of the 

amount of dense chromatin may be an efficient strategy to prevent the accumulation of 

photodamage.  

 

Aside from the constitutive heterochromatin structure itself, the UV-induced dynamics may 

undergo adaptative changes. The Cvi ecotype, originating from high UV-B regions, displays an 

increase in HC 2h upon UV-B exposure (Fig. 5C). This increase relies on the rise in CO and RCI, 

whereas, in Col-0, only CO is significantly changed (Fig. 5C). Interestingly, in the inter-ecotype 

hybrids H1 (Col-0     x Cvi    ) and H2 (Cvi     x Col-0    ), the HC remains stable 2h upon UV-B 

(Fig. 5C). Consequently, a primarily plausible explanation could be that Cvi evolves another, 

different mechanism that suppresses the one observed in Col-0. This mechanism in Cvi may 

result from an adaptation to high UV-B irradiance. Reducing HC prior exposure may be an 

advantage in environments with recurrent high UV-B pressure.  

 

However, it must be considered that Cvi shows a lower basal HC compared to Col-0 in control 

conditions (Fig. 6A and 6B). According to recent studies, the low HC (RHF) (Biedermann and 

Hellmann 2010; Pavlova et al. 2021) reported in Cvi also implicates that most of the TEs are 

not predominantly located in the dense chromocenter regions (Pavlova et al. 2021).  
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This low TE density would reflect a reduced presence of repressive epigenetic marks leading 

to more relaxed heterochromatin. Consequently, it is likely that the mechanisms of DNA repair 

and chromocenter reshaping are similar in both ecotypes but with a different efficiency due 

to their respective chromocenter compaction and silencing marks.  

Thus, UV-B-induced chromocenter dynamics may be linked to the amount of TEs contained in 

constitutive heterochromatin and thus to the epigenetic marks controlling their silencing.  

In agreement with this, Cvi chromocenters were shown to accumulate less DNA methylation 

and H3K9me2 compared to Col-0 (Tessadori et al. 2009). 

 

6.3.3. Inheritance of chromocenter shape and parental UV-B effect  

 

Col-0 x Cvi hybrids show an intermediate HC suggesting that the inheritance of 

chromocenter shape dependents "equally" on both parents. Previous studies analyzing  

Ler x Cvi hybrids showed HC close to the one observed for Cvi (Tessadori et al. 2009; 

 Snoek et al. 2017), indicating that the Cvi phenotype is dominant for the inheritance of 

specific nuclear phenotypes (Snoek et al. 2017). However, this dominance was not observed 

in crosses with Col-0.  

 

The CO measured in H1 plants (Col-0     x Cvi    ) is similar to Cvi, indicating a potential 

paternal dominance of Cvi, likely acting in trans, regarding the chromocenter compaction trait 

(Fig. 6B). This example of inter ecotypes crosses shows cast how changes in chromocenter 

shape can be inherited and addresses questions about the stress-induced modulation of the 

epigenetic landscape and its inheritance. 

 

Putative epigenetic changes occur upon UV-B exposure at some loci such as centromeric 

180bp repeats (in Cvi) and pericentromeric 5S-rDNA arrays (in Col-0 and Cvi; Fig. 7B). 

Interestingly, inactive bulk-rDNA repeats typically show a strong H3K9me2 occupancy 

(Kutashev et al. 2021). Their release in Col-0 S1UV plants may be explained by an altered 

Restauration of H3K9me2 upon UV-B exposure. QTL analysis identified several genetic loci 

related to specific morphological traits of nucleus and chromocenter shape (Tessadori et al. 

2009; Snoek et al. 2017). 
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However, aside from these genetic elements, future studies may also consider epigenetic 

inheritance as a determinant factor explaining the naturally occurring differences in 

chromocenter shape. Generally, the mechanisms involved in PTGM remain poorly understood 

(D’Urso and Brickner 2014). Indeed, epigenetic changes that persist beyond the 

reprogramming occurring during sexual reproduction remain difficult to decipher  

(Liu et al. 2019). A prominent explanation for PTGM is the inheritance of small RNA-mediated 

silencing. The efficient silencing of TE in a transgenerational manner was notably shown to 

depend on AGO9 and the heritage of small RNAs (Wu et al. 2021). This observation also fits 

with the fact that UV-C was described to activate the transcription of TE in the progeny in a 

DCL2/3-dependent manner (Migicovsky and Kovalchuk 2014). Nevertheless, it cannot be 

excluded that some residual TF, parental DNA methylation or histone PTM are maintained 

during reproduction and are involved in the priming of the epigenetic landscape of the 

offspring (Liu et al. 2019). 

 

In addition, S1 and S1UV showed slight differences in growth and flowering time, which may 

reflect a more global modulation of the transcriptional regulation of particular genomic 

regions (Fig. S5).  

 

6.4. Conclusions & Perspectives  
 

In this chapter, the UV-B-induced dynamics of constitutive heterochromatin was 

described. This dynamic shows strong similarities with the one reported with UV-C  

(Chapters I and III). Given that UV-B induces photolesions that must be efficiently repaired, 

the early decrease in chromocenter compaction would be likely related to the mobilization of 

DNA repair processes. Interestingly, we found that the UV-B specific photoreceptor UVR8 is 

also involved in this dynamic, especially for the proper restoration of constitutive 

heterochromatin. This highlights the need to integrate and signal the exposure downstream 

of the photoreceptor. We also addressed the question of whether natural UV-B exposure 

could be a potential source of epigenetic evolution/variability. Interestingly, the Cvi ecotype 

originating from a high UV-B irradiance area shows opposite chromocenter dynamics 

compared to Col-0. 
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In addition to the described effect of light intensity on chromocenter (De)condensation,  

we proposed that the UV-B wavelength could be a central natural stimulus determinant for 

chromocenter structure. The analysis of inter-ecotypes hybrids between Col-0 and Cvi showed 

that chromocenter shape and UV-B induced chromatin dynamics are inherited by both 

parents. Finally, using a directed evolution assay, it could be demonstrated that a single UV-B 

exposure of the parents is not sufficient to induce significant changes in the chromocenter 

structure of the offspring. However, this approach revealed that centromeric and 

pericentromeric loci show some UV-B triggered transcriptional changes in the offspring. 

 

It would be of interest to further characterize the different epigenetic layers that are affected 

by UV-B irradiation and which factors act in their maintenance. According to our observations, 

a first approach would focus on DNA methylation and H3K9me2 homeostasis.  

In addition, S2, S3… generations of the UV-B irradiated plants (Fig. S4) should allow 

deciphering whether repeated exposures to UV-B would significantly reshape constitutive 

heterochromatin.   
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Supplemental Figure 1: UVR3 gene expression 

(A) Dotplot showing the expression level in TPM (Transcripts Per Million) of UVR3 in 14 independent Arabidopsis 

Col-0 seedlings (Cortijo et al. 2019). (B) Curve of the normalized expression variability of UVR3. Both graphs were 

adapted from (https://jlgroup.shinyapps.io/AraNoisy/) (Cortijo et al. 2019). 
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Supplemental Figure 2: UV-B sensitivity assay  

(A) Pictures of Ms-0, Col-0, Can-0, Cvi, and rad10 seedlings. Growth of control (Cont.) and UV-B irradiated plants, 

48h upon irradiation. (B) Histogram showing the relative growth of each ecotype 24h, 48h, and 72h upon 

irradiation.  
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Supplemental Figure 3: Violin plot HC and RI of individually measured chromocenters 

(A) Violin plots showing the distribution of Heterochromatin content (Chromocenter occupancy * Relative 

chromocenter Intensity) and Relative Chromocenter Intensities (ratio of mean chromocenter intensities / Mean 

nuclei intensity) measured individually for each chromocenter. Each black dot represents the measure for one 

chromocenter. The red dot shows the mean value. Exact p values are shown (Mann Whitney Wilcoxon test).  

(D) Stacked pillar diagram comparing the number of Chromocenters per nucleus upon UV-B in Col-0, Cvi, Col-0 x 

Cvi and in Cvi x Col-0 nuclei. Exact p values are shown (Chi-Square test: χ²). 
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Supplemental Figure 4: Scheme of the "Directed Evolution" – Assay 

S0 is the parental plant of ecotypes cultivated under our growth conditions (see Material and Methods for 

details). Half of the population (n= 15) is kept in control condition, whereas the other half was UV-B irradiated 

once 21-day-old. S0 plants undergo selfing, generating S1 progeny originating from untreated S0 plants and S1UV 

progeny originating from UV-B-treated S0 plants. S1UV plants are selfed to generate S2NoUV and S2UV seed.  

In parallel S1 seeds are grown in the control condition to generate S2 control plants. These steps were already 

repeated till generation S3 for Ms-0, C24, Col-0, and Cvi ecotypes.  
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Supplemental Figure 5: Phenotypic analysis of leaf growth and flowering time upon UV-B exposure 

(A) Leaf growth of Col-0 S0, Col-0 S1, Col-0 S1UV, Cvi S0, Cvi S1, and Cvi S1UV plants in control condition and 

upon UV-B exposure (at Day 3). (B) Flowering time after irradiation in Col-0 S0, Col-0 S1, Col-0 S1UV, Cvi S0, Cvi 

S1, and Cvi S1UV plants in control condition and upon UV-B exposure. 
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7. General discussion  
 

7.1. DNA damageability and epigenetic landscape 

 

The first aim of our study was to determine the localization of UV-induced DNA 

damages to question the influence of the epigenetic context on their formation.  

We focused our attention on CPDs , 6,4-PPs and the oxidatively-induced DNA damage  

8-Oxo-G. In Chapter I, we shed light on the particular distribution of CPDs and 6,4-PP within 

the Arabidopsis genome. Photolesions localization was analyzed using damage specific 

antibodies either for immunolabeling of microscopical probes or for the precipitation of DNA 

fragments followed by new generation sequencing (Graindorge et al. 2019). The thereby 

generated view confirms the common thought that DNA/histone methylation and 

nucleosome occupancy correlate with the formation of photolesions (Johann to Berens and 

Molinier 2020). 

 

Interestingly, both CPD and 6-4-PP overlap significantly with the chromocenters;  

the chromatin states CS2, CS4, CS5 (facultative heterochromatin), CS8, CS9  

(constitutive heterochromatin), CS6 (intergenic regions), and more precisely with H3K9me2 

enriched loci. The common feature of these genomic regions is the presence of epigenetic 

marks related to transcriptional silencing. We questioned whether H3K9me2 favors 

damageability or if this observation is an indirect correlation linked to the close relation 

between DNA methylation and H3K9me2 (Jackson et al. 2002; Law et al. 2013).  

In line with this observation, the kyp suvh5,6 mutant, deficient for the expression of the main 

H3K9me2 methyltransferases and the natural variant Cvi, are known to contain reduced 

H3K9me2 contents and show a reduced accumulation of photolesions compared to the Col-0 

wild-type plants. Moreover, kyp suvh5,6 and Cvi plants also exhibit a decreased DNA 

methylation level, most likely as a consequence of a reduced H3K9me2 content  

(Tessadori et al. 2009; Stroud et al. 2013; Pignatta et al. 2014). Consequently, the low 

photodamage accumulation could be indirectly linked to H3K9me2. Nevertheless, this 

observation strengthens the idea that photolesion formation is highly influenced by the 

epigenetic context. 
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UV-B exposure is thought to induce both photolesions and oxidatively-induced DNA damage 

(Schuch et al. 2017). Unfortunately, in our experimental conditions, we were unable to 

generate a detectable amount of 8-Oxo-G using UV-B irradiation. This observation can notably 

be explained by the strong antioxidant production that we detected upon UV-B thanks to a 

metabolomic approach. Among these metabolites, we could observe an accumulation of  

5-hydroy-L-Tryptophane (5-HTP) which was shown to be a substrate in the melatonin 

biosynthesis in Arabidopsis (Back et al. 2016). Interestingly, melatonin is enriched upon UV-B 

exposure in Arabidopsis, thereby regulating several UV responsive genes (Yao et al. 2021). 

Thus, our experiment may highlight the dual role of 5-HTP as an antioxidant and precursor for 

further molecular signaling. In addition, it cannot be excluded that the lack of/weak detection 

of 8-Oxo-G, reflects the short half-life of this modified base. 

 

However, 8-Oxo-G could be detected through a cytochemical approach using an alternative 

genotoxic source to generate an oxidative burst. Indeed, Arabidopsis leaves exposed to proton 

irradiation display an 8-Oxo-G spotty signal all over the nucleus. This distribution strongly 

resembles the pattern observed in human cells upon KBrO3 induced oxidative stress 

(D’Augustin et al. 2020). Unfortunately, this pattern does not provide robust information 

about the role of the epigenome in the distribution of 8-Oxo-G. It can be speculated that the 

spot-like structure may be due to sequence specificities (i.e., G-Quadruplex (Martínez-López 

et al. 1998; Mullen et al. 2010)) and/or to particular epigenetic landscape (i.e., euchromatin). 

Additionally, it should be considered that the proton beam, despite its homogenous dose 

deposition by surface all over the nucleus, most likely introduces a more vigorous oxidative 

burst in regions with high H2O concentration. Consequently, the macromolecular crowding 

effect in heterochromatic regions (dense in DNA and proteins) may lead to comparatively low 

water radiolysis in comparison to the euchromatic areas (Privett et al. 2017; Malacrida et al. 

2017). This local decrease in water radiolysis may, in turn, explain the reduced amount of  

8-Oxo-G detected in the heterochromatic area. In addition, the probability for a proton to 

directly deliver its kinetic energy to proteins and DNA is increased in heterochromatin 

fractions. This could lead to an accumulation of DNA strand-breaks and crosslinking events 

(Ibañez et al. 2009; Luitel et al. 2018).  
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Strikingly, the 8-Oxo-G pattern looks different when leaves get exposed to Paraquat with 

enrichment of dot-signals around chromocenters. This observation may result from 2 main 

differences:  

 

Firstly, Paraquat treatment induces an oxidative burst originating from the chloroplasts 

(Hawkes 2014). Thus, the stress may not be homogeneously distributed in the cell and may 

show a directionality. It can be postulated that these oxidative waves originating from the 

cytoplasm encounters the phase-separated heterochromatic chromocenters and pLAD 

structures, discharging most of their reactional energy before reaching the euchromatin.  

 

Secondly, Paraquat is a chemical compound acting for several hours. Thus, the 8-oxo-G pattern 

may also result from this chronic exposure and the slower DNA repair of heterochromatic 

regions (Falk et al. 2010). However, the center of chromocenters always shows exclusion of 

the 8-Oxo-G signal, indicating that structural and epigenetic characteristics may influence such 

accumulation patterns. Indeed, human cells exposed to KBrO3 for 30 min, display 8-Oxo-G 

enrichment at the border of DNA-dense structures (Campalans et al. 2013), arguing in favor 

of a primarily DNA structure and thereby epigenome-dependent damaging.  

 

Taken together, our observations support the notion that the epigenome influences DNA 

damageability. In the case of photolesions, we observed a clear tendency for a 

heterochromatin-dependent enrichment, whereas 8-Oxo-G is mainly excluded from 

heterochromatin. In addition, our experiments highlight the hyperparametric complexity that 

needs to be considered for deciphering how epigenetic marks influence DNA damageability 

depending on the genotoxic source.  

 

7.2. Constitutive heterochromatin is reshaped by genotoxic stress 

 

Our study shed light on the dynamic of Arabidopsis thaliana constitutive 

heterochromatin upon exposure to different sources of genotoxic stresses. These results rely 

on a robust image analysis approach. Indeed, the accuracy of this analysis was significantly 

improved by the development of a deep learning-based automatic tool. Such a tool reduces 

time cost in data mining and enhances reliability in an experimentalist-independent manner.  
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Interestingly, both UV-C and UV-B exposures lead to early (2h) heterochromatin 

decompaction followed by a re-compaction, 24h following irradiation. This observation 

indicates that common molecular processes may act to reshape constitutive heterochromatin. 

This dynamic reminds the access-repair-restore model mechanism (Polo and Almouzni 2015) 

and is in agreement with the predisposition of the heterochromatic regions to accumulate 

photolesions upon UV-C and UV-B exposures. 

 

In addition, we observed an increased heterochromatin content in Arabidopsis nuclei 24h 

upon exposure to a proton beam, as described upon UV-C exposure.  

Importantly, proton irradiation neither induces photolesions nor 8-Oxo-G in these 

heterochromatic regions. The most plausible explanation is that other types of damages  

(SSB and/or DSB) may have occurred (Ibañez et al. 2009) and thereby promote an  

access-repair-restore process. In mammalian cell cultures, irradiation-induced DSBs occur in 

euchromatin (Falk et al. 2010) whilst heterochromatin shows a high chromosome aberration 

frequency, probably due to a less efficient repair (Surrallés et al. 1997a; Surrallés et al. 1997b; 

Surrallés et al. 1998). DSB repair was proposed to depend on chromatin movement out of 

heterochromatin at the more accessible periphery (Falk et al. 2010; Caron et al. 2021; 

 Arnould et al. 2021). This type of movement may be a source of important structural change 

at constitutive heterochromatin and thereby could partially explain our observations  

(Falk et al. 2010; Caron et al. 2021; Arnould et al. 2021). Alternatively, it can be questioned to 

which extent DNA damages occurring in euchromatin can affect the heterochromatic 

structures, for example, through de novo heterochromatin formation at damages loci.  

To our knowledge, the epigenetic dynamic of heterochromatin upon proton irradiation has 

not been reported. However, future investigations focusing on the early dynamic of 

heterochromatin and on the localization of other types of DNA damage (i.e. DSB) in  

proton-irradiated nuclei will be needed to better understand such heterochromatin dynamic. 

Moreover, our data suggest that constitutive heterochromatic structures can be used as a 

genotoxic stress sensor and as a quantifiable phenotypic trait. 
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Thanks to automated tools (Bian et al. 2020), such as Nucl.Eye.D pipeline, High-Throughput 

Imaging (HTI) (Pegoraro and Misteli 2017), mutant screening may become an interesting 

perspective to identify new players involved in chromatin remodeling during DNA repair.  

This type of approach is already used in several domains, notably for the analysis of 

Fluorescence in situ hybridization images or global disease phenotyping (Shachar et al. 2015; 

Pegoraro and Misteli 2017).  

 

7.3. H3K9me2 homeostasis acts in constitutive heterochromatin dynamics 

during photodamage repair 

 

In Chapter III of this work, we determined the shape of constitutive heterochromatin 

histone marks (H3K9me2 and H3K27me1) in a time course following UV-C exposure.  

In agreement with the DAPI staining (Chapter I), we identified a significant decrease in 

H3K9me2 content 2h upon UVC irradiation, whereas H3K27me1 contents remain stable.  

The loss of H3K9me2 content strongly resembles the active H3K9me3 demethylation reported 

in Drosophila during the repair of UV-induced DNA damage (Palomera-Sanchez et al. 2010). 

Interestingly, a decompaction of heterochromatin also occurs a few minutes after 

microtargeting heterochromatic regions with UV-C-Laser (Fortuny et al. 2021). 

Thus, this process might be conserved among several species, including plants.   

Surprisingly, we observed a precocious (30 min) increase of H3K9me2 content. As, the 

H3K9me2 histone methyltransferase, KYP, acts upstream of DDB2, it can be assumed that such 

increase in H3K9me2 content labels heterochromatin for efficient recruitment of the DDB2 

complex at particular regions as well as in the nucleosome rich regions. Indeed, we found that 

chromatin DDB2 loading is less efficient in H3K9me2 depleted plants. Moreover, DDB2 loads 

earlier in nucleosome-free regions than on nucleosomal DNA, in agreement with the 

mechanisms reported in human cells (Fei et al. 2011). Indeed, a slight increase of the H3K9me3 

content was observed 1h after damaging heterochromatic regions with UV-C-Laser (Fei et al. 

2011). We propose that H3K9me2 homeostasis likely regulates DDB2 recruitment and 

photodamage accessibility during GGR. This working hypothesis was further supported by 

some of our findings. Indeed, we identified that DDB2 and the H3K9me2 demethylase, JMJ27, 

interact in a complex and are both necessary for the decrease of H3K9me2 content 2h upon 

irradiation. 
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Additionally, we showed that JMJ27 is essential to stabilize DDB2 within nucleosomal DNA. 

Thus, it seems that JMJ27 actively demethylated the histone H3K9m2 in the vicinity of the 

damage sites, restraining further DNA methylation (Stroud et al. 2014; Li et al. 2018;  

Xu and Jiang 2020) and leading to a relaxed heterochromatin shape which may allow 

nucleosome shifting for stable DDB2 loading (Matsumoto et al. 2019).  

 

7.4. H3K27me1, like a rock in the storm  

 

We also analyzed the dynamic of another heterochromatic mark, H3K27me1, that did 

not exhibit significant alterations upon UV-C exposure. The lack of H3K27me1 dynamic is 

another evidence indicating that H3K9me2 is specifically targeted during photodamage repair. 

Moreover, H3K27me1 stability in constitutive heterochromatin rules out for a massive  

core-histone eviction. Given that H3K9me2 and H3K27me1 largely overlap in heterochromatin 

(Costas et al. 2011; Roudier et al. 2011), it would strengthen the idea that H3K9me2  

fine-tuning plays a key role in UV-C response. The lack of a clear H3K27me1 specific eraser 

supports these observations (Antunez-Sanchez et al. 2020). H3K27me1 deposition occurs in a 

replication-dependent manner (Jacob et al. 2009; Jacob et al. 2014; Ma et al. 2018) and is 

uncoupled from DNA methylation. Indeed, H3K27me1 de novo deposition by ATXR5,6 in 

collaboration with SERRATE even inhibits RDR6-directed DNA methylation (Ma et al. 2018).  

In addition, the erasure of H3K27me1 may induce K27 acetylation by GCN5 (Dong et al. 2021), 

preventing the accurate re-establishment of the initial epigenetic landscape.  

 

7.5. A dual role for H3K9me2 in chromosome structure and in transcriptional 

regulation 

 

Aside from its structural role, H3K9me2 also mediates a regulatory function on the 

expression of a subset of protein-coding genes (Zhou et al. 2010). Consequently, it cannot be 

excluded that the dynamic observed in chromocenters also impacts gene regulation in 

chromosome arms. Indeed, in WT plants 2h upon UV-C exposure, we observed a decrease of 

the nucleoplasmic H3K9me2 signal, indicating that the subset of H3K9me2 regulated regions 

may show a release of silencing (Zhou et al. 2010) or a different transcriptional elongation 

process (Rigal et al. 2012). 
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Previous studies characterized a subset of 1.100 loci occupied by H3K9me2 and most likely 

under the antagonistic effect of both H3K9me2 and H3K9ac (Zhou et al. 2010).  

Among these genes are the photoreceptor UV-B-RESISTANCE 8 (UVR8), the CONSTITUTIVE 

PHOTOMORPHOGENIC 9 (COP9), and the E3 ubiquitin ligase component CULLIN4 (CUL4) 

(Zhou et al. 2010). The regulatory role of H3K9me2 was also demonstrated during drought 

response in Arabidopsis (Wang et al. 2021). In this study, the histone demethylase JMJ27 was 

shown to positively regulate drought-responsive genes such as GALACTINOL SYNTHASE 2 

(GOLS2) and RESPONSE TO DESICCATION 20 (RD20) (Wang et al. 2021). As shown by this study, 

JMJ27 and RPN1a (REGULATORY PARTICLE NON-ATPASE 1a), a subunit of the 26S proteasome, 

regulate dynamic H3K9me2 deposition, ensuring proper response to drought stress  

(Wang et al. 2021). 

 

Interestingly, the regulation of programmed cell death (PCD) genes upon pathogen invasion 

were also proposed to depend on the regulation of H3K9me2 (Dvořák Tomaštíková  

et al. 2021). Indeed, PCD induction was shown to induce chromocenter decompaction in a 

H3K9me2-dependent manner (Dvořák Tomaštíková et al. 2021). This H3K9me2 dynamic 

deregulates expression of several TEs and PCG (Dvořák Tomaštíková et al. 2021).  

Indeed, around 800 genes loose H3K9me2 and 500 genes gain H3K9me2 upon pathogen 

infection (Dvořák Tomaštíková et al. 2021). Interestingly, defect in the expression of the main 

H3K9me2 histone methyltransferase, KYP, enhances the progression of PCD  

(Dvořák Tomaštíková et al. 2021). Thus, the authors assumed that the loss of H3K9me2 

participates in the regulation of a subset of PCD relevant genes in complement to the 

predominant role of H3K27me3 in this process (Dvořák Tomaštíková et al. 2021).  

However, our UV-C treatment did not induce any phenotypic traits associated with 

senescence, although it is well-established that UV-C irradiation induces transcriptional 

changes resembling fungal/bacterial elicitations (Molinier et al. 2005). 

 

Altogether these observations are strong indications for a potential role of the UV-C-induced 

H3K9me2 dynamic in transcriptional regulation of specific stress-responsive genes.  

These dynamic changes in H3K9me2 landscape need to be further investigated, notably 

through our ongoing ChIP approaches and by considering the antagonistic histone mark, 

H3K9ac (Zhou et al. 2010). 
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7.6. Photodamage repair pathways and genetic immunity 

 

The rather limited pool of DNA repair proteins forces to set priorities between 

transcriptionally active and silenced loci in order to prevent any deleterious effects such as 

mutations accumulation or burst of TE mobilization. Importantly, given that DNA repair 

mechanisms require chromatin opening and that heterochromatin contains many TEs, the 

repair of this particular genomic region may lead to TE reactivation. Indeed, TE reactivation 

was reported in Arabidopsis and Maize upon UV exposure (Qüesta et al. 2010;  

Graindorge et al. 2019). Interestingly, the centromeric 180bp repeats and 5S rDNA transcripts 

also accumulate 2h upon UV irradiation (Chapter IV). 

 

Thus, heterochromatin repair should be fine-tuned to efficiently maintain genome integrity 

and to prevent excessive transcriptional activation/mobilization of TE.  

Therefore, the mobilized molecular mechanisms should cooperate to act in both directions.  

Interestingly, plants evolved sophisticated pathways to repair photodamage and to ensure 

silencing. One such pathway is the AGO1 (ARGONAUTE1)/siRNA-dependent recruitment of 

DDB2 to damaged sites and the DDB2 chaperoning of AGO4 (ARGONAUTE4) to inhibit RdDM  

(Schalk et al. 2017). Together both mechanisms were proposed to regulate fine-tune DNA 

repair/methylation in heterochromatic regions (Schalk et al. 2016; Schalk and Molinier 2016; 

Schalk et al. 2017). Indeed, once DNA repair is completed, DDB2 may release AGO4, thereby 

allowing RdDM to re-establish DNA methylation at damaged loci and to prevent further TE 

reactivation. This observation is in agreement with the newly described mechanism by which 

DDB2 and JMJ27 collaborate in H3K9me2 demethylation (Chapter III). Future studies should 

investigate by which mechanism the H3K9me2 occupancy is re-established upon repair and if 

DDB2 also regulates directly or indirectly KYP activity upon repair. 

 

In our study, we observed alterations of the methylome in constitutive heterochromatin. 

Indeed, 24h upon UV-C exposure, we identified many differentially methylated  

regions (DMRs) mainly in CHH context (Chapter I (Graindorge et al. 2019)).  

This equilibrium is disturbed in ddb2, and uvr3phr1 mutant plants, where an increased amount 

of Hyper- and Hypo-DMRs could respectively be identified (Graindorge et al. 2019).  
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This observation reveals the complementarity of both repair mechanisms in the maintenance 

of genome and epigenome integrity (Graindorge et al. 2019). Moreover, it suggests that 

change of the methylation levels, in addition to the increased H3K9me2 occupancy  

(Chapter III), may reinforce the silencing of particular loci (i.e., TE) to avoid further mobilization 

and prevent genome instability.  

 

7.7. GGR and DR in Heterochromatin 

 

We provide evidence that a DDB2-dependent decompaction of heterochromatin and an 

interplay between GGR and H3K9me2 homeostasis exist. However, in parallel, we also 

observed that UV irradiation-induced a fast re-localization of the UVR3 photolyase to the 

chromocenter regions for at least 2h upon UV-C irradiation. These results differ from reports 

describing that photolyases were inefficient in repairing photodamaged DNA within 

nucleosomes (Smerdon and Conconi 1999; Thoma 1999; Suter and Thoma 2002). 

Interestingly, Suter and Thoma revealed that photolyases show a slow repair in the center of 

nucleosomes rich regions in yeast (Suter and Thoma 2002). Although a discrepancy between 

these findings exists, it also suggests that nucleosome mobility or its transient disruption could 

participate in photolyases damage accessibility and repair. Indeed, sequences that are 

transiently unwrapped or exposed away for nucleosome are proposed to become the target 

for photolyases (Duan and Smerdon 2010). However, the exact mechanism for this type of 

interaction is still under debate. According to our results, it can be assumed that the UVR3 

photolyase would find opportunities for damage recognition in the vicinity of the chromatin 

remodeled during the precious steps of the GGR (Matsumoto et al. 2019) (Chapter III).  

Thus, DDB2 may indirectly participate in DR, through its chromatin remodeling activity, even 

without a direct damage handover as observed with XPC (Akita et al. 2015). An additional 

benefit of this process would be to speed up the repair in transcriptionally silenced regions, 

thereby limiting the use of the invasive NER involving de novo DNA synthesis (Johann to Berens 

and Molinier 2020) as a last resort for sequences within nucleosomes.  
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Altogether, our study provides an additional piece of the puzzle on the understanding of 

fundamental mechanisms of photodamage recognition in heterochromatin regions.  

This data could be easily integrated with the access-repair-restore model.  

However, most players providing access remain unknown (Kim 2019). Future work is needed 

to investigate the role of chromatin remodelers and other epigenetic erasers in this process. 

Additionally, it may be questioned if the fast photolyase re-localization to heterochromatin 

may depend on an active recruitment mechanism. 

7.8. UV-induced parental effects 

 

Interestingly, in the last years, UV-light and especially UV-C became an interesting tool to 

enhance plant fitness upon environmental stress exposure (Thomas T.T. and Puthur 2017). 

Indeed, farmers have known UV-C irradiation for several years to have a beneficial effect on 

stress tolerance, growth, and crop yield, most likely through a transcriptional priming effect 

(Thomas T.T. and Puthur 2017). However, little is known about the mechanisms linking UV-C 

irradiation to the expressional priming and the resulting stress resistance.  

This UV-induced priming effect was even observed to be inherited to the next generation 

(Thomas T.T. and Puthur 2017). Thus, it is of ecological and economic interest to further 

investigate to which extent the UV-C-induced epigenetic changes described in our work may 

participate in such long-term priming. Especially since previous studies provided evidence that 

transgenerational salt-stress memory notably depends on H3K9me2 (Bilichak et al. 2012).  

 

We hypothesized that the epigenetic changes induced upon DNA repair of UV-B photolesions 

might trigger an inherited epigenetic memory. More precisely, we investigated whether the 

UV-B regime may explain the variability of chromocenter structures observed in different 

natural variants of Arabidopsis thaliana. Several studies already reveal correlations between 

light perception, light intensity, and chromocenter shape (Tessadori et al. 2009;  

Snoek et al. 2017). However, we could demonstrate that UV-B also modulates chromocenter 

shape and that this reshaping is different in the “small” chromocenters of Cvi plants than on 

the “large” ones of Col-0 plants. Indeed, 2h upon irradiation Cvi chromocenter size increases 

conversely to Col-0 chromocenters. Interestingly, it was shown that increased light intensity 

leads to enhancement of chromocenter size in both Col-0 and Cvi ecotypes (Tessadori et al. 

2009). Thus, UV light regulates chromocenter shape by different mechanisms. 
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Such behavior is different in Col-0 and Cvi ecotypes and would likely depend on DNA repair 

pathways as described for chromocenter dynamic upon UV-C irradiation (Chapter I and III). 

Apparently, one factor involved in the UV-B-dependent chromocenter remodeling is the  

UV-B photoreceptor UVR8, which was notably shown to inhibit DRM2-dependent DNA 

methylation (Jiang et al. 2021). In our experiments, uvr8 mutant plants tend to have smaller 

chromocenters 24h upon UV-B exposure. Such shape was not expected according to the 

hypermethylation associated to DRM2 activation reported in uvr8 plants (Jiang et al. 2021). 

Consequently, we suppose a potential interplay with other epigenetic regulators.  

 

We also found that chromocenter shape is inherited equally in crossing between Col-0 and Cvi 

plants. Indeed, the Col-0 x Cvi hybrids exhibit an intermediate chromocenter occupancy.  

This observation contrasts with previous studies describing a dominant inheritance of Cvi 

nuclear phenotype in Cvi x Ler hybrids  (Tessadori et al. 2009; Snoek et al. 2017).  

However, it cannot be excluded that in both cases, the nuclear morphology depends on the 

inheritance of particular loci, for example, nucleotide sequences at centromeres  

(Ito et al. 2007; Snoek et al. 2017). Thus, the UV-B-induced parental inheritance was 

investigated (Chapter IV).  We observed slight phenotypical and transcriptional changes in the 

offspring of UV-B irradiated plants indicating that priming, notably in chromocenter regions, 

may have occurred (Chapter IV). Unfortunately, with a single UV-B exposure of the parent 

plant at the seedling stage, we could not observe significant changes in chromocenter shape 

in the offspring. This last observation may indicate that single UV-B irradiation is insufficient 

to trigger visible structural changes in heterochromatin. Indeed, unlike after UV-C, no changes 

of chromocenter structure were measured 24h upon UV-B irradiation in parent plants, 

indicating that both irradiations lead to different heterochromatin reshaping.  

 

Consequently, it can only be speculated that DNA repair-dependent and light-dependent 

chromocenter remodeling collaborates in the shaping of chromocenter structures in nature. 

Future experiments will investigate the chromocenter shape in the next generations under 

consecutive UV-B exposures.    
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8. Conclusion & Perspectives  
 

 

This work aimed to decipher the reciprocal crosstalk between epigenetics, UV-induced DNA 

damages, and DNA repair processes to better understand the molecular mechanisms involved 

in genome and epigenome integrity maintenance.  

 

The first relationship between epigenome and UV is supported by the predominant 

localization of photolesions in constitutive heterochromatin characterized by high H3K9me2, 

high nucleosome occupancy, and high DNA methylation levels. Secondly, we revealed that the 

GGR pathway follows an access-repair-restore mechanism in constitutive heterochromatin 

relying on the interplay between H3K9me2 homeostasis regulators and the damage 

recognition protein DDB2. Finally, we provided evidence for epigenetic changes induced by 

UV irradiations and controlled by DNA repair factors. These results open perspectives for the 

study of mechanisms involved in stress-specific transcriptional regulation and epigenetic 

memory, potentially shaping the chromocenters of natural Arabidopsis variants.  

 

As often, the answers proposed by our work lead to several other open questions.  

Indeed, it would be of interest to analyze:  

 

• To which extent the dynamic of constitutive heterochromatin involves linker histone 

displacement and/or core histone eviction 

• Which chromatin remodelers act with DDB2  

• Whether new histone variants are incorporated at damaged sites and how they 

regulate the re-establishment of the epigenome landscape 

• Whether the non-canonical chromatin dynamic observed in the Cvi ecotype provides 

an evolutionary advantage  
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Summary  

 

Plants are sessile organisms that have evolved sophisticated mechanisms to cope with the 

sun light, which is mandatory for photosynthesis, and with the deleterious effects of 

associated UV radiations, inducing cellular and DNA damage. Characterizing the dynamic 

responses of plants to UV irradiation is of great importance. In particular, it is crucial to 

understand how genetic and epigenetic mechanisms cooperate with DNA repair to efficiently 

maintain (epi)genome integrities. In the following study, Arabidopsis thaliana, was used as a 

model organism to understand the interactions between the DNA repair machinery and the 

epigenome following UV exposure. Through cytological and next-generation sequencing 

approaches we identified that constitutive heterochromatin is predisposed to form 

photolesions. Using a self-developed deep-learning-based image segmentation approach, we 

determined the dynamic of constitutive heterochromatin shape and of two associated 

epigenetic marks (H3K9me2 and H3K27me1) upon UV exposure. The combination of genetic, 

cytogenetic and biochemistry approaches allowed demonstrating that component of the 

Global Genome Repair (GGR) pathway and factors involved in H3K9me2 homeostasis act 

together to maintain heterochromatin integrity. Interestingly, we found that UV-C exposure 

induces durable changes of several epigenetic features of constitutive heterochromatin. In the 

last part of this study, we questioned to which extend the UV-induced structural changes of 

constitutive heterochromatin could be inherited and could participate to a transcriptional 

priming. A particular focus was devoted to understand the adaptation to high-UV 

environments. Collectively, our results shed the light on new factors involved in the crosstalk 

between epigenome dynamics and DNA repair in Arabidopsis thaliana and paves the way for 

future investigations about UV-induced memory.   

 

 




