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ABSTRACT 

 
The genome of Arabidopsis thaliana must maintain control over the balance between de 

novo methylation, maintenance of existing methylation, and active demethylation as it utilizes 
these processes to facilitate gene expression changes throughout the lifetime of the plant. 
Expression of the DNA demethylase REPRESSOR OF SILENCING1 (ROS1) is dependent upon 
this balance as well as perpetuating it, yet many aspects of the regulation of ROS1 remain 
unknown. In this work, I show that the downregulation of ROS1 in mutants of the RNA-directed 
DNA methylation pathway occurs at the transcriptional level, and is dependent upon an 817-bp 
region in the proximal promoter region of ROS1. The deletion of this region using CRISPR-Cas9 
technology resulted in increased expression of ROS1 in both wildtype and methylation-deficient 
backgrounds, indicating that this region may be a methylation-sensitive silencer sequence. 
Additional deletions in the endogenous chromosome identified further regions that contain 
regulatory elements of ROS1. Additionally, I further investigated the results when the balance 
between methylation and active demethylation is disturbed, by characterizing a quadruple mutant 
of all four member of the DEMETER family of DNA glycosylases in somatic tissues: 
dme;ros1;dml2;dml3 (drdd). This mutant displays an early flowering phenotype which was 
linked to downregulation of the floral repressor FLOWERING LOCUS C, concurrent with 
DRDD-dependent hypermethylation in the 5’ flanking region. I also characterized a low-
penetrance male fertility defect in drdd mutants, which I determined is caused by a delay in 
anther dehiscence that could be a result of altered reactive oxygen species accumulation. This 
work has led to an increase in our understanding of the mechanisms by which ROS1 is regulated, 
and the mechanisms by which active demethylation affect transcription and development of the 
plant. 
 
 
 
Thesis Supervisor: Mary Gehring 
Title: Associate Professor of Biology 
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INTRODUCTION TO METHYLATION 

Methylation of the fifth carbon of cytosine is an epigenetic modification found in all 

vertebrates and flowering plants, as well as numerous fungi, invertebrate, and bacterial species 

(Goll and Bestor, 2005). Unlike in mammals, where DNA methylation occurs primarily in CG 

dinucleotides, cytosines in plant genomes can be methylated in all three DNA contexts: CG, 

CHG, and CHH, where H is any nucleotide besides guanine (Law and Jacobsen, 2010). In 

Arabidopsis, methylation is enriched over repetitive sequences, including transposable elements 

(TEs), and heterochromatin, but is also found within approximately one-third of genes (Zhang et 

al., 2006; Zilberman et al., 2007). By silencing TEs and affecting transcription at a subset of 

genes, DNA methylation is intrinsic to development, plant defense, genomic imprinting, and 

responses to abiotic stress (Matzke and Mosher, 2014). 

 

ESTABLISHMENT AND MAINTENANCE OF DNA METHYLATION 

RNA-directed DNA Methylation   

De novo methylation in all three sequence contexts is primarily carried out by 

DOMAINS REARRANGED METHYLTRANSFERASE2 (DRM2) (Law and Jacobsen, 2010) 

through the RNA-directed DNA Methylation (RdDM) pathway (Matzke and Mosher, 2014). 

DRM2 is directed to methylate DNA by the actions of two plant-specific polymerases, paralogs 

of RNA Polymerase II (Ream et al., 2008). RNA Polymerase IV first transcribes a short single-

stranded RNA from the loci, which is converted to a double-stranded RNA by RNA-Dependent 

RNA Polymerase 2 (RDR2) (Haag et al., 2012). This RNA is cut into 24nt small interfering 

RNAs (siRNAs) by DICER-LIKE3 (Xie et al., 2004), then loaded into ARGONAUTE4 

(Zilberman et al., 2003). Through interactions of the AGO-siRNA complex with another local 

transcript, produced by RNA Polymerase V, DRM2 is directed to add methylation to the locus in 

question (Wierzbicki et al., 2008; Matze and Mosher, 2014) (Fig. 1).  

Maintenance of DNA methylation  

Separate mechanisms have evolved to perform the maintenance of methylation of the 

three cytosine sequence contexts. METHYLTRANSFERASE1 (MET1), the plant homolog of 

the mammalian DNA METHYLTRANSFERASE1 (DNMT1), maintains symmetric CG 

methylation through cell divisions by methylating hemimethylated CG dinucleotides after DNA 

replication (Saze et al., 2003). CHROMOMETHYLASE3 (CMT3) maintains CHG methylation 
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(Bartee et al., 2001; Lindroth et al., 2001) in conjunction with a positive feedback loop wherein 

the presence of CHG methylation promotes recruitment of H3K9 methyltransferases, and 

H3K9me2 promotes the recruitment of CMT3 (Du et al., 2015). CMT3 is also required to initiate 

gene body methylation, and plant species that have lost CMT3 have also lost gene body 

methylation, despite the fact that gene body methylation is almost exclusively in the CG context 

(Bewick et al., 2016). Finally, CHH methylation at a subset of loci is established and maintained 

by CHROMOMETHYLASE2 (CMT2), as this context is not symmetric and thus must be re-

established de novo following DNA replication (He et al., 2021). 

 

 

 

 
 
 
 
Figure 1: RNA-directed DNA Methylation (RdDM) 
RdDM is the pathway responsible for the majority of de novo methylation in Arabidopsis. This 
process begins with the transcription of the locus to be methylated by the plant-specific RNA 
Polymerase IV (dark blue). The resulting transcript is converted into double-stranded RNA by 
RNA-DEPENDENT RNA POLYMERASE2 (RDR2; green), then processed by DICER-LIKE3 
(DCL3; yellow) into 24-nt siRNAs. siRNAs are used as the guide strand in an ARGONAUTE4 
complex (AGO4; red), which interacts with DOMAINS REARRANGED 
METHYLTRANSFERASE2 (DRM2; orange) and a transcript produced by RNA Pol V (light 
blue) to add methylation to the locus. 
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REMOVAL OF DNA METHYLATION 

DNA methylation can be lost through passive demethylation when DNA methylation is 

not reestablished on daughter strands after DNA replication, or DNA methylation can be actively 

removed by the actions of a family of DNA glycosylases. 

Discovery and characterization of ROS1 

REPRESSOR OF SILENCING1, ROS1, is the most highly expressed DNA demethylase 

in the somatic tissues of Arabidopsis (Schmid et al., 2005; Williams et al., 2015). ROS1 was 

initially identified by an EMS-mutagenesis screen for anti-silencing mutants, mutants that 

efficiently silenced a stably-expressed reporter transgene (Gong et al., 2002). It is part of the 

DME family, which consists of four DNA glycosylases/lyases that remove DNA methylation 

through base-excision repair: DEMETER (DME), ROS1 (or DEMETER-LIKE1 / DML1), DML2, 

and DML3 (Choi et al., 2002; Morales-Ruiz et al., 2006; Gehring et al., 2006; Agius et al., 2006). 

DME family genes contain a highly conserved helix-hairpin-helix glycosylase domain and two 

additional well-conserved domains that have no known homology to other proteins (Fig. 2) 

(Gong et al., 2002; Ponferrada-Marín et al., 2011; Brooks et al., 2014).   

 

 

 
 

 

Figure 2: The DME family of DNA glycosylases/lyases has three conserved domains. 
Diagram of gene structure for the DME family, where boxes and lines indicate exons and 
introns, respectively, and conserved domains are in color. Red = Domain A; Blue = helix-
hairpin-helix DNA glycosylase domain; Gold = Domain B. Adapted from Penterman et al. 
(2007b). 
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Functionality of the DME family 

Analysis of DME family mutants has provided insight into the targets of these genes and 

their role in DNA methylation dynamics in Arabidopsis. While ROS1, DML2, and DML3 all 

have discrete non-redundant target loci, the majority of their targets are shared to some degree 

(Penterman et al., 2007b). DML2, for example, specifically demethylates the SUPERMAN gene 

(Penterman et al., 2007b), epialleles of which can result in excess male or female reproductive 

organs in flowers (Jacobsen and Meyerowitz, 1997, Bondada et al., 2020). Triple mutants of 

ros1;dml2;dml3 (rdd) are viable, have similar overall genomic methylation levels to wildtype, 

and display no striking phenotypic differences from wildtype (Penterman et al., 2007b). 

However, there are hundreds of discrete regions mostly in the chromosome arms where DNA 

methylation is altered in rdd mutants, with approximately 75% of targets being enriched for 

signifiers of RdDM activity (Penterman et al., 2007b; Lister et al., 2008). Analysis of 

hypermethylated regions in rdd revealed that these proteins preferentially remove methylation 

from promoters and 3’ UTRs, but also act at 5’ UTRs and gene bodies (Lister et al., 2008). RDD 

proteins are also necessary to prevent the spreading of DNA methylation from silenced TEs or 

from methylated gene body sequences into promoter regions, which could lead to aberrant gene 

silencing (Penterman et al., 2007b). 

These analyses only take into account the lack of activity of these three demethylases, 

however; DME may be compensating for the loss of the other three demethylases by removing 

methylation elsewhere in the genome. As the dme mutation is lethal if inherited from the mother 

(Choi et al., 2002), redundancy of the DME family was impossible to investigate until recently, 

when two labs complemented dme mutants in the necessary tissue of the central cell and were 

able to generate quadruple mutants for all DME genes in somatic tissues (Williams et al., 2021; 

Zeng et al., 2021). This revealed that hundreds of loci rely on demethylation activity to maintain 

their wildtype methylation state, including genes necessary for responding to bacterial and fungal 

pathogens, and genes with differential methylation between reproductive and vegetative tissue 

(Williams et al., 2021; Zeng et al., 2021). This has led to the conclusion that there is significant 

redundancy amongst all four DRDD family members, but that DME has certain specific roles 

that cannot be fulfilled by ROS1, DML2, or DML3.  
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Mechanism of demethylation 

The mechanism by which ROS1 performs base excision repair to remove 5-

methylcytosine has been well-characterized, though questions still remain. ROS1 binds 

nonspecifically to both methylated and unmethylated DNA (Ponferrada-Marín et al., 2010) and 

slides along the DNA strand, flipping out each base as it goes (Ponferrada-Marín et al., 2012, 

Parilla-Doblas et al., 2013). When it encounters a methylated cytosine, it nicks the DNA 

backbone to produce a Schiff base intermediate and release β and γ products, leaving an abasic 

site that can be repaired by DNA polymerase and ligases (Gehring et al., 2006; Jang et al., 2014). 

Possibly because of this sliding mechanism, ROS1 is a slow-turnover protein that releases DNA 

after every removal (Ponferrada-Marín et al., 2009). ROS1 target loci are enriched for the 

chromatin marks H3K18ac and H3K27me3, and ROS1 interacts directly with histone variant 

H2A.Z to mediate local DNA demethylation (Tang et al., 2016; Nie et al., 2019). Furthermore, 

ROS1 has been reported to form complexes with several discrete sets of proteins, indicating that 

our understanding of ROS1 activity is still incomplete as we do not know if these are indeed 

separate complexes, if they act at discrete loci, or if they are specific to particular conditions 

(Córdoba-Cañero et al., 2017; Liu et al., 2021). 

Demethylation in metazoans 

While animals do have DNA glycosylases that remove 5-methylcytosine (Jost, 1993), 

these proteins have been found to have an order of magnitude higher activity removing the 

thymine of T-G mismatches than 5-methylcytosine (Zhu et al., 2000). This is in contrast to 

DEMETER and ROS1, which both process 5-methylcytosine faster than thymine in similar 

mismatches (Morales-Ruiz et al., 2006). Instead, animals utilize the TET enzymes to iteratively 

oxidize 5-methylcytosine to 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine, and 5-

carboxylcytosine, allowing other enzymes or passive demethylation to remove the modified base 

(Tahiliani et al., 2009; Pastor et al., 2013). It was confirmed that this mechanism is not conserved 

in Arabidopsis, as 5-hmC is not present in the genome (Erdmann et al., 2015).  

TET enzymes serve many and varied roles in metazoan cells. In human pluripotent stem 

cells active demethylation by TET enzymes was shown to be occurring at approximately 13,000 

loci, in balance with de novo DNMT3a/b activity (Charlton et al., 2020) and these enzymes are 

particularly active at enhancer elements (Ginno et al., 2020; Parry et al., 2021). TET activity is in 

fact necessary for embryonic development (Dawlaty et al., 2014). In the brain and neural tissues, 
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TET enzymes play a critical role in neural lineage commitment, and the TET product 5-hmC is a 

stable mark that may promote local transcription (MacArthur and Dawlaty, 2021). Additionally, 

TET enzymes serve as tumor suppressor genes, hypothesized to utilize vitamin C as a cofactor to 

directly influence DNA methylation levels (Kohli and Zhang, 2013; Seethy et al., 2021; Brabson 

et al., 2021). Indeed, 27% of patients with acute myeloid leukemia were found to have mutations 

in TET2 (Weissmann et al., 2012), patients with acute lymphoblastic leukemia have low levels of 

TET2 (Musialik et al., 2014), and altered TET enzyme activity has been linked as well to prostate 

cancer, gastric cancer, melanoma, and other cancers (Seethy et al., 2021). 

While the mechanism of demethylation is not conserved between plants and animals, it is 

likely that there has been considerable convergent evolution for mechanisms of gene regulation 

by balancing active methylation, active demethylation, and passive demethylation (Williams and 

Gehring, 2020). To this end, the study of the regulation of active demethylation in Arabidopsis 

may lead to important insights into the epigenetic landscape in animals. Additionally, the 

insertion of a transgene with fused deadCas9:ROS1 was found to be functional in HEK293 cells, 

allowing for targeted demethylation; TET enzymes were not able to perform in this manner 

(Devesa-Guerra et al., 2020). Thus, an understanding of the functionality of ROS1 may lead to a 

better toolkit for experimentation in mammals. 

 

FUNCTIONS OF DNA METHYLATION 

Silencing TEs 

Transposable elements (TEs) are discrete selfish units of DNA that can mobilize within 

the genome (McClintock, 1950). Translocation of TEs results in mutations that can lead to loss 

of function of genes or chromosomal breakage (Slotkin and Martienssen, 2007). As 20% of the 

Arabidopsis genome is composed of TEs, a concerted effort is necessary to silence and maintain 

silencing of the full complement of TEs. This is accomplished in plants with three mechanisms: 

siRNA-mediated post-transcriptional silencing, DNA methylation by the RdDM pathway, and 

histone modifications (Cui and Cao, 2014). Some transcripts of TEs made by RNA Pol II 

activate the RdDM pathway and are processed into Argonaute complexes; this promotes the 

activity of the methyltransferase DRM2 at all sequences matching the TE transcript, thus 

targeting all copies of the TE simultaneously for silencing (Fultz et al., 2015; Rymen et al., 

2020). This leads to extensive methylation of TEs within the genome in all three sequence 



13 
 
 

contexts, and even TEs that overlap genes tend to be methylated in at least one sequence context, 

CG, CHG, or CHH (Le et al., 2015). Hypomethylation of TEs, as can occur in methylation 

mutants, can result in increased TE transcription and transposition (Miura et al., 2001; Lister et 

al., 2008; Slotkin et al., 2009; Mirouze et al., 2009). 

Given the compactness of the Arabidopsis genome however, with 44% of genes having a 

TE within 2kb of their transcribed region, it becomes important that the methylation on the TEs 

does not expand outside of the element boundaries. Indeed, mutants of the genes required for 

active demethylation show spreading of methylation from TEs (Penterman et al., 2007b; Le et 

al., 2014; Tang et al., 2016). Methylation is therefore required to silence TEs, and active 

demethylation is necessary to prevent ectopic silencing. 

Imprinting 

The phenomenon of imprinting, when allelic expression is altered based on parental 

origin, occurs in eutherian mammals, some insects, and flowering plants (Gehring, 2013; Batista 

and Köhler, 2020). Imprinting primarily occurs in the endosperm, a nutritive tissue that is 

derived from the fertilization of the diploid maternal central cell by the haploid paternal sperm 

cell. Differential expression is established by epigenetic differences between the parental 

genomes; in general, the maternal genome loses methylation in all three sequence contexts due to 

the DNA demethylase DEMETER removing methylation from repeat sequences and 

transposable elements in the central cell of the female gamete (Choi et al., 2002; Gehring, 2013), 

while the paternal genome from the sperm cell is hypomethylated solely in the CHH context 

(Calarco et al., 2012). However, TEs adjacent to genes identified as maternally-expressed in the 

endosperm were found to be targeted by RdDM and consequently have higher levels of CHH 

methylation in sperm (Calarco et al., 2012). Thus, between 28% and 54% of maternally 

expressed genes (MEGs) from Arabidopsis, rice, and maize are associated with a differentially 

methylated region, such that the hypomethylated maternal allele is expressed and the methylated 

paternal allele is silenced (Batista and Köhler, 2020). The E(z) homolog MEDEA is a maternally-

expressed gene in Arabidopsis, and is specifically demethylated in the central cell by 

DEMETER; this is necessary for the development of the seed, as without maternally-expressed 

MEDEA, the seed will abort (Gehring et al., 2006). For some MEGs, imprinting can be 

abolished by the loss of the maintenance methyltransferase MET1 in sperm cells, leading to 
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hypomethylation of the paternal allele as well and confirming that the methylation differences 

between the two alleles are causal for imprinting (Kinoshita et al., 2004). 

Paternally-expressed imprinted genes (PEGs) are established utilizing different 

mechanisms from MEGs. The transcription factor HDG3, for example, is expressed from the 

methylated paternal allele and not from the hypomethylated maternal allele; this methylation was 

determined to be causal as a natural accession that lacked the methylation did not have imprinted 

expression of HDG3, but imprinting could be induced by adding ectopic methylation to the 

hypomethylated allele (Pignatta et al., 2018).  

One mechanism by which this can occur is that the methylation of the paternal genome 

precludes the activity of the FERTILIZATION INDEPENDENT-Polycomb Repressive Complex 

2 (FIS-PRC2) from depositing H3K27me3 at the paternal allele during endosperm development 

(Gehring et al., 2006; Batista and Köhler, 2020). H3K27me3 induces a transcriptionally-silenced 

state to the maternal allele, leading to expression occurring solely from the paternal allele. This is 

the case at PHERES1 (PHE1), a MADS-box transcription factor that is paternally expressed 

(Köhler et al., 2005; Makarevich et al., 2008).  However, only 36% of PEGs in Arabidopsis show 

H3K27me3 deposition on the maternal allele, indicating that additional regulatory mechanisms 

exist (Batista and Köhler, 2020).  Recent work has indicated that PHE1 may act as a master 

transcription factor for endosperm development, and that it transcriptionally activates several 

other genes that have been previously identified as PEGs (Batista et al., 2019). This correlates 

with the fact that PEGs are generally associated with TEs (Martinez et al., 2018), as the PHE1 

binding site has been propagated through the genome by RC/Helitron transposition (Batista et 

al., 2019). A similar phenomenon has been reported in the crop species Brassica napus, where 

imprinted genes were enriched for the presence of nearby TEs (Rong et al., 2021). 

Regulation of transcription 

While the majority of methylation or demethylation mutants do not incur vast 

transcriptional dysregulation throughout the genome, there are select loci that are clearly closely 

regulated by local methylation states (Penterman et al., 2007; Dowen et al., 2012; Williams et al., 

2017; Williams et al., 2021). As mentioned previously, imprinted loci are generally governed by 

methylation state, and interfering with the methylation leads to changes in expression (Pignatta et 

al., 2018). Methylated epialleles have also been implicated in hybrid incompatibility, petal shape, 

leaf senescence, vitamin E accumulation in tomatoes, sex determination in melons, and height in 
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rice (Cubas et al., 1999; Blevins et al., 2017; Srikant and Wibowo, 2021). Methylation by the 

RdDM pathway even affects apple skin coloration by altering expression of the MYB1 gene in 

various apple sports (Jiang et al., 2020).  

Genes that are regulated by methylation are more likely to have TEs or TE fragments in 

close proximity, as is the case for the DNA demethylase ROS1 (Williams et al., 2015). Indeed, 

67% of genes that were strongly downregulated (more than 4-fold) in the triple DNA 

demethylase mutant ros1;dml2;dml3 had a TE in their promoter as compared to 30% of 

randomly selected genes (Le et al., 2014), and ROS1 preferentially targets TEs that are closer to 

genes (Tang et al., 2016). This is intriguing when considered in conjunction with the evidence 

that TE insertions can lead to gene diversification and altered transcription, as exemplified by the 

heat-activated TE ONSEN conferring heat-induced transcription to neighboring genes, or mPING 

element insertions in rice leading to cold- and stress-inducible transcription of the genes into 

which it transposes (Girard and Freeling, 1999; Naito et al., 2009; Ito et al., 2011).  

Alternatively, transcription can also be affected by methylation-sensitive transcription 

factors. The E2F family of transcription factors, for example, have been shown to have different 

preferences for methylated versus unmethylated DNA in vitro (Campanero et al., 2000; 

O’Malley et al., 2016), and E2F binding sites were identified as being significantly enriched for 

differential methylation between 1107 accessions of Arabidopsis thaliana (Kawakatsu et al., 

2017). This differential methylation may lead to E2F factors being more or less likely to bind, 

altering local transcription. In mammals, the insulator CTCF does not bind methylated DNA 

(Bell and Felsenfeld, 2000), and several genes require CTCF to bind only the unmethylated allele 

to establish imprinted expression (Bell and Felsenfeld, 2000; Noordermeer and Feil, 2020). As 

an example, a SNP at a CTCF binding sites in the 5’ UTR of the antiviral protein IFITM3 was 

found to alter methylation at the binding site, leading to reduced CTCF binding, lower mRNA 

levels, and increased risk of severe influenza infections (Allen et al., 2017). Several families of 

transcription factors show similar sensitivities to methylation in animals, including the bHLH, 

bZIP, and ETS families (Wang et al., 2019). Similar mechanisms may be in effect in 

Arabidopsis, although it has not been studied to the same extent. 
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DYNAMICS OF DNA METHYLATION 

DNA methylation is a highly stable mark 

Patterns of DNA methylation remain stable over generational time. The yeast 

Cryptococcus neoformans lost all copies of de novo methyltransferases more than 50 million 

years ago, yet its methylation patterns continue to be faithfully propagated by maintenance 

methyltransferases (Catania et al., 2019). In plants, gene body methylation patterns have been 

maintained between orthologs separated by more than 100 million years (Takuno and Gaut, 

2013). A study of recombinant inbred lines between two strains of Arabidopsis with different 

average levels of gene body methylation revealed that after nine generations the methylation 

status of a region could confidently be used to infer the identity of the parental strain for that 

region (Picard and Gehring, 2017). This indicates faithful maintenance of regional methylation 

status, throughout even hybrid and heterozygous states. While there are examples of 

paramutation, where one epiallele can induce methylation and chromatin state changes in a 

separate allele in trans, this phenomenon appears to be rare (Brink, 1956; Chandler and Stam, 

2004; El-Sappah et al., 2021). 

Arabidopsis was found to have an epimutation rate of approximately 4.5x10-4 

methylation changes in CG methylation per generation, roughly five orders of magnitude higher 

than the genetic mutation rate (Schmitz et al., 2011; Weng et al., 2019; Denkena et al., 2021). 

Methylation of TEs is the most stable, followed by intergenic methylation of gene promoters and 

downstream regions, with gene body methylation being the most susceptible to change (Becker 

et al., 2011; Denkena et al., 2021); the genetic mutation rate for these same regions is inverted, 

with genes accumulating mutations at a much lower rate than TEs (Weng et al. 2019). Indeed, 

the strongest predictor of instability in CG methylation was found to be an intermediate level of 

methylation, potentially indicating a region undergoing both de novo methylation and active 

demethylation (Picard and Gehring., 2017). Altogether, gross patterns of DNA methylation are 

maintained over generational time to the scale of hundreds of millions of years, although 

individual cytosines may gain or lose methylation. Of particular relevance to this thesis, 

methylation upstream of ROS1 orthologs has been maintained for at least 150 million years 

between Zea mays and Arabidopsis thaliana (Williams et al., 2015). 
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DNA methylation is a highly labile mark  

Paradoxically, DNA methylation is not only stable over millennia, but is also able to vary 

within a single plant and between plants. In comparisons of 1107 methylomes of Arabidopsis, 

78% of methylated cytosines are differentially methylated in at least one accession (Kawakatsu 

et al., 2016). These methylation differences can lead to variation in gene expression and 

phenotype; to reiterate an earlier example, the transcription factor HDG3 is imprinted in the Col-

0 ecotype, but not in the Cvi ecotype. The Cvi allele is hypomethylated compared to the Col-0 

allele, and this methylation difference was determined to be causal for the difference in 

expression between the alleles (Pignatta et al., 2018).  

Epigenetic changes are also necessary for the proper development of the plant. Loss of 

DEMETER results in seed abortion due to improper regulation of MEDEA in the maternal 

genome (Choi et al., 2002), and DNA methylation is also necessary for proper embryo 

development (Xiao et al., 2006; Liang et al., 2021). ROS1 is required for proper cell 

differentiation in both leaf epidermis and xylem differentiation, and ros1 mutants have an 

overproduction of stomata and errors in tracheary development (Yamamuro et al., 2014; Lin et 

al., 2020). Reproductive tissues of Arabidopsis have increased levels of methylation compared to 

vegetative tissue (Feng et al., 2020; Williams et al., 2021), and fruit development and ripening in 

tomato as well as proper pollen tube growth in Arabidopsis require active demethylation from 

DEMETER and ROS1 or their homologs (Zhong et al., 2013; Liu et al., 2015; Lang et al., 2017; 

Khouider et al., 2021).  

Finally, methylation is required for plants to respond to their environment, especially as 

they are sessile and cannot remove themselves from hostile climates or events. Many of the 

genes that regulate DNA methylation or demethylation have altered expression when 

phytohormone levels are altered, as in stress conditions (Bennett et al., 2021). Rapid active 

demethylation of defense genes by the DME family upon pathogen detection allows for the 

transcriptional upregulation of plant disease resistance proteins (Yu et al., 2012; Le et al., 2014; 

Schumann et al., 2019; Halter et al., 2021). Exposing tomatoes to low temperatures, as in 

refrigeration after harvest, leads to both substantial methylation changes and a correlated loss of 

flavor (Zhang et al., 2016). Even exposure to microgravity, as in Arabidopsis plants grown 

during spaceflight, resulted in altered global methylation patterns, especially near genes 

associated with RdDM, hormone signaling, and cell-wall modification (Xu et al., 2018). 
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Exposure to drought, heat, cold, salt, and heavy metals all induce changes in DNA methylation, 

allowing the plant to regulate its genome in response to stimuli (Chung et al., 2021; Miryeganeh, 

2021). 

Balancing methylation and demethylation 

In order to regulate methylation in a dynamic fashion, there must be concurrent lability in 

the balance of activity of the demethylases and the de novo methylation pathways. In accordance 

with this hypothesis, ROS1 transcript levels are downregulated in mutants of the RdDM pathway 

and met1 (Huettel et al., 2006; Williams et al., 2015).  This means that when global methylation 

levels are low, activity of ROS1 is also lowered. Reduced expression of ROS1 in RdDM mutants 

was found to be correlated with proximal promoter methylation upstream of ROS1, overlapping a 

Helitron transposable element. When methylation of the Helitron was lost in RdDM mutants, 

ROS1 transcription was lowered; conversely, when methylation was added ectopically in the 

same mutants ROS1 transcription was increased (Williams et al., 2015). Furthermore, ROS1 

demethylates the same region in the ROS1 promoter, correlating with an increase in ROS1 

transcript level in the hypermethylated ros1 mutant (Williams et al., 2015; Córdoba-Cañero et 

al., 2017). This is indicative of a ROS1 epigenetic negative feedback loop wherein methylation at 

the ROS1 promoter leads to increased production of ROS1 protein, which removes the 

methylation from the promoter (Fig. 3). On a wider scale, this promotes homeostasis of the 

global methylation level as the production of ROS1 is proportionate to overall methylation 

(Williams et al., 2015; Lei et al., 2015).  

ROS1 transcript levels are downregulated to a greater extent in met1 mutants than in 

RdDM mutants (Williams et al., 2015). This correlates with the greater methylation difference in 

met1 mutants, which lose all but 1% of CG methylation and approximately half of CHH 

methylation (Lister et al., 2008). However, this downregulation appears to occur via a different 

mechanism than was described in RdDM mutants. The downregulation of ROS1 in met1 mutants 

is dependent on reduced expression of the histone demethylase IBM1 (Rigal et al., 2012), while 

downregulation in RdDM mutants was IBM1-independent (Williams et al., 2015). Despite the 

different mechanism, however, ROS1 expression levels remain in balance with the overall level 

of genomic methylation. 
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Figure 3: ROS1 is regulated by a methylation-sensitive negative feedback loop. 
Transcription of ROS1 is increased by the addition of methylation in the proximal promoter 
region from approximately -300 to -85bp from the transcription start site. This methylation is 
added by DRM2, the de novo methyltransferase of the RdDM pathway (orange). The ROS1 
protein (blue) targets this same region, removing methylation via base excision repair and thus 
lowering ROS1 transcription levels. This is termed the ‘epigenetic rheostat’ mechanism of 
methylation homeostasis (Williams et al., 2015). 
 

 

SUMMARY OF THESIS 

 This thesis investigates the regulation of active DNA demethylation in the Arabidopsis 

thaliana genome and the function thereof. Transcription of ROS1 is known to be affected 

atypically by methylation, in that methylation in the proximal promoter region causes increased 

transcription rather than gene silencing. The mechanism by which this atypical response is 

accomplished, however, is unclear. Additionally, while one DNA demethylase is regulated by 

methylation levels, the other DNA demethylases also play a role in somatic tissue. I also 

endeavored to investigate the role of DNA demethylation as a whole in the plant. 

 Chapter Two of the thesis, “A DNA demethylase in Arabidopsis is transcriptionally 

regulated in cis by a methylation-sensitive silencer sequence”, addresses the question of how 

ROS1 transcription is regulated. In this chapter, I showed that ROS1 is transcriptionally 

regulated by sequences outside of its proximal promoter through analysis of transgenes with 

varying amounts of endogenous sequence. I then used CRISPR-Cas9 technology to create a 

series of deletions in the endogenous chromosome near ROS1. Transcription of ROS1 was 
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assayed in siblings with and without these deletions, both in methylation mutant and 

methylation-typical backgrounds. Deletions 3’ of ROS1 had minimal effects on ROS1 

transcription, but I identified that the region from -17kb to -2kb may be essential for ROS1 

transcription, as well as containing an essential gene. Finally, I showed that an 817bp region 

within the proximal promoter of ROS1 is a methylation-sensitive silencer of ROS1 transcription; 

without this region, ROS1 transcription is upregulated in both wildtype and hypomethylated 

backgrounds. This has led to a new model for ROS1 regulation by methylation, wherein the 

repressive effect of this silencer region on ROS1 transcription is anticorrelated with its level of 

methylation, resulting in high levels of ROS1 when the silencer is hypermethylated and low 

levels when hypomethylated.  

 Chapter Three, “Active demethylation is required for regulation of FLC, correct 

flowering time, and anther dehiscence”, contains our investigation into the role of active 

demethylation in the adult plant. We generated a transgene to complement a dme mutation solely 

in the central cell, resulting in viable embryos that bypass the dme seed abortion phenotype (Choi 

et al., 2002). This transgene was then used to obtain quadruple mutants of the complete DME 

family, dme;ros1;dml2;dml3 (drdd). We detected an early flowering phenotype in drdd mutant 

plants and linked this phenotype to a decrease in transcript level of the floral repressor 

FLOWERING LOCUS C, correlated with hypermethylation in the 5’ flanking region of FLC in 

drdd plants. This is the first time that DNA methylation or active demethylation have been linked 

to the regulation of FLC, a key checkpoint for flowering time in Arabidopsis. Additionally, we 

noticed a fertility defect in drdd plants, caused by delays in anther dehiscence, meaning that 

pollen is being released late from the male organs of the flower. This may be caused by a delay 

in the accumulation of reactive oxygen species, as reactive oxygen species are necessary for the 

secondary wall thickening that leads to the anther breaking open and releasing pollen. While 

recent reports have begun to investigate the role of the RdDM pathway in anther dehiscence, this 

is the first report of active demethylation being necessary for this process.  

 Chapter Four, “Conclusions and Future Directions”, reviews the findings of this thesis 

and present lines of inquiry that have been opened and may prove fruitful.  
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Chapter Two 
 

A DNA demethylase in Arabidopsis is transcriptionally regulated in cis by a methylation-
sensitive silencer sequence 
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ABSTRACT 

DNA methylation must be properly regulated for the development of the plant and to 

respond to environmental perturbations. ROS1 is the most highly expressed DNA demethylase 

gene in the somatic tissues of Arabidopsis, and has significant roles in plant development and 

defense. Prior work has established that ROS1 expression is regulated atypically by promoter 

methylation, but the mechanism by which this occurs is unknown. In this research, I show that 

methylation-sensitive regulation of ROS1 occurs at a transcriptional level and requires more than 

4kb of upstream chromosomal context. I utilize CRISPR-Cas9 to generate several deletions in 

the endogenous chromosome surrounding ROS1 and investigate the role of each region in 

regulating ROS1 transcription. One deletion resulted in the identification of a methylation-

sensitive silencer sequence upstream of ROS1 that represses ROS1 transcription but is less 

repressive as it becomes more methylated. This is an insight into a new mechanism of gene 

regulation in Arabidopsis by DNA methylation.  

 

INTRODUCTION 

Plants must be able to alter their gene expression throughout development and in 

response to environmental changes. One mechanism by which this is accomplished is DNA 

methylation, which in plants can occur on any cytosine regardless of sequence context. DNA 

methylation is an epigenetic mark that is stable over generations, yet labile during development 

and in various tissues of the plant (Gehring, 2019). Regulation of DNA methylation plays a 

significant role in pathogen defense (Yu et al., 2012; Le et al., 2014; Zhu et al., 2016; Halter et 

al., 2021), imprinting (Gehring et al., 2009; Gehring et al., 2011; Hsieh et al., 2011; Park et al., 

2016, Gehring and Satyaki, 2017; Pignatta et al., 2018), development (Yamamuro et al., 2014; 

Lin et al., 2020; Liang et al., 2021) and numerous other pathways. This requires a complex 

interplay of pathways adding methylation, primarily the RNA-directed DNA Methylation 

(RdDM) pathway (Matzke and Mosher, 2014), and demethylases removing methylation.  

REPRESSOR OF SILENCING1 (ROS1) was identified as a DNA glycosylase/lyase that 

removes DNA methylation through base-excision repair in the somatic tissue of Arabidopsis 

(Gong et al., 2002; Agius et al., 2006, Morales-Ruiz et al., 2006). Expression of the ROS1 

demethylase was found to be reduced by roughly an order of magnitude in mutants of the RdDM 

pathway, in which the ROS1 promoter is hypomethylated (Huettel et al., 2006, Williams et al., 
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2015; Lei et al., 2015), suggesting that ROS1 is itself regulated by DNA methylation. Indeed, it 

was found that a negative feedback loop exists at ROS1: methylation of a 228bp ‘rheostat’ region 

approximately 1kb upstream of the transcriptional start site was determined to be both necessary 

and sufficient to induce ROS1 expression in an RdDM mutant (Williams et al., 2015; Lei et al., 

2015). The introduction into rdr2 of transgenes that produce double-stranded hairpin RNAs 

matching this rheostat region bypassed the rdr2 mutation to ectopically methylate this site; this 

was causally linked to an increase in ROS1 transcription (Williams et al., 2015). This resulted in 

‘Broken Rheostat’ plants, in which ROS1 is expressed at wildtype levels despite their 

hypomethylated rdr2 background.  

Small RNAs that target de novo methylation by RdDM localize to the rheostat region 

(Pignatta et al., 2014), and this region loses non-CG methylation in RdDM mutants (Williams et 

al., 2015), indicating that RdDM adds the methylation to induce ROS1 expression. The ROS1 

protein also targets this region for active demethylation (Córdoba-Cañero et al., 2017), thus 

downregulating its own transcription and modulating ROS1 expression to maintain epigenetic 

homeostasis (Williams et al., 2015). Given that methylation of the proximal-promoter region 

typically results in gene silencing rather than induction, this atypical response to promoter 

methylation is intriguing.   

In this chapter, I investigate the mechanisms by which ROS1 is regulated. Analysis of 

transgenes containing ROS1 promoter sequence is complicated by the fact that endogenous 

ROS1 protein not only targets its own promoter (Córdoba-Cañero et al., 2017), but also 

transgenes (Gong et al., 2002). Despite this complication, previous works have still used ROS1 

proximal promoter sequence to driver reporter genes in order to determine ROS1 expression 

patterns (Bennett et al., 2021). I show that this does not encompass the full regulation of ROS1, 

as transgenic lines with identical transgenes respond different to being introduced into 

hypomethylated backgrounds, implying that the greater chromosomal context affects regulation 

of transcription of ROS1. In concordance with that, I use CRISPR-Cas9 technology to create 

deletions in the endogenous sequence around ROS1 ranging from 17kb upstream of the gene to 

40kb downstream to investigate the role of cis regulation on ROS1 transcription. This has 

resulted in the identification of several regions that impact ROS1 transcription.    
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RESULTS 

ROS1 is regulated in methylation mutants at a transcriptional level 

ROS1 has lower steady-state transcript levels in methylation mutants, and methylation of 

the promoter region is sufficient to upregulate transcript levels (Williams et al., 2015). However, 

it is unknown whether reduced ROS1 transcript accumulation reflects transcriptional or post-

transcriptional processes. The reduction of transcript levels in methylation mutants could be due 

to post-transcriptional regulation of the mRNA. In order to determine if lower transcript levels in 

methylation mutants is due to transcriptional or post-transcriptional regulation, I conducted both 

ChIP-qPCR and ChIP-Seq for elongating RNA Polymerase II in wildtype, rdr2 hypomethylated 

mutants, and rdr2 mutants with artificially-induced methylation of the ROS1 promoter, described 

in Williams et al. (2015) and referred to here as ‘Broken Rheostat’ (BR) lines. Elongating RNA 

Pol II with phosphorylated serine 2 accumulates at the transcription termination site (TTS) to 

allow RNA processing to occur (Kuehner et al., 2011). The ChIP-Seq data showed an increase in 

Pol II occupancy at the TTS of ROS1 correlating with the methylation status of the promoter; BR 

lines had more occupancy than wildtype, which was itself increased over rdr2 (Fig. 1A-B). 

ChIP-qPCR for the ROS1 transcriptional start site and exon 13 also showed decreased Pol II 

occupancy in rdr2 compared to wildtype (Fig. 1 C-D). This indicates that the methylation-

sensitive expression of ROS1 reflects transcriptional regulation, rather than post-transcriptional. 

4kb of ROS1 promoter is not sufficient for methylation-sensitive expression 

To determine if the methylation-sensitive regulation of ROS1 was linked to a particular 

developmental time or tissue, I used reporter transgenes to visualize expression from the ROS1 

promoter. A ROS1:LUCIFERASE fusion was designed and recombineered (Sharan et al., 2009; 

Zhou et al., 2011) into a bacterial artificial chromosome (BAC) containing 65kb of endogenous 

Chromosome 2 sequence, including 17kb of sequence upstream of ROS1 and 41kb of sequence 

downstream of ROS1 (Fig. 2A). This transgene was introduced into Col-0 wildtype plants by 

agrobacterium-mediated floral dipping (Clough and Bent, 1998), then crossed with rdr2. 

RDR2+/+ (not shown), RDR2+/- (Fig. 2B), and rdr2-/- (Fig. 2C) plants with the transgene were all 

evaluated for expression of the luciferase reporter by spraying with the luciferase substrate 

luciferin and quantifying the light produced from the luciferase reaction by using a highly-

sensitive CCD camera. rdr2 mutants plants produced much less light than the wildtype or 

heterozygous plants (Fig. 2D), indicating that the transgenic ROS1:LUC was expressed at much  
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Figure 1: ROS1 is transcriptionally silenced in the methylation mutant rdr2 
A) Browser snapshot of RNA Pol II ChIP-Seq over ROS1, with scale of 0-3 set for all tracks. 
Tracks are colored in rough approximation of ROS1 promoter methylation level. Peaks in BR 
lines at the 5’ end represent the inverted repeat transgene that matches and drives methylation in 
this region. B) Average RNA Pol II ChIP enrichment at the ROS1 TTS ± 500bp, the region 
boxed in A). Colors are approximations of ROS1 promoter methylation level. Error bars are 
standard error of the biological replicates. C-D) Two ChIP-qPCR experiments for Elongating 
RNA Pol II in both Col (WT) and rdr2. QQS is upregulated in rdr2 plants (Kurihara et al., 2008), 
and ACT7 serves as a control. NoAb refers to a no-antibody control. Legend in C) also applies to 
D). 
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Figure 2: A transgene containing 65kb of endogenous sequence including ROS1 is sufficient 
for methylation-sensitive expression of ROS1 
A) Schematic of a bacterial artificial transgene containing endogenous sequence from 
Arabidopsis chromosome 2 and a recombineered ROS1:LUCIFERASE fusion gene. This 
transgene contains 17kb of sequence endogenously upstream of the ROS1 transcriptional start 
site and 41kb of downstream sequence. B-C) Relative luminescence detected from 3-week old 
transgenic plants containing the ROS1:LUC BAC in both RDR2+/- (B) and rdr2-/- (C) plants.     
D) Quantification of maximum luminescence from plants containing the ROS1:LUC transgene 
with and without mutation of RDR2. 
 
 
lower levels in the methylation mutant background. The large transgene therefore mimics the 

endogenous ROS1 locus with respect to its methylation-sensitive expression.    

 Smaller transgenes were then assessed. 4kb of sequence upstream of ROS1 was used to 

drive expression of the reporter GUS (Fig. 3A-T, Y-Z) and, in a different transgene, a ROS1-

GUS fusion protein (Fig. 3U-X). These transgenes were transformed into Col-0 wildtype plants 

by floral dipping (Clough and Bent, 1998), then crossed into an rdr2 background so that the 

same transgene could be assessed in wildtype and rdr2 siblings descended from the F1. Multiple 

lines of transgenic plants were followed. While some lines showed a reduction of GUS in an 

rdr2 background (compare Fig. 3A-E to F-J), other transgenic lines showed approximately 

equivalent expression in rdr2 as in wildtype (compare Fig. 3K-O to P-T). This indicates that the 

4kb of upstream sequence is not sufficient to guarantee methylation-sensitive expression or 

downregulation of ROS1.     
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Figure 3: GUS staining of WT and rdr2 siblings with pROS1:GUS and pROS1:ROS1-GUS 
transgenes in different tissues  
A-T) GUS staining of plants with a GUS transgene driven by 4kb of ROS1 promoter, in 1 week 
old seedlings, two week old seedlings, mature rosette leaves at 5 weeks, open flowers, and 
primary inflorescences (labeled ‘Buds’). Arrows in R) point to hydathodes. U-X) GUS staining 
of plants with a ROS1-GUS fusion protein driven by 4kb of ROS1 promoter. U, V, W, and X 
were all collected at 3 weeks and show the vegetative apex (U and W) and rosette leaves (V and 
X). All plants within a line contain the same single insertion of the transgene. Y-Z) Lateral roots 
from pROS1:GUS Line 4 (Y) and Line 9 (Z) (magnified), with arrows indicating the columella. 
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  Transgenic plants with the same 4kb promoter driving expression of a ROS1-GUS fusion 

protein also failed to show consistent downregulation of the reporter in an rdr2 background (Fig. 

3U-X). This is further evidence that the regulation is transcriptional in nature, and is not 

dependent on the sequence of the mRNA or the protein itself. 

Comparison of the large transgene (Fig. 2), which is regulated like the endogenous locus 

in methylation mutant backgrounds, to the transgenes with 4kb of promoter sequence, lines of 

which are not consistently downregulated in rdr2 mutants, indicates that sequences outside of the 

4kb present in the small transgene influence how ROS1 is regulated by methylation. 

Regions 3’ of ROS1 do not have strong effects on ROS1 transcription 

To identify cis-elements that regulate ROS1 in response to global methylation levels, I 

used CRISPR-Cas9 to create deletions in the regions of the endogenous chromosome contained 

within the aforementioned BAC transgene, and assayed their effects on ROS1 transcription. Each 

deletion line was crossed into two separate RdDM mutants, drm2 and rdr2, and heterozygotes 

were selfed. The next generation was genotyped to identify siblings that were homozygous with 

and without the deletion, in plants that were homozygous for the RdDM mutation or wildtype 

allele (Fig. 4). qRT-PCR was used to assay ROS1 expression in these siblings. Because the BAC 

 

 
 
 
 
 
 
 
  

Figure 4: Crossing scheme for generation of F2 plants used in analyses 
Deletion mutants identified in T2 or later generations were crossed to drm2 or rdr2 (mutants 
in the RdDM pathway, collectively rddm-/- here). Heterozygotes of both the deletion and an 
RdDM mutation were selfed to generate siblings that were homozygous for the deletion 
and/or the RdDM mutation, or neither, for later analysis. 

Δ/WT 
RdDM+/+ 

WT/WT 
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Figure 5: Deletions 3’ of ROS1 have little effect on ROS1 transcription 
A) Schematic of a 19.5kb deletion from 7.5kb after the ROS1 TSS to +28kb. B-C) qPCR results 
showing fold change of ROS1 in plants with and without ROS13’Δ20proximal in both wildtype and 
drm2 (B) or rdr2 (C) backgrounds. In B), n=2 for wildtype, n=5 for drm2 no deletion, n=6 for 
drm2 deletion. In C) n=3 for rdr2 samples, n=4 for WT samples. D) Schematic of a 20kb 
deletion from +28kb to +48kb. E-F) qPCR results showing fold change of ROS1 transcripts in 
plants with and without ROS13’Δ20distal in both wildtype and drm2 (E) or rdr2 (F) background. 
n=2 for drm2 no deletion in (E) and wildtype no deletion in (F), n=4 for all other genotypes. 
Error bars represent standard error. Different letters indicate p<0.01 by ANOVA. 
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transgene showed downregulation of ROS1 in a methylation mutant background, I used this 

region to set the boundaries for my search for regulatory elements.  

To investigate the 40kb of sequence downstream of ROS1, given that many cis-regulatory 

elements have been identified downstream of genes in Arabidopsis (Wang and Chekanova, 

2019), two adjacent deletions of approximately 20kb each were generated 3’ of ROS1.  

ROS13’Δ20proximal removed 20.3kb beginning 551bp after the TTS (Fig. 5A). This deletion 

did not affect transcription of ROS1 in wildtype or rdr2 backgrounds (Fig. 5B-C). However, in a 

drm2 background the deletion resulted in significantly further downregulation of ROS1, from 9-

fold below wildtype levels to 35-fold below levels in wildtype plants without the deletion (43-

fold below plants with the deletion in a wildtype background) (ANOVA (F(3,11) = 58.83, p < 

0.0001); Tukey HSD (p < 0.01)) (Fig. 5B). This could indicate that a cis-regulatory region exists 

in this region that helps promote ROS1 expression under low-methylation conditions. However, 

the fact that this downregulation was not seen in the rdr2 background is interesting, as drm2 and 

rdr2 are in the same pathway and both result in a hypomethylated state for ROS1. DRM2 acts 

downstream of RDR2, so it is possible that the mechanism for the drm2-mediated 

downregulation may require an RdDM pathway member that acts after RDR2, such as the 

binding and transcription of RNA Polymerase V.  

The second 3’ deletion, ROS13’Δ20distal, begins where 3’Δ20proximal ends, and removes 

20.4kb until +48kb (Fig. 5D). This deletion resulted in no transcriptional changes in the drm2, 

rdr2, or wildtype backgrounds (Fig. 5E-F). While it is still possible that these regions contain 

regulatory elements that affect ROS1 expression in particular tissue types or under particular 

stress conditions, there is little evidence that they affect ROS1 expression in response to 

methylation. 

The region from -17kb to -2kb of ROS1 may contain a regulatory element necessary in cis 

for ROS1 transcription to occur 

The deletion of a 15kb region of the endogenous chromosome from -17kb to -2kb from 

the ROS1 transcription start site was accomplished with CRISPR technology (Fig. 6A). This 

deletion was homozygous lethal; 91 descendants from a selfed heterozygote were genotyped and 

36 wildtype and 55 plants heterozygous for the deletion were recovered, consistent with 

Mendelian inheritance if the homozygous deletions were lethal (X2 (1, N = 91) = 0.86, p=0.35). 

This lethality may derive from the deletion of LOS2/ENOLASE 2, contained within this region, 
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as knockouts of this gene from T-DNA insertions have severe developmental phenotypes and are 

sterile, with an embryo-lethal phenotype (Eremina et al., 2015).  

ROS15’Δ15 heterozygotes did not have any change in ROS1 expression in the RdDM 

mutant, but did show a significant, 1.7-fold increase in transcript in a wildtype background  

 

 
 

 
 
 

  
 

Figure 6: A 15kb deletion upstream of ROS1 removes a methylation-dependent repressor 
of ROS1 transcription 
A) Schematic detailing the region of Chromosome 2 from the ROS1 transcription termination 
site to 20kb upstream, including the ROS15’Δ15 deletion from -17kb to -2kb. Genes and TEs are 
indicated on separate tracks. B) qPCR results showing fold-change of ROS1 in wildtype and 
drm2 ROS1/ROS15’Δ15 heterozygotes versus ROS1/ROS1 homozygotes. C) qPCR results showing 
fold-change of ROS1 in ROS1/ros1-7 heterozygous plants.  n=4 for all genotypes. Error bars 
indicate standard error of the mean. Different letters indicate p<0.01 by Student’s T-test.  
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compared to plants without the deletion (t(6) = 4.69, p = 0.003) (Fig. 6B). While this effect is 

small, it should be noted that the deletion is not homozygous. A similar increase in transcription 

was detected in heterozygotes for the point-mutant ros1-7 (Fig. 6C), which results in a 

catalytically non-functional enzyme due to an amino acid substitution in the catalytic domain. 

ROS1 expression with only one allele producing functional product therefore results in increased 

transcription. This is consistent with the rheostat feedback model, in that decreases in the amount 

of functional ROS1 protein would lead to less demethylation at the ROS1 locus itself, and the 

resulting hypermethylation in the proximal promoter of ROS1 leads to increased ROS1 

transcription (Williams et al., 2015).   

An 817bp region 5’ of ROS1 is a methylation-sensitive repressor of ROS1 transcription 

I also generated an 817bp deletion from -930bp to -113bp 5’ of the ROS1 transcription 

start site, designated ROS15’Δ0.8 (Fig. 7A). This deletion does not overlap with ROS15’Δ15, but 

does remove almost the entirety of the region described as sufficient to promote ROS1 

expression when methylated in an rdr2 mutant (Williams et al., 2015). Plants homozygous for 

this deletion were viable with no visible phenotypes.  

The ROS15’Δ0.8 deletion resulted in a significant 2 to 2.5-fold increase in levels of ROS1 

in a wildtype background (drm2: ANOVA (F(3,9) = 133.33, p < 0.0001), Tukey HSD (p < 0.01); 

rdr2: ANOVA (F(3,11) = 430.35, p < 0.0001), Tukey HSD (p<0.01)) (Fig. 7B-C), indicating that 

this region functions as a repressor of ROS1 expression. Despite ROS1 expression being ten-fold 

reduced in drm2 and rdr2 plants without the deletion, the presence of this deletion in these 

backgrounds led to ROS1 levels being elevated even slightly above wildtype levels (Fig. 7B-C). 

The downregulation of ROS1 normally seen in methylation mutants is induced by the 

hypomethylation of this region. However, in the absence of this region, ROS1 transcription is 

actually increased.  

Increased transcription of ROS1 does not necessarily indicate increased levels of 

functional ROS1 protein. ROS1 mRNA could be post-transcriptionally regulated or produce non-

functional products, or there may be additional regulatory measures to maintain ROS1 protein 

levels at a steady-state. In order to test if the increased levels of ROS1 transcript correlated with 

ROS1 function, I assayed expression of SDC, a gene that is silenced by methylation in the 

somatic tissue of the plant (Henderson and Jacobsen, 2008), but also targeted by ROS1 

(Williams et al., 2017). In ROS15’Δ0.8;rdr2 double mutants SDC expression is significantly  
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Figure 7: An 817bp deletion removes a repressor of ROS1 transcription in methylation-
typical and methylation-deficient backgrounds 
A) Gene model of ROS1 showing the region deleted from -930 to -113bp. B) qPCR results 
showing fold change of ROS1 transcription in plants with and without ROS15’Δ0.8 in both 
wildtype and drm2 backgrounds. n=2 for wildtype, no deletion; n=4 for all other genotypes. C-
D) qPCR results showing fold change of ROS1 (C) and SDC (D) transcription in plants with and 
without ROS15’Δ0.8 in both wildtype and rdr2 backgrounds. n=3 for wildtype, with deletion; n=4 
for all other genotypes. Error bars represent standard error of the mean. Different letters indicate 
p<0.01 by ANOVA.  
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increased approximately 16-fold over wildtype or rdr2 levels (ANOVA (F(3,10) = 26.24, p < 

0.001); Tukey HSD (p < 0.01)) (Fig. 7D). This indicates that the increased ROS1 transcription 

does correlate with increased ROS1 functional activity. 

 

DISCUSSION 

ROS1 is transcriptionally regulated by methylation in its proximal promoter region 

I showed by both ChIP-qPCR and ChIP-Seq that there is a reduction of RNA Polymerase 

II occupancy at the TTS of ROS1 in rdr2, and an associated increase in occupancy when the 

methylation upstream of ROS1 is restored in the BR lines (Fig. 1). This indicates that the 

mechanism of regulation of ROS1 in methylation mutants is indeed occurring at the level of  

transcription, rather than at the mRNA level post-transcriptionally. This conclusion was also 

upheld by the reporter transgene experiment, in which a ROS1-GUS fusion protein driven by 

4kb of endogenous upstream ROS1 sequence failed to recapitulate the downregulation of ROS1 

in rdr2.  

Furthermore, even on the transcriptional level the regulation of ROS1 is not limited to the 

proximal promoter. GUS expression driven by the 4kb upstream region was variable between 

lines (Fig. 3). Some transgene insertions were downregulated in rdr2 mutants (Fig. 3 F-J), while 

other insertions were expressed near wildtype levels (Fig. 3 P-T), therefore the wider 

chromosomal context matters for the expression of this transgene. All of the elements necessary 

for epigenetic or transcriptional regulation of ROS1 must not be present within the 4kb, or this 

would recapitulate the endogenous regulation.  

This experiment also highlighted several expression patterns of ROS1 that may prove of 

future interest: GUS expression was high in the hydathodes of the rosette leaves (Fig. 3R, 

arrows) and in the columella of the lateral root tip (Fig. 3Y-Z). The hydathodes are specialized 

organs that extrude water from the leaf, and are sources of entry for various pathogens (Cerutti et 

al., 2019). High levels of ROS1 expression in this structure is consistent with findings that ROS1 

demethylates several defense genes upon detection of a pathogen (Yu et al., 2012; Halter et al., 

2021). In addition, these structures are composed of the ends of the xylem vasculature that 

transports water throughout the leaf (Yagi et al., 2021). As the lack of ROS1 causes errors in the 

development of xylem tracheary elements (Lin et al., 2020), active demethylation may also be 

necessary for the proper development of the hydathodes and guttation.  



44 
 
 

The columella of the lateral root tip was found to be the most highly methylated cell 

types characterized to date, mostly due to hypermethylation in the CHH context in transposable 

elements, correlated with an increase in RdDM activity (Kawakatsu et al., 2016). An increase in 

RdDM activity likely correlates with hypermethylation in the ROS1 promoter region, leading to 

increased ROS1 transcription as well. This tissue may prove to be an interesting location to 

investigate the balance between RdDM and demethylation, as both pathways are at high activity. 

Additionally, the function of columella cell hypermethylation is still unknown. It was proposed 

that it may serve to help silence TEs in neighboring cells by producing mobile smRNAs for 

RdDM, but the concomitant expression of ROS1 in this case would be counterproductive. 

Characterizing the role of ROS1 in the columella of the root tip may therefore lead to a better 

understanding of the role of epigenetic regulation in this cell type.  

ROS1 transcription is not significantly regulated by sequence 3’ of the locus 

There appears to be minimal regulation of ROS1 from any sequence within the 40kb 

downstream of ROS1 (Fig. 5), despite a recent finding that many putative enhancer-like elements 

appear to interact with 3’ UTRs in Arabidopsis (Wang and Chekanova, 2019). 3’Δ20proximal 

did have different results in rdr2 versus drm2, which may indicate an interaction with the latter 

part of the RdDM pathway, after the role of RDR2.  

Endogenous sequence from -17kb to -2kb of the ROS1 TSS may be necessary for ROS1 

transcription 

Deletion of 15kb of upstream sequence resulted in a homozygous lethal phenotype, 

making analysis of this deletion difficult. For future experiments, this deletion could potentially 

be complemented by a transgene expressing ENOLASE 2. The plants heterozygous for the 

deletion had increased ROS1 transcript levels, of approximately the same degree as in ros1-7 

heterozygotes (Fig. 6B-C). This could imply that the ROS1 allele in cis with the 5’Δ15 deletion 

is not producing any mRNA, resulting in upregulation of the wildtype allele in trans and the 

phenocopying of the heterozygous ROS1/ros1-7. If this is correct, this indicates that there is a 

sequence necessary for ROS1 transcription more than 2kb from the transcription start site.  

While this is the parsimonious explanation, it is possible that the increase in transcript 

level from the ROS1/ROS15’Δ15 heterozygote could be due to a slight increase in transcription 

from the deletion allele, and the phenocopying of the ROS1/ros1-7 heterozygotes may be 

coincidental. To distinguish between these two possibilities in the heterozygotes, I have crossed 
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the 5’Δ15 heterozygotes to plants of the Ler ecotype, which have some SNPs from the Col-0 

background in the ROS1 allele. I have also designed TaqMan primers specific for these SNPs. A 

TaqMan assay will allow me to determine levels of transcription from the ROS15’Δ15 Col-0 allele 

versus the wildtype ROS1 Ler allele, using wildtype Col-0/Ler F1 hybrids as a control.  

Although this is a large region to scan for potential sites of interest, there is one site close 

to the ROS1 locus that deserves additional investigation. High resolution Hi-C data in Col-0 

plants identified a DNA loop from within the ROS1 gene body to a region that overlaps the 3’ 

boundary of ROS15’Δ15 (Liu et al., 2016) (Fig. 10, green). A targeted deletion of this looping site 

will indicate if this loop affects ROS1 transcription. 

An 817bp region 5’ of ROS1 contains a methylation-sensitive silencer 

Previous research has shown that ROS15’Δ0.8 encompasses a region that upregulates 

transcription of ROS1 in direct correlation with its level of methylation (Williams et al., 2015; 

Lei et al., 2015). This led to the assumption that methylation was directly inducing transcription 

by some unknown mechanism. However, if this was true then deleting the region should have 

resulted in an almost-complete loss of methylation and a consequent reduction of ROS1 

transcription. However, our results from this deletion do not support this hypothesis. Instead, we 

found strong upregulation of ROS1 in the absence of this region, even in RdDM mutant 

backgrounds where ROS1 transcription is normally 10-fold reduced (Fig. 7). This region is 

therefore primarily a silencer of ROS1. Incorporating our prior knowledge, our new model of 

regulation proposes that this region becomes less repressive in direct correlation with its level of 

methylation (Fig. 8). This was previously hypothesized when transgenes of ROS1 with 1.6kb of 

endogenous promoter were unable to silence a stably-expressed transgene in the RdDM mutant 

nrpe1, but were able to silence the transgene when the annotated Helitron TE was removed from 

the promoter (Lei et al., 2015). However, this was considered insufficient evidence for three 

reasons. First, looking at the silencing of a transgene by ROS1 expressed from a separate 

transgene allows for the possibility of post-transcriptional regulation of ROS1 mRNA or protein 

in the methylation mutant, leading to the loss of function. Second, the insertion of transgenes into 

the genome by Agrobacterium is random, and insertion location can have strong effects on not 

only the basal transcription level of a transgene, but also the level of methylation that the  
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Figure 8: Model for regulation of ROS1 by the 5’ silencer  
The 5’ silencer region represses ROS1 transcription, but this repressive effect is mitigated by 
methylation of the silencer itself. When this region is methylated (top) there is little repression 
and abundant transcription of ROS1. Demethylation of this region (bottom) leads to an increase 
in repression and a concomitant reduction of ROS1 transcription. 
 
 
 

 
 

 
 
 
 
 
Figure 9: Future experiments to investigate the 5’ silencer region 
A) Subdeletions of the 5’Δ0.8 region. These CRISPR deletions are currently being generated. 
The E2F site is from -123 to -116. B) Constructs designed to test the sufficiency of the silencer 
region. C) Hypothesis for silencer sufficiency: if the silencer is sufficient, then heavy 
methylation of the silencer (left), as in a ros1 background, should result in higher expression of 
GFP than the same transgene in a low methylation background like rdr2 (right). 
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transgene accumulates. Because of this, directly comparing different transgenes is difficult and 

subject to error. Third, the ROS1-mediated ROS1 feedback loop makes the assessment of 

transgenes difficult, as endogenous ROS1 is able to demethylate transgenes and affect their 

transcription and transgenic ROS1 will also affect transcription of the endogenous locus. The 

deletions in the endogenous chromosome are therefore cleaner and more rigorous evidence for 

this hypothesis.  

Previously we had considered the possibility of a methylation-sensitive chromatin loop 

that was affecting ROS1 transcription. While high-resolution Hi-C data did not identify a DNA 

loop within the silencer region, it remains possible that hypomethylation in RdDM mutants 

allows a novel chromatin loop to form (Liu et al., 2016). 

The silencer region (Fig. 10, orange) contains an annotated AtREP5 element, a Helitron 

TE. Helitrons are class II DNA transposons, and are known to be capable of affecting gene 

regulation. Paternally-expressed imprinted genes are enriched for neighboring Helitrons, and the 

epigenetic status of the Helitron typically affects the transcription of the imprinted gene 

(Kinoshita et al., 2004; Gehring et al., 2009; Wolff et al., 2011; Pignatta et al., 2018). Two 

Helitrons upstream of the defense gene RMG1 are differentially methylated; the proximal 

Helitron is targeted by both RdDM and ROS1, like the ROS1 Helitron, and active demethylation 

of this Helitron is required for the induction of RMG1 in response to pathogens (Halter et al., 

2021). Helitrons were also found to be enriched in binding sites for several types of transcription 

factors, most notably in the MADS-box and E2F families (Batista et al., 2019; Hénaff et al., 

2014; Muiño et al., 2016). 

The methylated region neighboring ROS1 also contains a canonical E2F site (Fig. 10, 

black) (Ramirez-Parra et al., 2003), and ChIP-Seq for E2Fa revealed significant binding at this 

site (Verkest et al., 2014). However, upregulation of E2Fa did not result in any expression 

changes at ROS1 (Vlieghe et al., 2003; Vandepoele et al., 2005). As there are six E2F 

transcription factors in the Arabidopsis genome, and two DP cofactor genes with which they 

associate (Vandepoele et al., 2002), the overexpression of E2Fa does not preclude a role for the 

other E2F factors, especially as they all bind the canonical site. Additionally, with the feedback 

loop at ROS1, even if E2Fa did induce increased transcription of ROS1, this would have led to 

the removal of methylation from the E2F binding site, which may have disrupted E2F binding 

and returned ROS1 transcription to a homeostatic level. As E2F transcription factors can act as  
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activators or repressors (Trimarchi and Lees, 2002; Ramirez-Parra and Gutierrez, 2007), bind 

differentially to methylated versus unmethylated DNA (Campanero et al., 2000; O’Malley et al., 

2016), and are also known to regulate other factors responsible for DNA methylation (Liu et al., 

2017), the hypothesis that ROS1 transcription is being regulated by the methylation-sensitive 

binding of an E2F transcription factor is an attractive one. 

To investigate this further, I am undertaking two additional experiments: the first will 

narrow down the region of DNA within the 817bp that has the silencing effect, and the second 

will determine whether this region is sufficient to function as a methylation-sensitive silencer 

outside of the endogenous chromosomal context. For the first, I am generating smaller deletions 

within the 817bp region (Fig. 9A). Deletions ROS1Δ4 and ROS1Δ5 divide the silencer into a 70bp 

region containing the E2F site (ROS1Δ4) and the remaining 747bp (ROS1Δ5). If E2F binding to 

this region is responsible for the silencing effect, perhaps by a repressive E2F that preferentially 

binds non-methylated DNA, then ROS1Δ4 should induce upregulation of ROS1 while ROS1Δ5 

will not. If ROS1Δ5 is found to contain the causal region, I can further narrow down the region of 

activity by separating the region into ROS1Δ2 and ROS1Δ3.  

The second experiment interrogates the ability of the silencing region to act outside of its 

endogenous context. For this, I have created three constructs that use 113bp of the constitutive 

35S promoter to drive expression of GFP (Fig. 9B); this is greater than the minimal promoter for 

35S, and should result in a moderate level of expression. Additionally, the 113bp of 35S will 

maintain the endogenous distance of the silencer sequence from the transcriptional start site. The 

first construct has the full 817bp silencer region before the 35S promoter; the second only has the 

70bp containing the E2F site, as in Δ4; and the third is solely p35S, in order to determine the 

basal level of GFP expression that this construct can generate. These constructs have been 

transformed into a ros1 mutant in order to encourage methylation of the transgenes. I will then 

cross the transgene into less methylated backgrounds, namely Col-0 wildtype and rdr2, to create 

an epiallelic series. I will then assay GFP expression to determine if methylation correlates with 

reporter expression. If it does, we will have determined that the silencer is modular and can 

function without additional regions of endogenous sequence in cis (Fig. 9C).  

The silencer deletion line can also be used to further investigate the role of the ROS1-

RdDM feedback loop in Arabidopsis. These plants have high levels of ROS1 transcription 

regardless of the genomic methylation status, and may mimic a constitutive ROS1 



50 
 
 

overexpression line without the need for confounding transgenes. ROS1 expression is no longer 

coupled to methylation level, and this will allow us to probe other mechanisms by which ROS1 is 

regulated. For example, reporter expression driven by 2kb of ROS1 promoter was upregulated in 

leaves following treatment with the phytohormones ethylene, auxin, or salicylic acid (Bennett et 

al., 2021). This deletion line could be used to quickly test whether this upregulation is dependent 

upon proximal promoter methylation, or relies on more distal regulatory elements. In this way, 

this deletion line can be used to separate the methylation-sensitive regulation of ROS1 from all 

other regulatory mechanisms. 

 

METHODS 

Chromatin immunoprecipitation  

ChIP-qPCR and ChIP-Seq protocols were modified from Saleh et al. (2008) and Lee et al. 

(2016). Briefly, 3g of 10-day old seedlings were crosslinked in Crosslinking Buffer with 1% 

paraformaldehyde (Saleh et al., 2008) with vacuum infiltration for 10 minutes. The reaction was 

stopped with the addition of 2.5M glycine to a final concentration of 125mM, and additional 

vacuum infiltration for 5 minutes. Cross-linked tissue was rinsed three times with deionized 

water, blotted dry, then frozen with liquid nitrogen. Frozen tissue was either stored in a -80°C for 

later use, or ground in a pre-chilled mortar and pestle to a fine powder and transferred to Nuclei 

Isolation Buffer (Saleh et al., 2008). After resuspension to a homogenous solution, samples were 

filtered twice through two pieces of Miracloth of each time, then centrifuged at 11,000xg for 30 

minutes at 4°C. The resulting pellet was resuspended in Nuclei Lysis Buffer (Saleh et al., 2008) 

and sonicated in a BioRuptor on Medium for 5 cycles of 30s on, 30s off to produce chromatin 

from 200-1000bp. 

Chromatin was diluted 1:9 in Nuclei Lysis Buffer and pre-cleared with Protein A-conjugated 

Dynabeads for 90 minutes with rotation at 4°C. After transferring supernatant to fresh tubes, 

samples were incubated with 5µl antibody ab5095 (abcam, Anti-RNA polymerase II CTD repeat 

YSPTSPS (phospho S2)) for 5 hours to overnight at 4°C with gentle rotation; a separate tube of 

chromatin was used for a No Antibody control. Dynabeads were added to each sample and 

incubated for an additional 4 hours at 4°C with gentle rotation, after which supernatant was 

discarded. Beads were washed twice each with the following buffers, each with a 5 minute 

incubation at 4°C with rotation: Low Salt Buffer, High Salt Buffer, LiCl Buffer, TE Buffer 
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(Saleh et al., 2008). DNA was eluted from the beads in Elution Buffer (Saleh et al., 2008) by 

incubation at 65°C for 30 minutes, vortexing every 2 minutes. Beads were removed after 

centrifugation at 16,000xg for 1 minute by transferring the supernatant to a fresh tube.  

Crosslinking was reversed by incubating samples at 65°C for 6 hours to overnight, but not 

exceeding 15 hours. A proteinase K digestion was then performed for 1.5hours at 45°C. After a 

phenol/chloroform/isoamyl alcohol extraction, DNA was precipitated in ethanol after at least 1 

hour at -80°C.  

Primers used for ChIP-qPCR are listed in Table I.  

For ChIP-Seq, libraries were constructed using Swift Accel-NGS 2S Plus DNA Library Kit with 

9 cycles of amplification and sequenced on an Illumina 2000 with 40bp single-end protocol at 

the Whitehead Genome Technology Core. Reads were trimmed with Trim Galore (Babraham 

Bioinformatics), removing 8bp from the 5’ ends of read before mapping to the TAIR 10 genome 

(Lamesch et al., 2012) using Bowtie2 (Langmead and Salzberg, 2012).  

Construction of transgenes 

For the ROS1:LUC BAC transgene, P. pyralis Luciferase was isolated by PCR using primers 

listed in Table I, bounded by homologous sequence for the 3’ end of ROS1. BAC JAtY62M02 

was used for recombineering, following established protocols (Zhou et al., 2011). Col-0 plants 

were transformed via Agrobacterium-mediated floral dipping (Clough and Bent, 1998), and the 

transgene crossed into rdr2.  

For GUS constructs, PCR was used to amplify the 4kb upstream of ROS1, the ROS1 coding 

sequence, GUS, and the nosT terminator using primers with designed overhangs. Constructs 

were initially assembled into a pENTR-TOPO vector via Gibson assembly, then transformed into 

the binary vector pMDC99 (Curtis and Grossniklaus, 2003). Col-0 plants were transformed via 

Agrobacterium-mediated floral dipping (Clough and Bent, 1998). 

LUCIFERASE imaging 

3-week old plants were sprayed with 1mM firefly D-luciferin. After >30 minutes had elapsed, 

luminescence was measured using a Bethold NightOWL II LB 983: plants were placed in 

complete darkness for 2 minutes to reduce autofluorescence, followed by a 2-minute exposure. 

Luminescence was quantified using indiGO software. 
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GUS staining 

Tissues were collected into ice-cold PBS, then stained with GUS (Jefferson, 1987; 100mM 

Na2HPO4, 10mM Potassium ferricyanide, 10mM Potassium ferrocyanide, 10mM EDTA pH8, 

0.6% Triton X-100, 2mM X-GlcA): following vacuum infiltration (three times for 3 minutes 

each) samples were incubated at 37°C for approximately 24 hours. GUS stain was removed, 

tissues were then fixed in a 3:1 solution of Ethanol : Acetic Acid for 30 minutes at room 

temperature, and then cleared by incubating in 70% ethanol at 37°C for 2-4 hours. If necessary, 

samples were further cleared by incubation in 5% (w/v) sodium hydroxide for 2 hours at room 

temperature. After clearing samples were imaged under a light microscope. 

Generating deletions with CRISPR 

gRNAs were chosen to bound the edges of the desired deletions. If there was a nearby gene, 

gRNAs were selected from the database provided by Li et al. (2013); if there were no convenient 

genes, gRNAs were designed by hand or with E-CRISP (Heigwer et al., 2014). gRNA sequences 

are listed in Table II. For each deletion the two bounding gRNAs were cloned via Gibson 

Assembly (Gibson et al., 2009) to be under the control of U6-26 promoters, in the plasmid 

pJKW0474 containing plant-codon optimized Cas9 under the control of the CLAVATA3 

promoter. pJKW0474 was a gift from Jing-Ke Weng (Addgene plasmid # 107588 ; 

http://n2t.net/addgene:107588 ; RRID:Addgene_107588). Col-0 plants were transformed with 

these constructs by Agrobacterium-mediated floral-dipping (Clough and Bent, 1998).  

T1 plants were selected by Basta and screened by PCR for deletions, using a 3-primer PCR with 

a forward and reverse primer outside of the deletion boundaries and a second reverse primer 

inside the deleted region. If the region is deleted, the inside reverse primer will not be able to 

anneal. Primers were designed so that the forward primer will create an amplicon of different 

size based on which reverse primer is used. Plants containing deletions were carried forward by 

selfing into the next to generation to ensure they were in the germ line. Heterozygous plants with 

deletions were used as pollen donors to pollinate drm2-2 and rdr2-1 plants. The resulting F1 

plants were genotyped to confirm the presence of the deletion and the absence of the Cas9 

transgene. The F1 plants were selfed. At least 95 F2 plants were genotyped at 14-days old to 

identify plants that were homozygous with and without the deletion, and with and without the 

RdDM mutation. More plants were screened if sufficient numbers of those genotypes were not 

isolated.  
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Quantitative real-time PCR 

RNA was isolated from the 5th leaf of 21-day old plants using TRIzol Reagent (Invitrogen) 

according to manufacturer’s instructions. Genomic DNA was removed by treatment with 

Amplification-grade DNase I (Invitrogen). cDNA was prepared from 500-750ng RNA 

(standardized within each batch) with Superscript II Reverse Transcriptase (Invitrogen) 

according to the manufacturer’s instructions, with polyadenylated transcripts selected for through 

use of an oligo-dT primer. Every reaction including one sample that went through the same 

protocol but without Superscript enzyme to confirm the absence of contaminating genomic DNA 

in the RNA sample when used in qPCR. qPCR was performed on a StepONE Plus Real-Time 

PCR system with Fast SYBR-Green PCR master mix (Applied Biosystems). Reactions were 

normalized to reference gene AT1G58050 (Czechowski et al., 2005). All qPCR reactions were 

performed with technical triplicates and a minimum of biological triplicates, unless otherwise 

noted. Cycling conditions were as follows: 95°C for 20s followed by 40 cycles of 95°C for 3s 

and 60°C for 30s. ROS1 and SDC primers were from Williams et al. (2017) and are listed in 

Table 1 as ROS1_qPCR_ and SDC_qPCR_. Relative fold change in expression with respect to 

the geometric mean of the WT samples was determined using the ∆∆Ct method (Livak and 

Schmittgen, 2001). Standard error was calculated from combined standard deviations of both 

technical and biological replicates for each genotype. Significance was determined by one-way 

ANOVA with post-hoc Tukey HSD or by two-tailed Student’s T-test using ΔΔCt values. 
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Table I: Primers used in this study 
 
Primer Name    Primer Sequence      
ACT7_ChIPqF   CGTTTCGCTTTCCTTAGTGTTAGCT 
ACT7_ChIPqR   AGCGAACGGATCTAGAGACTCACCTTG 
QQS_ChIPqF    ACGTTGAAAGAAGCTTCAAACC 
QQS_ChIPqR    TTGCGACACCTGATGTAGAAGT 
ROS1_TSS_ChIPqF   GAGTCAGAAATGGAGAAACAGAGG 
ROS1_TSS_ChIPqR   CTTCATGGGTGTCTGAGGAATC 
ROS1_exon4_ChIPqF  ACTGCTCTCGTTCCTTACACAATG 
ROS1_exon4_ChIPqR  GGAGTTACAGGCACAATTGCTCC 
ROS1_exon14_ChIPqF  GTGAACCAATCATCGAAGAGCCT 
ROS1_exon14_ChIPqR  GTCAGCTATTGATACTTCTGCGGT 
ROS1_qPCR_F   CAGGCTTGCTTTTGGAAAGGGTACG 
ROS1_qPCR_R   GTGCTCTCTCACTCTTAACCATAAGCT 
SDC_qPCR_F    GTAGAAGTCAAGTCCTTGGGAGAT 
SDC_qPCR_R    GAACTCATGAGCCGAAACCGAGA 
 
 
 
Table II: gRNAs used for CRISPR 
 
Deletion identifier  gRNA                                  s 
5’Δ15a    GGTGACATGTCTATGAGGCT 
5’Δ15b    GTGAAGCTTAGGCCTAACTA 
5’Δ0.8a   GGTGGTCATAACCTAATGAT 
5’Δ0.8b   GCGAAAGTTCGTTTGGTTGG 
3’Δ20prox_a   GAAGAAACCCAGGCTCAGCG 
3’Δ20prox_b   TCCGGCGCGACGCAGTACTG 
3’Δ20distal_a   TCCGGCGCGACGCAGTACTG 
3’Δ20distal_b   TACCAGATGGGGTATCCATG 
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Chapter Three 
 

Active demethylation is required for regulation of FLC, correct flowering time, and anther 
dehiscence 
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Gehring, M. (2021) Somatic DNA demethylation generates tissue-specific methylation 
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with L. Bechen. L. Bechen performed EM-Seq. B. Williams generated the drdd mutants and 

performed RNA-Seq analysis.   
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ABSTRACT 

Proper regulation of FLOWERING LOCUS C (FLC) ensures that flowering plants begin 

the process of flowering at the right time. While many genetic and epigenetic mechanisms are 

known to affect FLC transcription, no role for DNA methylation or demethylation has been 

previously described in this regulation. We generated the somatic quadruple mutant 

dme;ros1;dml2;dml3 (drdd), homozygous for mutations in all of the DNA demethylase genes in 

Arabidopsis, in order to assess the role of active demethylation in the somatic tissues of the plant. 

We found that drdd plants exhibit early flowering, and link that phenotype to hypermethylation 

in a region 5’ of FLC. In addition, we detected a partial male sterility defect in drdd caused by 

delayed dehiscence of the anthers, which may be caused by a lack of reactive oxygen species. 

This is the first time that DNA demethylation has been implicated in flowering time or anther 

dehiscence. 

 

INTRODUCTION 

Flowering time and plant fertility are important elements of agriculture. Some cultivars of 

spinach, for example, are sensitive to conditions that cause them to bolt early, resulting in a loss 

of yield and quality (Chitwood et al., 2016).  In addition, several important agricultural crops 

such as rice, maize, and cotton report reduced male fertility under high temperature stress, 

emphasizing the importance of studying these processes for an era of global climate change 

(Herrero and Johnson, 1980; Rang et al., 2001; Prasad et al., 2006; Snider et al., 2011). A 

concerted effort has therefore been made to improve our understanding of the genetic and 

epigenetic regulatory networks that underlie flowering in many different species of flowering 

plants and the defects in fertility that can occur therein (Abou-Elwafa et al., 2011; Nie et al., 

2016; Ou et al., 2017; Avila de Dio et al., 2019; Zhang et al., 2020; Ghorbani et al., 2021). 

FLOWERING LOCUS C (FLC) is a MADS-box transcription factor that represses 

flowering and must be downregulated before the transition from vegetative to reproductive 

development can occur (Michaels et al., 1999). The FLC locus is regulated by a number of 

mechanisms through either the autonomous or vernalization flowering time pathways. Before 

vernalization, FLC is upregulated in vegetative tissue by the actions of FRIGIDA and a complex 

of histone acetyltransferases and methyltransferases (Li et al., 2018). Vernalization results in a 

change in the local chromatin environment mediated by the Polycomb Repressive Complex 2 
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(Yang et al., 2017; Jiang and Berger, 2017) and the lncRNA COOLAIR (Csorba et al. 2014). In 

the autonomous flowering pathway, in the absence of vernalization, FLC is downregulated by a 

suite of 3’ RNA processing proteins, increased transcription of COOLAIR, and the loss of 

H3K4me2 (Wu et al., 2020). However, no role for DNA methylation has been proposed to 

regulate FLC in the autonomous pathway. 

Epigenetic changes such as DNA methylation allow plants to modify gene expression 

throughout development and in response to environmental cues. In plants, cytosine methylation 

occurs in all three sequence contexts (CG, CHG, and CHH where H is any nucleotide other than 

G). De novo methylation is added through the actions of the RNA-Directed DNA Methylation 

(RdDM) pathway (Matzke and Mosher, 2014). Methylation can be removed passively, through a 

failure to renew the methylation on the daughter strand after DNA replication, or actively 

through the actions of the DEMETER family of Helix-hairpin-helix GPD DNA 

glycosylase/lyases. This family consists of four members: DEMETER (DME), which is 

necessary in the central cell of the female gametophyte, REPRESSOR OF SILENCING 1 

(ROS1), DEMETER-LIKE 2 (DML2), and DEMETER-LIKE 3 (DML3). It has not been possible 

to evaluate the potential roles of DME in vegetative tissues because seeds that inherit a mutant 

dme allele from the maternal parent are aborted (Choi et al., 2002). In contrast, the triple mutant 

ros1;dml2;dml3 (rdd) is viable and exhibits hypermethylation at the 5’ and 3’ ends of a subset of 

genes (Penterman et al., 2007; Lister et al., 2008). There are few reported phenotypes in the rdd 

mutant; the plants are more susceptible to infection by the fungal pathogen F. oxysporum (Le et 

al., 2014), there is an overproduction of stomatal precursor cells due to the hypermethylation and 

downregulation of a repressor of stomatal formation (Yamamuro et al. 2014), and there are 

discontinuities in the protoxylem (Lin et al., 2020). However, the role of active demethylation as 

a whole has been indiscernible because DME might be compensating for the loss of the other 

three demethylases in the rdd mutant.   

In this chapter, I describe our bypass of the dme seed abortion phenotype by rescuing 

DME transcription solely in the central cell of dme mutant plants. We were then able to obtain 

plants homozygous for mutations in dme, including the quadruple mutant dme;ros1;dml2;dml3 

(drdd). drdd plants are early flowering, which we determine is correlated with hypermethylation 

and concurrent downregulation of FLC. In addition, anther dehiscence is also affected in drdd 
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plants, resulting in a male sterility phenotype. Active demethylation therefore plays a role in the 

vegetative-to-reproductive transition and in male fertility.  

 

RESULTS 

Isolating quadruple demethylase mutants 

In order to fully understand the role of the DME family of 5-methylcytosine DNA 

glycosylases in Arabidopsis, we sought to isolate homozygous mutations in all four orthologues 

in this family – DME, ROS1, DML2 and DML3. To bypass the dme seed abortion phenotype, we 

created a transgene in which the genomic coding sequence of DME was expressed under the 

central cell-specific promoter of AGL61 (Fig. 1A) (Steffen et al., 2008). This transgene was 

transformed into the previously isolated rdd triple mutant (Penterman et al., 2007). Transgenic 

rdd plants were pollinated by heterozygous dme mutants to create heterozygous quadruple 

mutants (Fig. 1B). These heterozygotes were self-fertilized and seed abortion rates were 

quantified to test the ability of the pAGL61:DME transgene to complement the dme seed abortion 

phenotype. Whereas non-transgenic plants harboring the dme mutation exhibit 50% seed 

abortion, multiple transgenic lines expressing pAGL61:DME exhibited minimal seed abortion, 

indistinguishable from rdd plants (Fig. 1C). Expression of DME in the central cell before 

fertilization is therefore sufficient to rescue the post-fertilization seed abortion phenotype. After 

self-fertilizing the heterozygous quadruple mutant, the following four genotypes were isolated 

over two subsequent generations: homozygous quadruple mutants (hereafter termed drdd), 

homozygous rdd mutants, homozygous dme mutants, and homozygous wild-type segregants 

(hereafter termed WT DRDD), which serve as closely-related wildtype controls containing the 

pAGL61:DME transgene for subsequent experiments. All four of these genotypes were 

determined to be homozygous for a single transgene insertion, and displayed seed abortion rates 

of <2%, similar to non-transgenic rdd (Fig. 1C).  

To assay whether the AGL61 promoter was leaky and causing DME expression outside of 

the central cell, we isolated RNA from adult leaf tissue and used qRT-PCR to evaluate the levels 

of DME transcription. Two primer sets for DME transcripts were used: Region 1 primers were 

designed to span the dme-2 T-DNA insertion, so are specific to the endogenous wildtype DME 

allele and the transgene, but not to the mutant dme-2 allele. Region 2 primers target a region 

downstream of the T-DNA insertion, which therefore should not be found in mRNA from the  
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Figure 1: Generation and evaluation of homozygous dme and quadruple drdd mutants 
A) Schematic showing the construct designed to express DME specifically in central cells using 
the AGL61 promoter. B) Schematic showing the segregation of mutant genotypes. Transgenic 
rdd plants were pollinated by heterozygous (+/-) dme to generate heterozygous drdd F1 progeny. 
WT, dme, rdd and drdd homozygotes were isolated from two subsequent generations.  
C) Proportion of aborted seeds in non-transgenic WT, dme, rdd plants, as well as dme, rdd and 
drdd plants homozygous for the pAGL61:DME transgene. 250-300 seeds were evaluated for 
each genotype. D) Schematic of DME showing qPCR primer locations. E-F) qPCR results 
showing fold change of DME transcript levels for WT DRDD (DRDD in legend), WT, dme, and 
drdd in 23-day old leaf tissue. All samples with the pAGL61:DME transgene are in blue. Error 
bars represent standard error of the mean. Biological replicates are n=4 for WT DRDD, WT, and 
dme, and n=3 for drdd. Asterisks indicate a significant difference from WT of p<0.05 by 
Student’s T-test. There is no significant difference between WT DRDD and WT (Two-tailed 
Student’s T-test: Region 1: t(3)=-1.32, p=.23; Region 2: t(3)=-0.33, p=0.75). 
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dme-2 allele (Fig. 1D). There was no significant difference in WT DRDD samples with the 

transgene and wildtype samples without, and there was approximately a 5-fold (Fig. 1F) to 10-

fold (Fig. 1E) reduction in DME levels between WT DRDD and drdd. Amplification was lower 

for Region 1 than Region 2 using the same cDNA, likely due to differences in primer efficiencies 

and bias from the fact that reverse transcription begins at the 3’ end (Udvardi et al., 2008). These 

results suggest that the pAGL61:DME transgene is not substantially expressed in leaves and that 

drdd pAGL61:DME have substantially reduced DME activity. 

Demethylation is necessary for proper timing of flowering, as regulated by FLC 

Initial experiments revealed a distinct early flowering phenotype in drdd plants compared 

to WT DRDD, dme, and rdd when all were grown together (Fig. 2A). To quantify this effect, we 

determined the flowering time for several sets of these plants by counting the number of true 

leaves that had been produced at the time of bolting, which is when the plants produce a 

flowering stem. Under both long- and short-day light conditions, drdd plants consistently 

flowered significantly earlier than the other genotypes (Fig. 2B-C). Under short-day conditions 

(Fig. 2B) the number of mutated demethylase genes correlated with how early the plants 

flowered, with drdd plants flowering the earliest, followed by rdd, dme, and WT DRDD plants. 

Under long-day conditions there was no significant difference between rdd and dme plants, but 

both flowered slightly earlier than the average WT DRDD plant (Fig. 2C). 

As flowering time is regulated by FLOWERING LOCUS C, we hypothesized that this 

gene might be dysregulated in the demethylase mutants. RNA-Seq analysis of 3-week old leaf 

tissue revealed decreased FLC transcripts in all three mutants when compared to WT DRDD, 

approximately 2-fold lower in dme and rdd and 8-fold lower in drdd (Fig. 2D). qRT-PCR from 

21-day old leaf tissue showed that FLC transcription levels varied significantly between 

biological replicates, but were approximately 20-fold lower on average in drdd plants compared 

to WT DRDD (Fig. 2E). While dme and rdd also showed decreased FLC transcript levels, they 

were not reduced as far as drdd, correlating with their flowering after drdd plants but before WT 

DRDD. We investigated the methylation status of the 5’ flanking region of FLC by EM-Seq 

(Enzymatic Methyl-Seq; Vaisvila et al., 2021) and found hypermethylation in drdd in all 

cytosine sequence contexts 800-2100bp upstream of the transcriptional start site (Fig. 2F). 

Examination of smallRNA-Seq data from wild-type embryos (Erdmann et al., 2017) also showed   
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Figure 2: Loss of DNA demethylases results in hypermethylation and decreased 
transcription of FLOWERING LOCUS C, inducing early flowering.  
A) Early flowering is evident in drdd plants compared to WT (WT DRDD), dme, and rdd plants 
all grown in long-day conditions.  B-C) Flowering time, as measured by the number of true 
leaves at the time of bolting, of replicate cohorts of WT (WT DRDD), dme, rdd, and drdd plants 
grown in B) short- (8h) and C) long-day (16h) conditions. Error bars represent standard 
deviations of biological replicates. p-values are from unpaired t-tests. n>30 for each genotype. D) 
FLC expression and fold-change compared to WT (WT DRDD) as measured by RNA-seq. Error 
bars represent standard error between biological replicates. E) Relative FLC expression from 
long-day plants measured by quantitative real-time PCR. Each point represents an individual 
biological replicate, horizontal lines denote the median value. F) EM-Seq analysis of methylation 
levels and small-RNA-Seq coverage of the region 5’ of FLC.     
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a significant number of reads mapping to this area, indicating that this region is likely targeted 

for methylation by the RdDM pathway in wildtype plants, but any methylation is removed by the 

5-methylcytosine DNA glycosylases. This also implies that the RdDM pathway is active at more 

loci than are methylated in wildtype plants; like FLC, there may be a significant number of 

regions where active demethylation efficiently counters RdDM activity to minimize detectable 

methylation. 

The hypermethylation of FLC in drdd (Fig. 2F) matches the decrease in FLC 

transcription as detected both in RNA-Seq (Fig. 2D) and by qPCR (Fig. 2E), and links to the 

early flowering phenotype.  

Demethylation by DRDD induces timely anther dehiscence and affects male fertility 

We also detected a fertility defect in drdd plants that was not evident in rdd or dme. With 

varying penetrance and expressivity, drdd plants exhibit a failure to produce elongated siliques, 

indicating a lack of developing seeds inside (Fig. 3A-C). Some plants fail to produce any siliques 

(Fig. 3A), others stop producing siliques after an indeterminate amount of time (Fig. 3B), and 

still other plants produce some fertile and some infertile bolts (Fig. 3C). We quantified this effect 

for a cohort of 28 drdd plants and found that 71% showed a defect in fertility, including 39% that 

were completely sterile (Fig. 3D). Sterility can be caused by defects in the male parent, female 

parent, or both. When pollinated manually by wildtype pollen, drdd flowers produced elongated 

siliques, indicating that female fertility is not compromised (data not shown). Upon examination 

under magnification, it became evident that sterile drdd plants have a failure of anther 

dehiscence in the first open flower, meaning that pollen is not being released from the anthers, 

although dehiscence has occurred by the fourth open flower (Fig. 3E). When a flower has aged to 

become the fourth open flower, however, the pistil has already elongated past the anthers, which 

may result in a failure of drdd flowers to self-fertilize as the pistil never brushes past anthers that 

are releasing pollen (Fig. 3F). Using a simplified Alexander’s stain, which stains non-aborted 

pollen purple and aborted pollen blue-green (Peterson et al., 2010), we determined that drdd 

pollen showed no viability defect, further indicating that the timing of dehiscence may be the 

causal problem underlying the drdd sterility phenotype.  

Anther dehiscence occurs when the anther breaks open to release the pollen that has 

developed inside. This requires two major processes: cell death of the septum cells that separate  
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Figure 3: DRDD are required for proper anther dehiscence and male fertility  
A-C) Variable sterility phenotypes in drdd plants, ranging from no fertile siliques (A), to plants 
that switch from producing fertile siliques to infertile (B), to plants where fertility varies from 
bolt to bolt within the same plant (C); blue arrows indicate fertile siliques on a single bolt. All 
plants were grown at the same time under the same conditions. D) Number of 7-week old drdd 
plants from a single flat with each state of fertility. E) Anthers from WT (DRDD) and drdd from 
the 4th largest bud, largest bud, first open flower, and 4th open flower at 5x. F) 1.25x 
magnification of 4th open flower of a sterile drdd plant. G) Alexander staining of anthers 1st open 
flower of WT (DRDD) and drdd; purple = viable, green = inviable. H) DAB staining of anthers 
from WT (DRDD), fertile drdd, and sterile drdd inflorescences.  
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the pollen chambers from each other, and the opening of the anther by a combination of 

dehydration and secondary cell wall thickening causing physical stress (Wilson et al., 2011).  

Previous analyses of mutants with delayed anther dehiscence have linked this phenotype 

to a failure of secondary wall lignification in the anthers due to a lack of reactive oxygen species 

(Mitsuda et al., 2005; Dai et al., 2019). To test this hypothesis, we treated anthers of WT DRDD 

and both fertile and sterile drdd plants with 3’, 3’-diaminobenzidine (DAB), which reacts with 

H2O2 to produce a brown precipitate. While pollen grains stain to the same degree in all three 

genotypes, we found that the tissue of the anther itself, especially at the tip, had less staining in 

the sterile drdd first open flower compared to the anther tissue from bothWT DRDD and fertile 

drdd flowers (Fig. 3H, compare red arrows). By the fourth open flower, there is no discernable 

difference in the intensity of stain between the genotypes. This indicates that the sterile drdd 

anther has a delay in accumulating H2O2, which correlates with the delay in anther dehiscence.  

 

DISCUSSION 

Arabidopsis flowering time is regulated by active demethylation of FLC 

The downregulation of the floral repressor gene FLC is a key step for flowering in 

Arabidopsis, and this gene is therefore under complex regulation to ensure that plants transition 

to the reproductive stage of the life cycle when environmental conditions are optimal. While 

FLC has been reported to be regulated by many epigenetic mechanisms, including histone 

methylation, antisense lncRNAs, and chromatin looping, neither targeted methylation nor 

demethylation have been implicated to regulate FLC or autonomous flowering (Csorba et al., 

2014; Crevillén et al., 2012; Wu et al., 2020). Flowering induced by vernalization involves 

reduced genomic DNA methylation levels (Finnegan et al., 1998), but no significant changes in 

methylation at FLC. ddm1 mutants, which have decreased methylation levels, have delayed 

flowering times in long-day conditions caused by the hypermethylation of tandem repeats in the 

5’ region of FWA (Kakutani et al., 1995; Kakutani, 1997; Soppe et al., 2000; Kinoshita et al., 

2006). FLC, on the other hand, does not appear to be significantly misregulated in methylation 

mutants. This correlates with the fact that we found no methylation at FLC in Col-0, so 

mutations in methylation pathways would not confer a significant change at these sites. 

However, given that we also found that small RNAs were targeted to the 5’ region of FLC (Fig. 

2F), there appears to be a complicated and previously unsuspected interplay between RdDM and 
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active demethylation at the FLC locus, especially as FLC was significantly misregulated in drdd 

plants.  

To investigate whether the methylation in the 5’ flanking region is directly affecting FLC 

transcription, we could ectopically methylate in a Col-0 background the regions we identified as 

hypermethylated in drdd (Fig. 2F). We have previously induced ectopic methylation using a 

transgene expressing an inverted hairpin construct that will target the RdDM pathway to the 

desired locus (Williams et al., 2015; Pignatta et al., 2018), and by doing so we can assay the 

sufficiency of this methylation in repressing FLC transcription. Additionally, we should 

investigate whether or not transcription of COOLAIR, an antisense lncRNA at FLC that 

interferes with FLC transcription (Wu et al., 2020) is affected in drdd as a potential mechanism 

for this regulation.  

Despite the extensive research into regulation of FLC, we have shown that additional 

regulatory mechanisms are at play at this locus, beyond those that have already been described. 

The DRDD family of protein are actively demethylating the 5’ flanking sequence of FLC, 

preventing hypermethylation that is correlated with decreased FLC transcription and early 

flowering.  

DNA demethylation is important for anther dehiscence and male fertility 

We found that drdd plants had reduced male fertility, due to a delay in anther dehiscence 

that correlated with a lack of reactive oxygen species in the anthers (Figure 3). While it has been 

recently reported that DNA demethylation is required for male fertility in pollen tube formation 

(Khouider et al., 2021), this is the first evidence for a role of active demethylation in anther 

dehiscence in Arabidopsis. In cotton, high temperature-induced anther indehiscence was linked 

to DNA methylation, and to reactive oxygen species accumulation (Ma et al., 2018; Zhang et al., 

2020). However, these paper proposed a role for RdDM in that process, rather than a role for 

active demethylation.  

The process of anther dehiscence requires cooperation between several pathways in the 

maturing anther, any of which could be hindered in drdd mutants. Secondary cell wall structures 

must be thickened through lignification, causing the anther to break open when it undergoes 

dehydration (Wilson et al., 2011). This lignification requires hydrogen peroxide, and mutants 

that affect the accumulation of reactive oxygen species (Shin et al., 2019) and/or lignin 

deposition in secondary cell wall thickening (Mitsuda et al., 2005; Huang et al., 2018; Nguyen et 
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al., 2019; Zhao et al., 2019; Dai et al., 2019) are known to exhibit delayed anther dehiscence. As 

ros1 and rdd mutations were found to impair tracheary element differentiation and xylem 

development in Arabidopsis (Lin et al., 2020), it is possible that there is a common failure of 

lignin deposition in both the xylem and anther endothecium caused by a lack of active 

demethylation. This could potentially involve VASCULAR-RELATED RECEPTOR-LIKE 

KINASE1 (VRLK1), overexpression mutants of which show thinner vascular cells with less lignin 

deposition and anther dehiscence defects (Huang et al., 2018).  

In addition to lignification, anther dehiscence also requires jasmonic acid signaling 

(Stintzi and Browse, 2000; Sanders et al., 2000; Ishiguro et al., 2001; Park et al., 2002; von 

Malek et al., 2002; Ito et al., 2007; Ogawa et al., 2009; Xiao et al., 2014) and auxin signaling 

(Cecchetti et al., 2008, 2013; Song et al., 2018). The lack of active demethylation in drdd could 

have altered the expression of genes involved in these pathways.   

Another candidate gene is WRKY27, one of the 74 WRKY transcription factors in 

Arabidopsis. Transgenic lines with various degrees of overexpression of WRKY27 displayed 

varying levels of sterility caused by anther dehiscence delay, and were unresponsive to the 

application of exogenous jasmonic or gibberellic acid (Mukhtar et al., 2018). ROS1 was recently 

described to cis-regulate some defense genes through active demethylation in order to promote 

WRKY transcription factor binding in their promoter-regulatory regions (Halter et al., 2021). In 

anthers, therefore, it is possible that active demethylation by ROS1 could impact the ability of 

WRKY27 to bind to its target genes. 

Because our RNA-Seq data is from 3-week old leaf tissue, it is not surprising that it did 

not reveal a difference in expression of the major genes involved in the process of anther 

dehiscence. However, this does not preclude a tissue-specific expression difference in anthers for 

a gene necessary for anther dehiscence. Further RNA-Seq experiments in anthers to compare WT 

DRDD to both fertile and infertile drdd anthers would give additional insight as to which 

pathways are being misregulated. In conjunction with this, we can apply exogenous hydrogen 

peroxide, jasmonic acid, auxin, or gibberellic acid directly to sterile drdd inflorescences and 

observe if any of these rescue fertility (von Malek et al., 2002; Mukhtar et al., 2018; Dai et al., 

2019).    

More experiments are necessary to rule out these alternative pathways. As it is, the most 

parsimonious explanation remains that the lack of active demethylation in drdd mutants results 
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in misregulation of genes involved in reactive oxygen species accumulation, causing slower 

lignification of the secondary cell wall of the endothecium that then results in anther dehiscence 

delay. We therefore propose new roles for active demethylation in both the regulation of FLC 

and in male fertility. 

 

METHODS 

pAGL61::DME transgene 

The transgene to restore DME expression in central cells was created by amplifying the promoter 

of AGL61 (F primer: TCTAGAGGATCCAACCGATTTGACAA, R primer: 

TGATCGCTAGCTCCTCCTTTTGTA), the full genomic coding sequence (introns included) of 

DME (F primer: ATGAATTCGAGGGCTGATCCG, R primer: 

TTAGGTTTTGTTGTTCTTCAATTTGCTC) and cloning both fragments into pENTR-TOPO-D 

via Gibson assembly (overhang sequences are not included in the primers above). The assembled 

pAGL61:DME construct was then transferred to the binary vector pMDC99 (Curtis and 

Grossniklaus, 2003) using LR clonase.  

Plant material 

Triple homozygous mutant rdd plants (Penterman et al., 2007) were transformed with 

pAGL61:DME via Agrobacterium floral dipping (Clough and Bent, 1998). Single-insertion 

transformants were selected and pollinated with dme-2 (Choi et al., 2002) heterozygote mutant 

pollen to generate F1 progeny heterozygous for mutations in all four DRDD demethylase genes. 

These quadruple heterozygous plants were self-fertilized, and over two subsequent generations 

of segregation the following genotypes were isolated, each homozygous for the pAGL61:DME 

transgene: dme, rdd, and drdd and DRDD WT segregants (to serve as a closely related WT 

control for downstream experiments). The selfed progeny of the initial plant of each genotype 

were used for all downstream experiments. To assess seed abortion, siliques were harvested after 

drying and seeds examined under a dissecting microscope.  

Flowering time assay 

Plants were sown such that every row of the flats contained one plant of each genotype (WT 

DRDD, dme, rdd, and drdd) with the order iterating by one with each successive row. Flats were 

grown in a Conviron CMP6050 Control System at 22°C and 50% relative humidity, with 16 

hours of 120 µMol light and 8 hours of darkness per day (long-day) or 8 hours of light and 16 
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hours of darkness per day (short-day). Starting at two weeks of age, all plants were visually 

inspected three times per week. The number of rosette leaves was recorded once a bolt was 

visible. Populations were compared using a one-way ANOVA with post-hoc Tukey test.  The 

long day flowering time assay was repeated three times independently, and the short-day assay 

was repeated twice, using >30 biological replicates for each experiment.  

RNA-Seq 

RNA samples were isolated from 3-week old leaf samples using a QIAGEN RNeasy plant mini 

kit. 400 ng total RNA was used to generate RNA-seq libraries using a QIAGEN QIAseq 

Stranded mRNA Select Kit, with 13 cycles of amplification. An additional round of purification 

using QIAseq beads was performed to remove adapter dimers. RNA-seq was performed on an 

Illumina HiSeq 2500 using a 50 bp single-end protocol at the Whitehead Institute Genome 

Technology Core. All samples were multiplexed equally in two separate lanes to avoid batch 

effects in sequencing.  

Quantitative real-time PCR 

RNA was isolated from the 5th leaf of 21-day old plants (FLC qPCR) or 23-day old 

plants (DME qPCR) using TRIzol Reagent (Invitrogen) according to manufacturer’s instructions. 

Genomic DNA was removed by treatment with Amplification-grade DNase I (Invitrogen). 

cDNA was prepared from 500-750ng RNA (standardized within each batch) with Superscript II 

Reverse Transcriptase (Invitrogen) according to the manufacturer’s instructions, with 

polyadenylated transcripts selected for through use of an oligo-dT primer. qPCR was performed 

on a StepONE Plus Real-Time PCR system with Fast SYBR-Green PCR master mix (Applied 

Biosystems). FLC primer sequences were as previously described (Csorba et al., 2014): FLC_F: 

AGCCAAGAAGACCGAACTCA, and FLC_R: TTTGTCCAGCAGGTGACATC. DME region 

1 primers were: DME_reg1F: CGAGGAAGGGCTGATTCCTTCAT, and DME_reg1R: 

TCCATGGCGAAAAACGTCTATCTC. DME region 2 primers were as previous described 

(Zhang et al., 2019): qDMEc6F: CATCGTCTCCTTGATGGTATGG, and qDMEc6R: 

CTTTCCCTCCACACTTCTGTT. Reactions were normalized to reference gene AT1G58050 

(Czechowski et al., 2005): AT1G58050_F: CCATTCTACTTTTTGGCGGCT, and 

AT1G58050_R: TCAATGGTAACTGATCCACTCTGATG. All qPCR reactions were 

performed with technical triplicates. Cycling conditions were as follows: 95°C for 20s followed 

by 40 cycles of 95°C for 3s and 60°C for 30s. Relative fold change in expression with respect to 
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the geometric mean of the WT samples was determined using the ∆∆Ct method (Livak and 

Schmittgen, 2001). Standard error was calculated from combined standard deviations of both 

technical and biological replicates for each genotype.  

EM-Seq 

EM-Seq was performed as described (Vaisvila et al., 2021) with the NEBNext® Enzymatic 

Methyl-Seq Kit according to manufacturer’s instructions, with the following specifications: 

100ng of input DNA was sheared in 1x TE buffer (130µl total volume) using a Covaris S220 set 

for 200bp average fragment size (175W, 10% duty factor, 200 cycles/burst, 180 seconds). A 2.5x 

bead cleanup was performed after shearing, followed by elution in 51µl of H2O. 50µl of this was 

used as input into the EM-Seq protocol, with 6 cycles of PCR. 

Alexander’s staining 

Stain was made as previously described (Peterson et al., 2010). Anthers from the first open 

flower were dissected and placed in 10µl staining solution on a microscope slide. Slides were 

incubated in the dark for approximately 3 hours before being imaged on a Zeiss Axio Imager 2 

with brightfield optics. 

DAB staining 

Staining was performed as previously described (Daudi and O’Brien 2012) with minor 

substitutions: DAB tetrahydrochloride was used in place of DAB non-acidified powder and 

added hydrochloric acid; whole inflorescences were vacuum-infiltrated in a 6-well plate with 

5ml of DAB solution for 5 minutes at 10Hg. The plate was placed on an orbital shaker at 90rpm 

for 4 hours, covered in foil. Tissue was then transferred to the bleaching solution and boiled on a 

hot plate for 15 minutes, then the bleaching solution was removed and replaced with fresh 

bleaching solution. Tissue was incubated at room temperature for at least thirty minutes before 

imaging on a Zeiss Axio Imager 2. 

Accession Numbers 

All high-throughput sequencing data is deposited in NCBI GEO under accession GSE191307. 
. 
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THESIS SUMMARY 

The work presented in this thesis increased our understanding of the mechanism by 

which transcription of the DNA glycosylase ROS1 is regulated and the importance of the entire 

DEMETER family of DNA glycosylases as a whole in the proper development of the plant.  

I determined that ROS1 is downregulated at the transcriptional level in response to 

decreased methylation levels in the proximal promoter. Through a CRISPR-Cas9-mediated 

deletion of the methylated region at the endogenous locus, I showed that it contains a 

methylation-sensitive silencer sequence. In the absence of this silencer sequence, transcription of 

ROS1 was increased in wildtype, rdr2, and drm2 backgrounds. This led to a new model for 

regulation at ROS1 in which this silencer sequence represses ROS1, but DNA methylation of the 

silencer sequence lessens the repressive effect. Thus, the more methylation at the silencer 

sequence, the less the repressive effect, and the more transcription will occur at ROS1. I also 

determined that the more distal region 5’ of ROS1 contains a regulatory element that is likely 

necessary for ROS1 transcription to occur, as deleting this region led to the same level of ROS1 

transcription as is detected in ROS1+/- heterozygotes. 

Examining the impact of active demethylation as a whole, we generated and 

characterized a quadruple mutant of dme;ros1;dml2;dml3 in the somatic tissues of the plant. The 

drdd mutants flowered significantly earlier than wildtype plants and other demethylase mutants. 

Upon investigation of the floral repressor FLC, one of the genes that influences the autonomous 

flowering pathway, we detected hypermethylation in the 5’ flanking sequence. We also 

determined that transcription of FLC was significantly downregulated in drdd plants. This 

suggests that active demethylation is normally required to remove methylation from the FLC 

locus to prevent early silencing of FLC. This is the first description of a role for active 

demethylation in the regulation of FLC, a gene that integrates many environmental and genetic 

inputs to regulate flowering time. Additionally, we investigated a defect in fertility in drdd plants 

and determined that it was caused by a delay in anther dehiscence. This delay was correlated 

with a concurrent delay in the accumulation of reactive oxygen species, which are necessary for 

lignification of the secondary cell wall in order for the anther to break open and release pollen. A 

delay in anther dehiscence can lead to a block to self-fertilization, as the pistil will elongate and 

brush past the anthers before they release pollen. While active demethylation has been proposed 

to play a role in male fertility in pollen tube growth (Khouider et al., 2021), there have been no 
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reports of demethylation being necessary in anther development or dehiscence. This thesis 

underscores the necessity of understanding the balance between de novo methylation and active 

demethylation in the entirety of the plant.  

 

FUTURE DIRECTIONS 

 This thesis has introduced several new lines of inquiry into the regulation of active 

demethylation and its balance with de novo methylation. Now that we have generated the 

pAGL61:DME central cell rescue transgene, we can use this to generate the full complement of 

mutants of the DRDD genes. In particular, we can compare the four triple mutants 

(dme;ros1;dml2, dme;ros1;dml3;, dme;dml2;dml3; and ros1;dml2;dml3) to the quadruple 

mutant to investigate the sufficiency of each DNA glycosylase. Given the high degree of 

redundancy of targets of these proteins, identification of hypermethylated loci in single mutants 

only describes the set of targets for which the single demethylase is necessary. However, by 

comparing the methylation of the ddd mutant genome to the drdd genome, for example, we can 

determine all possible targets of ROS1, rather than the set of ROS1-specific targets we can 

identify from the ros1 mutant. This investigation will aid the community in our understanding of 

how ROS1 targets are defined and prioritized, without the other DNA demethylases acting 

redundantly.  

 Additionally, it is becoming clearer that tissue-specific regulation of ROS1 and active 

demethylation contributes to several aspects of development. Two studies have found phenotypic 

defects in rdd, in the tracheary elements of the venous system and in the stomata of the leaf 

epidermis (Yamamuro et al., 2014; Lin et al., 2020). Both of these phenotypes were also detected 

in ros1, but to a lesser extent. First, we should investigate the tracheary elements and stomata 

formation in drdd to determine if DME can redundantly function at the relevant loci. We should 

also examine the other structures in which I found high levels of expression of the pROS1:GUS 

transgene, particularly the hydathodes and the root columella.  

 The hydathodes of the leaf are involved in the release of water from the leaf, and are 

entry sites for pathogens (van Hulten et al., 2019). The ROS1 promoter drove high levels of 

expression in this tissue, which may indicate that there is a constitutive role of ROS1 in plant 

pathogen defense in this tissue. To test this, we could complement the ros1 mutant with a ROS1 

transgene expressed solely in the hydathodes and test pathogen susceptibility. If active 
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demethylation is playing a role in defense in this particular tissue, the increased susceptibility in 

ros1 (Yu et al., 2012) will be rescued by the transgene. Alternatively, the role of ROS1 in the 

hydathode may be linked to the differentiation of protodermal cells into the stomata, trichomes, 

and hyathodes (Torii, 2021), especially given the overproduction of stomata in ros1 mutants 

(Yamamuro et al., 2014). Yet another hypothesis is that as ROS1 is necessary for the proper 

development of xylem, ROS1 is thus enriched in the hydathodes which contain the xylem ends 

(Yagi et al., 2021a). Further experiments are necessary to determine hypothesis or combination 

of hypotheses is correct. 

The columella is a tissue in the root cap that is involved in gravitropism, and has the 

highest levels of CHH methylation in any tissue studied to date (Kawakatsu et al., 2016). The 

sedimentation of starch-filled granules within columella cells triggers growth on the side of root 

on which the granules accumulate (Su et al., 2020). PIN3 proteins, efflux carriers for the plant 

hormone auxin, are redistributed in the columella following reorientation of the root, guiding the 

auxin to direct growth of the root downwards (Su et al., 2020). This redistribution is dependent 

upon the regulatory kinase PINOID (PID), which is known to be regulated by DNA methylation 

and demethylation dynamics (Ariel et al., 2014). Because of this, we should investigate whether 

gravitropism is disrupted in ros1, rdd, or drdd mutants. 

Prior investigations into the role of ROS1, DML2, and DML3 in gravitropism indicated 

that while ROS1 was induced during this process, DML2 and DML3 were repressed (Ariel et al., 

2014). This difference between the DNA demethylases implies a unique role for ROS1 in auxin 

response, which could have implications outside of the root cap as well. Auxin dynamics have 

been implicated in the function of the columella (Ariel et al., 2014), as well as the development 

of hydathodes (Yagi et al., 2021b), stomata (Wei et al., 2021), and anthers (Cecchetti et al., 

2008). As several of these structures have developmental roles for DNA demethylation, it would 

also be instructive to investigate the interactions of ROS1 and auxin. Auxin was recently found to 

upregulate a reporter transgene driven by the ROS1 promoter in young leaves (Bennett et al., 

2021). Given the ubiquity of auxin in plant development, there may be a wider role for DNA 

demethylation than is currently known.  

Auxin-induced upregulation of ROS1 could be tested in the various regulatory deletion 

mutants that I generated in this thesis. If one of these deletions was found to interfere with auxin-

mediated regulation of ROS1, this region could then be analyzed for the presence of auxin 
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response elements, as well as binding sites for the Auxin Response Factor (ARF) transcription 

factor family.  

The regulation of PID by DNA demethylation also provides a template for a potential 

mechanism of regulation of ROS1. Methylation silences the nearby lncRNA APOLO, allowing 

formation of a chromatin loop encompassing both APOLO and PID that represses transcription 

(Ariel et al., 2014). Demethylation by RDD proteins in response to auxin leads to transcription of 

APOLO, thus breaking the chromatin loop and allowing transcription of PID to occur as well 

(Ariel et al., 2014). In this case, methylation represses a chromatin loop that represses 

transcription. At ROS1, a chromatin loop was detected near ROS1 in wildtype plants, although 

not within the silencer region (Liu et al., 2016). It is possible that this chromatin loop could 

promote ROS1 transcription, and that silencer methylation could affect this loop as it does the 

loop at APOLO. This would result in methylation-sensitive silencing of ROS1. Alternatively, 

there could be a loop that only forms in the hypomethylated RdDM mutants that is able to 

repress ROS1 transcription. 

Another hypothesis is that the methylation at ROS1 could interfere with the transcription 

of a repressive lncRNA, similar to COOLAIR transcription at FLC. Transcription of the antisense 

lncRNA COOLAIR directly leads to a reduction of transcription of FLC (Swiezewski et al., 

2009). A repressive lncRNA could therefore be at play at the ROS1 locus; transcription of the 

lncRNA could have a repressive effect on ROS1, and methylation could silence this putative 

repressor, thus also leading to methylation-sensitive silencing.  

Finally, methylation levels could be affecting the binding of methylation-sensitive 

transcription factors. DAP-Seq could therefore be used in both wildtype and RdDM mutants to 

determine if there is a difference in transcription factor binding near the ROS1 locus. To 

differentiate between the previous hypotheses will require additional experiments in the 

regulation of ROS1. Performing targeted 3C at ROS1 in wildtype and methylation mutant 

backgrounds will reveal whether a chromatin loop is affected by local methylation levels. We 

can also delete the looping site identified by Liu et al. (2016) and assay the resulting ROS1 

expression. Furthermore, with the advancements in genomic sequencing, it is feasible to 

sequence the transcriptome at high enough depth to capture even rare species, such as a lowly-

expressed RNA. By comparing the transcriptomes near ROS1 in both wildtype and methylation 

mutants, we could determine if there is a methylation-sensitive lncRNA at the ROS1 locus.  
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Multiple experiments in this thesis have addressed the importance of the equilibrium 

between the addition of methylation by the RdDM pathway and its removal by active 

demethylation. FLC is an example of a locus at which the demethylases outcompete RdDM, 

maintaining a hypomethylated state in the wildtype promoter (Chapter 3, Figure 2D-F). We are 

able to identify similar loci using the RNA-Seq and EM-Seq data gathered from the drdd 

mutants. On the other hand, SDC typifies loci at which RdDM outcompetes demethylation, 

resulting in heavy methylation and silencing that is only lifted in the rdr2;ROS15’Δ0.8 double 

mutant, an RdDM mutant with overexpression of ROS1 (Chapter 2, Figure 7D). Comparing 

these two sets of loci – those at which demethylases prevent accumulation of methylation by 

RdDM and those at which RdDM overwhelms demethylation – will give us insight into the 

establishment, maintenance, and functionality of this epigenetic equilibrium. 
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