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JOO YOUNG LIM

Department of Agriculture, Forestry and Bioresources

The Graduate School of Seoul National University

ABSTRACT

Epigenetic mechanisms play crucial roles in diverse biological processes
such as cell differentiation and responses to developmental and
environmental cues. Epigenetic modifications including DNA methylation
and histone modifications can alter gene expression through modulating
chromatin structure without DNA sequence changes. Plants can perceive and
respond to internal or external signals, where gene expression may be
epigenetically regulated. Moreover, some epigenetic variations may be stably

inherited and conceivably contribute to important phenotypic traits. However,



the detailed mechanisms of epigenetic factor-mediated developmental and
environmental plasticity and their evolutionary significance associated with
traits remain to be explored in plants. In this study, | investigated
environmental and developmental responses regulated by DNA demethylases
in Arabidopsis. DNA methylation can be actively removed by the DEMETER
(DME) family of DNA glycosylases, together with REPRESSOR OF
SILENCING 1 (ROS1), DEMETER-LIKE 2 (DML2) and DML3. Two rosl
mutant lines were hypersensitive to abscisic acid (ABA). Downregulation of
ABA-inducible genes was accompanied by DNA hypermethylation at their
promoter regions in rosl, indicating ROS1-dependent DNA demethylation is
required for transcriptional activation in ABA-mediated drought and osmotic
stress responses. | further extended this research to examine the combined
function of DNA demethylases in reproductive development. | observed
several developmental defects such as delayed growth and flowering, aberrant
floral development and short unfertilized siliques in the dme ros1 dml2 dml3
(drdd) quadruple homozygous mutant. Gene expression is significantly
reduced in drdd compared to WT, rather than in dme and rdd, accompanied
with an increase in DNA methylation levels. These findings suggest that DNA
demethylases act redundantly for the proper regulation of genes during

reproductive development. In addition, | analyzed the morphological



divergence between the two subspecies Chinese cabbage (Brassica rapa
subsp. pekinensis) and turnip (B. rapa subsp. rapa) despite high genetic
similarity. Comprehensive analysis of transcriptome and epigenome revealed
that accessible chromatin regions (ACRs) were associated with the expression
dynamics, histone H3 lysine 27 acetylation enrichment and the depletion of
DNA methylation. The distant ACRs of the two subspecies were highly
conserved but displayed divergent chromatin accessibility with differential
enrichment of transcription factor motifs. These results indicate that
subspecies-specific divergence of distal enhancers might be responsible for
morphotype diversification. Taken together, this study will broaden the
understanding of regulatory mechanisms of DNA demethylation in response
to environmental and developmental cues and provide insights into distal

enhancer-derived subspecies diversification during evolution.

Keywords: Arabidopsis, DNA demethylase, Chinese cabbage, turnip, enhancer
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GENERAL INTRODUCTION

DNA methylation

In higher eukaryotes, DNA methylation plays essential roles in diverse
biological processes such as gene imprinting, transposon silencing and X
chromosome inactivation (Huh et al., 2008; Law and Jacobsen, 2010; Smith
and Meissner, 2013). DNA methylation is achieved by DNA
methyltransferases (DNMTSs) catalyzing the addition of a methyl group to the
C5 position of cytosine (5-methylcytosine; 5mC). DNA methylation in
mammals is primarily found in the symmetric CG context, whereas DNA
methylation in plants occurs at cytosines in all sequence contexts: CG, CHG
and CHH (H = A, T or C) (Law and Jacobsen, 2010).

In mammals, DNA methylation is established by the DNMT3 family of
de novo methyltransferases and maintained through the activity of DNMT1
(Law and Jacobsen, 2010; Wu and Zhang, 2010). During DNA replication,
ubiquitin-like plant homeodomain and RING finger domain 1 specifically
binds to hemimethylated DNA and recruits DNMT1 to copy the methylation
pattern onto the daughter strand (Law and Jacobsen, 2010; Smith and
Meissner, 2013; Wu and Zhang, 2010). In plants, DOMAINS

REARRANGED METHYLTRANSFERASE 2 (DRM2), a homolog of



DNMT3, catalyzes the establishment of DNA methylation via the RNA-
directed DNA methylation (RdDM) pathway (Matzke and Mosher, 2014).
RNA polymerase IV initiates the biogenesis of 24-nucleotide small
interfering RNAs (siRNAs) that direct DRM2-mediated de novo methylation
on RNA polymerase V-transcribed loci (Matzke and Mosher, 2014; Zhang et
al., 2018). Once established, maintenance of DNA methylation requires
different DNA methyltransferases acting on each sequent context. Symmetric
CG and CHG  methylation are  maintained by DNA
METHYLTRANSFERASE 1 (MET1) and CHROMOMETHYLASE 3
(CMT3), respectively, and DRM2 and CMT?2 are responsible for maintaining

asymmetric CHH methylation (Law and Jacobsen, 2010; Zhang et al., 2018).

DNA demethylation

DNA demethylation is a reverse process of DNA methylation, which can
take place through passive or active mechanisms (Law and Jacobsen, 2010).
Passive DNA demethylation is a process by which 5mC is replaced with
cytosine in a replication-dependent manner when maintenance DNA
methyltransferases such as DNMT1 and MET1 are downregulated or
inactivated. In contrast, active DNA demethylation refers to the enzymatic

removal of 5mC in a replication-independent manner (Wu and Zhang, 2010).



Different types of active demethylation machineries are employed in
mammals and plants. In mammals, the ten-eleven translocation (TET) family
proteins catalyze the oxidation of 5mC to form 5-hydroxymethylcytosine
(5hmC), then oxidized to 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC) (Ito et al., 2011; Tahiliani et al., 2009). These intermediates are
excised by the thymine DNA glycosylase (TDG) and further replaced with
unmethylated cytosine via the base excision repair (BER) pathway (He et al.,
2011; Kohli and Zhang, 2013; Wu and Zhang, 2017). On the contrary to the
conversion of 5mC to other bases in mammals, direct removal of 5mC is
achieved by specific DNA glycosylases in plants. As bifunctional DNA
glycosylases/lyases, the DEMETER (DME) family of proteins excise 5mC
and cleave the sugar-phosphate backbone, creating an abasic site, by - and
d-elimination processes (Choi et al., 2002; Gehring et al., 2006; Gong et al.,
2002; Penterman et al., 2007). The gap is processed to provide 3’-OH for
subsequent polymerization via the BER pathway (Lee et al., 2014; Martinez-
Macias et al., 2012).

Four DNA glycosylase family members are found in Arabidopsis —
DME, REPRESSOR OF SILENCING 1 (ROS1), DEMETER-LIKE 2
(DML2) and DML3 (Penterman et al., 2007). DME is primarily expressed in

the central cell of the female gametophyte, which is important for the



establishment of gene imprinting in the endosperm, whereby a maternal dme
allele results in seed abortion (Choi et al., 2002; Gehring, 2013; Huh et al.,
2008). DME activates the maternal allele-specific expression of MEDEA
(MEA), FLOWERING WAGENINGEN (FWA) and FERTILIZATION
INDEPENDENT SEED 2 (FIS2) by removing DNA methylation (Choi et al.,
2002; Jullien et al., 2006; Kinoshita et al., 2004). In contrast to DME, ROS1,
DML2 and DML3 are broadly expressed in vegetative tissues. ROS1 is
necessary for the inhibition of transcriptional silencing of transgenes and
endogenous genes, and along with DML2 and DML3, prevents the spreading
of DNA methylation at genomic regions (Gong et al., 2002; Lister et al., 2008;
Penterman et al., 2007; Qian et al., 2012; Stroud et al., 2013). Notably, ROS1
controls the expression of EPIDERMAL PATTERNING FACTOR 2 (EPF2)
for stomatal development and stress-responsive genes for Fusarium
oxysporum resistance by antagonizing RdDM at transposable elements (Le et
al., 2014; Tang et al., 2016; Yamamuro et al., 2014). Moreover, recent studies
attempted to generate the dme rosl dml2 dml3 quadruple mutant by central
cell-specific DME complementation, indicating the biological function of
DNA demethylases in flowering and biotic stress response (Williams et al.,

2021; Zeng et al., 2021).



Enhancers in transcriptional regulation

Enhancers are cis-regulatory DNA elements that act independently of
the distance, location or orientation to their target genes (Li et al., 2016; Long
et al., 2016). Generally, the assembly of transcription complex at enhancers
IS initiated by pioneer transcription factors that bind to DNA and generate
open chromatin, followed by the recruitment of coactivators such as histone
acetyltransferases and chromatin remodelers to increase the accessibility of
chromatin (Li et al., 2016; Shlyueva et al., 2014). Then, other transcription
factors that interact with components of the Mediator complex bind to the
DNA to recruit RNA polymerase 11, thereby leading to augmentation of basal
transcription levels (Malik and Roeder, 2010; Ong and Corces, 2011).
Importantly, chromatin looping brings enhancers in close proximity to their
cognate promoters, established by cohesin and the Mediator complex (Ong
and Corces, 2011; Schoenfelder and Fraser, 2019). Such looping allows long-
range interactions between distal enhancers and their cognate genes, even up
to 1 Mb away (Lettice et al., 2003).

Enhancers play crucial roles in cell identity control, embryonic
development, diseases and evolution by precise spatiotemporal regulation of
gene expression (Ong and Corces, 2011; Shlyueva et al., 2014). As multiple

enhancers with diverse spatiotemporal activities regulate the expression of



their target genes, enhancers are activated in response to external or internal
cues (Shlyueva et al., 2014). In mammals, active enhancers are typically
associated with high chromatin accessibility, enrichment of histone H3 lysine
4 monomethylation (H3K4mel) and H3K27 acetylation (H3K27ac), non-
coding enhancer RNA transcription and low DNA methylation levels
(Andersson et al., 2014; Kouzarides, 2007; Rada-Iglesias et al., 2011). In
contrast, inactive enhancers display low chromatin accessibility and
enrichment of H3K4mel and H3K27 trimethylation (H3K27me3) (Rada-

Iglesias et al., 2011).

Identification of enhancers in plants

As enhancers can activate transcription in a distance- and orientation-
independent manner, enhancer discovery has remained challenging,
especially in plants. High-throughput sequencing technologies have enabled
the identification of enhancer chromatin features in the human and other
animal genomes, which leads to the discovery of tens of thousands of
enhancer candidates (Andersson et al., 2014; Kvon et al., 2014). However, in
plants, genome-wide chromatin features of enhancers and their
spatiotemporal control in development remain unclear. By assaying

chromatin accessibility in a high-throughput manner, together with histone



mark enrichment and DNA methylation analysis, DNase-hypersensitive sites
or transposase-accessible chromatin regions were predicted as enhancer
candidates in the Arabidopsis, rice and maize genomes (Oka et al., 2017,
Ricci et al., 2019; Zhang et al., 2012; Zhu et al., 2015). Recently, a massive
parallel reporter assay, self-transcribing active regulatory region (STARR)-
seq was used to directly examine enhancer activity in rice and maize (Ricci
et al., 2019; Sun et al., 2019). Nevertheless, in tobacco, when enhancer
candidates were located in the 3’-untranslated regions under the control of a
minimal promoter as in the mammalian STARR-seq system, they failed to
exhibit enhancer activities due to mRNA degradation, indicating the
limitation of species-specific tolerances to mMRNA decay for plant STARR-

seq (Jores et al., 2020).

Morphological divergence of the Brassicaceae family

The Brassicaceae (Cruciferae) family comprises 338 genera and 3,709
species, with agronomical and economical importance as oilseeds,
condiments, fodder or vegetable crops (Warwick et al., 2006). These crops
include Brassica rapa (Chinese cabbage, pak choi and turnip), Brassica
oleracea (broccoli, cabbage and cauliflower), Brassica napus (rapeseed),

Raphanus sativus (radish), Armracia rusticana (horseradish) and Sinapis alba



(white mustard) (Gémez-Campo, 1980). After a whole genome triplication
event that took place approximately 9-15 million years ago, Brassica
genomes have experienced diversification as well as extensive gene
fractionation. Domestication and breeding of the Brassica crops also
facilitated highly diverse morphotypes involving leafy heads, enlarged organs
(roots, stems and inflorescences) and extensive axillary branching (Cheng et
al., 2016; Cheng et al., 2014; Wang et al., 2011). In addition to the evolution
of many distinct phenotypic traits, similar morphotypes are likely to be
selected between species, indicating convergent crop domestication,
exemplified by the leafy heads of Chinese cabbage (B. rapa) and cabbage (B.
oleracea) and enlarged roots or stems in turnip (B. rapa), kohlrabi (B.
oleracea), swede (B. napus) and tuberous mustard (B. juncea) (Cheng et al.,
2016; Cheng et al., 2014).

This study focused on the role of DNA demethylases in abscisic acid
response and reproductive development in Arabidopsis. This thesis work also
includes the comparative analysis of genome and epigenome landscapes in
Brassica rapa subspecies and addresses the following three topics:

Chapter 1: Plant-specific DNA demethylation in response to abscisic

acid in Arabidopsis



Chapter 2: Regulation of reproductive development by DNA
demethylases in Arabidopsis
Chapter 3: Comparative analysis of genome and epigenome landscapes

in Brassica rapa subspecies
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CHAPTER 1

Plant-Specific DNA Demethylation

in Response to Abscisic Acid

The research described in this chapter was published in Plant Physiology,

https://doi.org/10.1104/pp.18.01471
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ABSTRACT

In higher eukaryotes, DNA methylation plays pivotal roles in various
biological processes including the response to environmental stress. In
Arabidopsis, active DNA demethylation can be achieved by the activity of
REPRESSOR OF SILENCING 1 (ROS1) that directly excises 5-
methylcytosine from DNA. Abscisic acid (ABA) is a key phytohormone that
is upregulated and accumulated under osmotic stress conditions. The
involvement of DNA methylation in the ABA response has been reported, but
the underlying mechanisms remain elusive. Here | report that ros1 mutants
exhibit hypersensitivity to ABA during early seedling development and root
growth. In rosl mutants, some ABA-inducible genes were down-regulated,
and more than 60 percent of their proximal regions became hypermethylated,
demonstrating that ROS1-mediated DNA demethylation is required for the
expression of a subset of ABA-inducible genes. Remarkably,
NICOTINAMIDASE 3 (NIC3) that encodes an enzyme that catalyzes the
deamination of nicotinamide in the NAD™ salvage pathway is linked to the
loss of ABA responsiveness and DNA hypermethylation in rosl. The nic3
mutants are hypersensitive to ABA, and moreover, ectopic expression of

NIC3 in rosl mutants restores normal ABA response. These findings indicate
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that NIC3 is inducible to ABA but requires ROS1-dependent DNA

demethylation at its promoter as a prerequisite to transcriptional activation.
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INTRODUCTION

Plants are sessile organisms that are constantly exposed to diverse harsh
environmental conditions such as a deficit or an excess of water, salt, light
and temperature. Plants perceive and respond to such abiotic stresses through
signal transduction pathways, thereby regulating the expression of stress-
responsive genes (Kinoshita and Seki, 2014; Mirouze and Paszkowski, 2011;
Yamaguchi-Shinozaki and Shinozaki, 2006; Zhu, 2016). Abscisic acid (ABA)
Is a major plant hormone crucial for growth and development involving seed
dormancy, stomatal aperture and environmental stress responses. In response
to osmotic stress, ABA is accumulated in plant cells, then accompanied by
transcriptional activation of stress-responsive genes via the ABA signaling
pathway (Finkelstein, 2013; Mittler and Blumwald, 2015; Nambara and

Marion-Poll, 2005; Yoshida et al., 2015).

Epigenetic modifications such as DNA methylation, histone
modification and noncoding RNAs induce mitotically or meiotically heritable
changes in gene expression by the alteration of chromatin structure without
DNA sequence changes. Under environmental stress conditions, plants

perceive and memorize stress-induced gene expression changes through the
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mitotic or meiotic transmission of epigenetic states (Chinnusamy and Zhu,
2009; Ganguly et al., 2017; Heard and Martienssen, 2014; Mirouze and
Paszkowski, 2011; Wibowo et al., 2016). Histone modifications that involve
acetylation, methylation, phosphorylation and ubiquitination on specific
residues of the histone N-terminal tails have been reported to regulate ABA,
drought and salt stress responses (Chen et al., 2010; Chinnusamy and Zhu,
2009; Kinoshita and Seki, 2014). Particularly, Arabidopsis mutants defective
in histone deacetylase activity displayed hypersensitivity to ABA and salt,
whereas the transgenic plants overexpressing the histone deacetylase were
insensitive to ABA and tolerant to drought and salt stresses (Cui et al., 2013;

Sridha and Wu, 2006).

DNA methylation, which refers to the addition of a methyl group to the
C5 position of cytosine (5-methylcytosine; 5mC), is responsible for diverse
developmental processes including cell differentiation, gene imprinting,
genome stability and X chromosome inactivation (Law and Jacobsen, 2010;
Smith and Meissner, 2013; Wu and Zhang, 2014; Zhang and Zhu, 2012).
Although DNA methylation in mammals predominantly takes place in the
symmetric CG context, DNA methylation in plants occurs at cytosine bases
in all sequence contexts: CG, CHG and CHH (H = A, T or C) (Law and

Jacobsen, 2010). Plant de novo methylation is established by DOMAINS
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REARRANGED METHYLTRANSFERASE 2 (DRM2) via the RNA-
directed DNA methylation (RdDM) pathway (Matzke and Mosher, 2014).
Once established, DNA methylation is maintained by three DNA
methyltransferases, depending on different sequent contexts: DNA
METHYLTRANSFERASE 1 (MET1), CHROMOMETHYLASE 3 (CMT3)
and DRM2 at CG, CHG, and CHH sequences, respectively (Law and
Jacobsen, 2010; Zhang et al., 2018). In contrast to the conversion of 5mC to
other bases in mammals, active DNA demethylation in plants begins with
direct excision of 5mC by DNA glycosylases, leading to unmethylated
cytosine via the base excision repair pathway (Wu and Zhang, 2014; Zhu,
2009). Arabidopsis genome contains four DNA glycosylases - REPRESSOR
OF SILENCING 1 (ROS1), DEMETER (DME), DEMETER-LIKE 2
(DML2), and DML3 (Choi et al., 2002; Penterman et al., 2007). All the

DME/ROSL1 family proteins can directly remove 5mC from DNA and then

cleave the sugar-phosphate backbone by successive - and §-elimination

reactions in vitro (Agius et al., 2006; Gehring et al., 2006; Morales-Ruiz et
al., 2006; Ortega-Galisteo et al., 2008; Penterman et al., 2007). Nevertheless,
they play distinct roles in plant growth and development. DME is primarily
expressed in the central cell of the female gametophyte, thereby responsible

for gene imprinting and seed development (Choi et al., 2002; Gehring, 2013;
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Huh et al., 2008). On the other hand, ROS1, DML2, and DML3 are expressed
in the vegetative tissues with their biological functions uncharacterized
(Penterman et al., 2007). ROS1 was isolated in a genetic mutant screen for
transcriptional silencing of the ABA- and stress-responsive RD29A::LUC
transgene and the endogenous RD29A gene (Gong et al., 2002). In addition
to inhibition of transcriptional silencing, ROS1 prevents the spreading of
DNA methylation at genomic regions, together with DML2 and DML3 (Gong
et al., 2002; Lister et al., 2008; Penterman et al., 2007; Qian et al., 2012;

Stroud et al., 2013).

In response to stress, DNA methylation alters the expression of stress-
responsive genes. Genome-wide methylome analyses revealed that biotic
stress-induced differentially methylated regions were highly associated with
differentially expressed genes which were also upregulated in metl and drm1
drm2 cmt3 (ddc) mutants, leading to enhanced tolerance to the bacterial
pathogen (Dowen et al., 2012). DNA methylation changes at transposable
elements (TES) in response to abiotic stress, followed by alterations of nearby
gene expression, were partially transmitted through mitosis in rice (Secco et
al., 2015). Moreover, distinct regions that were susceptible to hyperosmotic
stress-triggered DNA methylation changes were reinforced by repetitive

exposure to stress and could be inherited to the offspring through the female
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germline (Wibowo et al., 2016). Particularly, ROS1 controlled the expression
of EPIDERMAL PATTERNING FACTOR 2 (EPF2) in stomatal development
in ABA response and stress-responsive genes required for Fusarium
oxysporum resistance by counteracting the action of RdDM at TEs in the

promoter regions (Le et al., 2014; Yamamuro et al., 2014).

In this study, the relationship between DNA methylation and ABA-
mediated stress response was investigated. Here | showed that ros1 mutants
exhibited ABA hypersensitivity for early seedling development and root
growth. In an attempt to understand the role of ROS1 in transcriptional
regulation of ABA-responsive genes associated with DNA methylation
changes, the transcriptome and DNA methylome were performed in the wild
type (WT) and rosl mutants. Approximately 80 percent of differentially
expressed genes (DEGs) were down-regulated in ros1-4, and more than 60
percent of the ABA-inducible genes were proximal to hypermethylated
regions in rosl mutants. These results indicate that decreased expression of a
subset of ABA-inducible genes in rosl mutants, associated with excessive
DNA methylation, causes ABA hypersensitive phenotypes. Most notable
among them is NICOTINAMIDSE 3 (NIC3) which encodes a catalytic
enzyme that converts nicotinamide (Nam) into nicotinic acid, as many other

enzymes in the NAD" salvage pathway are known to be involved in stress
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responses. In rosl mutants, TEs in the promoter region of NIC3 were
hypermethylated compared to the WT, with a decrease in ABA-inducibility.
The nic3 mutants were hypersensitive to ABA, and ABA hypersensitive
phenotypes of rosl mutants were restored by ectopic expression of NIC3.
Taken together, these findings suggest that ROS1-mediated active DNA
demethylation maintains the active state of NIC3 expression in response to

ABA.
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MATERIALS AND METHODS

Plant materials

Seeds Arabidopsis thaliana ecotype Columbia (Col-0) was used as the
WT control in this study. The ros1-3 seeds were provided (Penterman et al.,
2007), and the homozygous T-DNA insertion lines ros1-4 (SALK_045303),
nic3-1 (SALK 034040), and nic3-2 (SALK_107343) were obtained from
Arabidopsis Biological Resource Center. Seeds were sterilized and stratified
at 4°C for 3 days in the dark. They were sown on Murashige and Skoog (MS)
medium, then grown in a growth chamber at 22°C under 16 h of fluorescent

light at 30 + 10 pmol m?s™,

Cotyledon greening and root elongation assays

For sensitivity screening, cotyledon greening and root growth were
analyzed on MS medium containing different concentrations of ABA or Nam.
Seedlings with developed green cotyledons were counted every 4 days. For
root elongation assay, 4-day-old seedlings grown on normal MS medium
were transferred to MS medium supplemented with ABA or Nam. Seedlings
were allowed to grow vertically for additional days, and then the primary root

length was measured.
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RNA sequencing (RNA-seq) and analysis

Total RNA was extracted using the RNeasy Plant Mini kit (Qiagen) and
treated with RQ1 RNase-free DNase (Promega) to remove any genomic DNA
contaminants. RNA-seq libraries were constructed according to the previous
report (Zhong et al., 2011). There are three biological replicates per genotype.

RNA-seq was performed on the Illumina HiSeq 2500 sequencing system.

Quantitative RT-PCR (RT-gPCR)

The complementary DNA synthesis was performed using the
QuantiTech Reverse Transcription kit (Qiagen). Quantitative RT-PCR was
conducted using the Roter-Gene Q (Qiagen) with SYBR green Q-master mix
(Genet Bio). UBIQUITIN10 was used as a control for the normalization of
the relative transcript level of target genes. Primers used in RT-qPCR are

listed in Table 1-1.

Whole genome bisulfite sequencing (BS-seq) and analysis

A total of 5 pg of genomic DNA was used to generate BS-seq libraries.
The library preparation and sequencing were performed on Illumina HiSeq
2000. An average of approximately 43.4 M paired-end reads (2x101 bp) was

obtained from each library. Low-quality sequences (q < 20) were trimmed
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manually, and the trimmed reads were mapped to the TAIR 10 genome using
bwa-meth (v0.09; (Pedersen et al., 2014)) and Bis-SNP (v. 0.82.2; (Liu et al.,
2012)), with the parameters “—map-q 60 -T BisulfiteGenotyper -C CG,1 -C
CHG,1 -C CHH,1 -out modes EMIT ALL CYTOSINES”. Only cytosine
sites with 4x coverage were used for subsequent analysis. DMCs and DMRs
were identified as described previously (Huang et al., 2013). DMRs were
finally identified based on the regions with a length > 100 bp, > 5 DMCs, and

the mean methylation difference > 0.3 for CG, > 0.15 for CHG, or > 0.1 for

CHH.

Local bisulfite sequencing

A total of 1 pg of genomic DNA was treated with sodium bisulfite using
the Epitect Bisulfite Kit (Qiagen). Each region-of-interest was amplified from
the bisulfite-treated DNA, and the individual PCR products were sequenced
in more than quintuplicate. The sequences were analyzed and visualized using

CyMATE (Hetzl et al., 2007).

Plant expression vector construction and transformation
To generate the 35S::NIC3 construct, the NIC3 coding sequence was

amplified from complementary DNA and cloned into the pGHX vector under
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the control of cauliflower mosaic virus (CaMV) 35S promoter (Fujita et al.,
2012). The verified construct was transformed into the Agrobacterium
tumefaciens strain GV3101, and then transgenic Arabidopsis plants in the
ros1-4 background were generated by the Agrobacterium-mediated floral dip
method. T1 plants were selected on MS medium containing 30 mg L *

hygromycin with 25 mg L™ cefotaxime. The verified T2 lines were used for

further analyses. Oligos are listed in Table 1-1.
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Table 1-1. List of primers.

Name Sequence (5°—3”) Purpose
NIC3_gRT304f CAAGTAACCGGACCAGACG RT-gPCR
NIC3_gRT370r GGAGGCGGGTTTTGTTAAA RT-gPCR
ROS1 gRT3710f TCTCCTGCAACAGCATCA RT-gPCR
ROS1_gRT3847r CATGATCCGCAAACACCT RT-gPCR
UBQ10_561f CGTTGACTGGGAAAACTATCACT RT-gPCR
UBQ10_637r GTCCTGGATCTTGGCTTTCA RT-gPCR
ros1l-3_AKFf TGGAAGGGATCCGTCGTGGATTCT Genotyping
rosl-3_AKFr CCCGCGACTCTTGATTGTTTCAGCAACTT Genotyping
rosl-4_SALKF CCAGTTAAGGACAGAACACCG Genotyping
rosl-4_SALKr TCGTCTTTCGATCAAATCCAC Genotyping
nic3_SALKf CAGCATGACTTAGATGCTTTTAGC Genotyping
nic3_SALKr TACTGGGAACGGAAACGTATG Genotyping
JL-202_AKF CATTTTATAATAACGCTGCGGACATCTAC Genotyping
LBb1.3_SALK ATTTTGCCGATTTCGGAAC Genotyping
NIC3_Xbalf TTCTAGAATGGCTTCCTCATCAACG Cloning
NIC3_Xholr TCTCGAGGTTACCGAGTAGACTTCGC Cloning
ASAlpro_BSf AATAGTAAGAATAATAGGAAGAGATATGTT Local bisulfite
sequencing
ASAlpro_BSr CTCAATTTAATCTATAAACGAAACC Local bisulfite
sequencing
NIC3pro_BSf T AGAGATATAATAATATGGTGAAGATAATATTG Local bisulfite
sequencing
NIC3pro_BSr ATCTCACTTTCATATCTCATACTTTCTC Local bisulfite
sequencing
NIC3pro_BS2f GATAGTGTTTTAATATAAATTAAAAATAGAGAA Local bisulfite
sequencing
NIC3pro_BS2r CAATATTATCTTCACCATATTATTATATCTCTA Local bisulfite
sequencing
NIC3pro_BS3f GTGTAAAGTAATATTGTTTYTTTATTATAGAATT Local bisulfite
sequencing
NIC3pro_BS3r CTAAACCCTAATATATATTTTTCATATATATATC Local bisulfite
sequencing
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RESULTS

The ros1l mutants exhibit hypersensitivity to ABA

To determine ABA sensitivity, seed germination, early seedling
development and root elongation assays have been widely used to identify
genes involved in ABA signaling and ABA-mediated stress responses
(Finkelstein, 2013; Yoshida et al., 2015; Zhu, 2016). Genetic screens were
carried out on Arabidopsis T-DNA insertion mutants defective in DNA
methylation and demethylation with regard to ABA responsiveness to
examine the effect of DNA methylation on transcriptional control of ABA-
responsive genes. Two rosl mutant lines rosl-3 and rosl-4 displayed
hypersensitive phenotypes to ABA during early seeding establishment and
root growth (Figure 1-1). Without ABA treatment, there was no significant
difference between the WT and rosl mutants (Figures 1-1C to 1F). Upon
ABA treatment, the WT successfully developed early seedlings and exhibited
only slightly reduced primary root growth, in accordance with previous
reports (Finkelstein, 2013; Yoshida et al., 2015). However, rosl mutants

failed to establish early seedlings and showed a significant decrease in root
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elongation in an ABA concentration-dependent manner (Figures 1-1C to 1F).

These results indicated that ROS1 plays an important role in ABA response.
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Figure 1-1. ABA hypersensitive phenotypes of ros1 mutants.

(A) Schematic representation of the ROS1 locus. Lines indicate introns, while
closed and open boxes indicate untranslated regions and coding sequences,
respectively. The relative locations of T-DNA insertions (ros1-3 and rosl1-4)
are presented. Red, green and yellow regions indicate the catalytic essential
domains. (B) Expression levels of ROS1 in WT and two rosl lines as
determined by RT-gPCR. Error bars indicate £ SD (n = 3). n.d.: not detected.
(C) Early seeding establishment of the WT and ros1 at 12 day-after-sowing
(DAS) on MS medium in the absence or presence of ABA (D) Quantitative
analysis of green cotyledon emergence at different ABA concentrations every

4 days. Data points are the percentage of green cotyledons against total seeds
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on MS medium (n > 80). (E) Root elongation at 19 DAS on MS medium in
the absence or presence of ABA. Red lines indicate average root lengths for
each genotype. (F) Quantitative analysis of root growth at 19 DAS with
different concentrations of ABA. Error bars indicate £ SD (n = 4). Asterisks
indicate significant differences from WT (Student’s t-test with Bonferroni-

Holm correction; * P < 0.05). Scale bar = 10 mm.
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The rosl mutation alters gene expression patterns upon ABA treatment

ROSL1 represses transcriptional silencing of some endogenous genes
such as RD29A, EPF2, and stress-responsive genes by direct removal of
5mCs (Gong et al., 2002; Le et al., 2014; Yamamuro et al., 2014). Based on
the role of ROSL1 in transcriptional regulation, it was hypothesized that some
genes crucial for ABA response may be dysregulated in rosl, leading to
increased sensitivity to ABA. RNA-seq analysis was conducted on the WT
and ros1 mutants with the criteria of a twofold change cutoff and a 5% false
discovery rate. A total of 75 and 89 DEGs between the WT and ros1-4 were
identified in the absence and presence of ABA, respectively, among which
nearly 80 percent of DEGs were down-regulated in ros1-4 compared to the
WT (Figures 1-2A and 2B). The ros1-3 mutation also triggered a total of 113
and 140 DEGs in the absence and presence of ABA, and approximately 80
percent and 60 percent of them were down-regulated, respectively. As EPF2
was down-regulated in ros1-4, consistent with the previous study (Yamamuro

et al., 2014), but not in ros1-3, | focused on the transcriptome data of ros1-4.

To understand gene expression dynamics in response to ABA in the rosl
background, hierarchical clustering analysis was performed. A total of 116

DEGs between the WT and ros1-4 were grouped into six clusters (Figure 1-
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2C). Cluster 1 (n =12) and Cluster 2 (n = 9) are composed of the genes up-
regulated by the ros1-4 mutation in the ABA-dependent and -independent
manners, respectively. Cluster 3 (n = 19) includes the genes showing ABA-
inducible expression in the WT but not in ros1 (Table 1-2). Cluster 4 (n = 38)
represents the genes down-regulated in rosl, independent of ABA treatment.
Cluster 5 (n = 31) involves the genes down-regulated by ABA in the WT but
not in rosl. EPF2 was also found in cluster 5. Cluster 6 (n = 7) includes the
genes whose expression was repressed by ABA both in the WT and ros1-4
mutant. As the candidate genes conferring ABA hypersensitivity in the rosl
mutants might result from the loss of ABA inducibility, genes in cluster 3

were subjected to in-depth analysis.
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Figure 1-2. Transcriptome changes caused by the rosl1-4 mutation in the

absence or presence of ABA.

(A) Scatter plot of gene expression levels in the WT and ros1-4 as determined
by RNA-seq. The mRNA expression level was calculated as logz-scaled
fragments per kilobase of exon per million mapped fragments (FPKM). Red,
green, and black dots indicate up-regulated genes, down-regulated genes, and
non-DEGs, respectively. (B) The Venn diagram of down-regulated and up-
regulated genes in rosl-4. (C) Hierarchical clustering of all 116 DEGs

in ros1-4 categorized into six clusters.
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Table 1-2. List of a subset of genes in cluster 3.

Gene ID? Symbol? WT rosl-4 Description®
FPKM FC FDR FPKM FC FDR
-ABA +ABA -ABA +ABA
AT1G58270° ZW9 4391 156.78 1.84 1.85E-55 1236 3348 144 3.31.E-24 TRAF-like family
AT2G02120° LCR70 4251 24256 251 2.15E-28  33.13 8288 132 4.32.E-08 Scorpion toxin-like
knottin superfamily
AT5G22860° - 7.40 12.24 0.73 4.61E-06 2.98 481 0.69 4.92.E-03 Ser carboxypeptidase
S28 family
AT2G18193° - 6.38 10.25 0.68 3.64E-02 3.27 3.53 0.11 1 P-loop containing
nucleoside
triphosphate hydrolases
superfamily
AT5G23220° NIC3 4.54 29.06 2.67 1.00E-31 5.72 10.17 0.83 3.38.E-03  Nicotinamidase 3
AT5G25120° CYP71B 256 5.11 1.00 4.14E-04 0.96 148  0.62 0.30 Cytochrome P450,
11 family 71, subfamily
B, polypeptide 11
AT1G43590° - 1.40 2.30 0.72 0.62 0 0 0 1 Transposable element
gene
AT2G01580 - 1.40 3.00 1.10 2.26E-02 0.63 1.01 0.67 0.70 Unknown
AT2G06002 - 1.10 2.69 1.28 0.11 0 0 0 1 Other RNA
AT1G52990° - 0.35 1.72 225  A71E-04 0.24 042 0.79 1 Thioredoxin family
AT5G08250° - 0.30 1.00 172 4.40E-03 0.06 016 129 0.69 Cytochrome P450
superfamily
AT2G26750 - 0.17 1.08 2.59 1.40E-03 0.10 020 101 0.92 a/b-Hydrolases
superfamily
AT5G28520 - 0.13 49.27 8.44  3.05E-128  0.07 13.63 7.34 1.81.E-59 Man-binding lectin
superfamily
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& Information is adopted from TAIR10 (http://arabidopsis.org/).
bGene proximal to the ros1-hyper DMRs within 2 kb.

(-), no data; FC, log2-scaled fold change; FDR, false discovery rate; FPKM, fragments per kilobase of transcript
per million mapped reads.
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The rosl mutation contributes to DNA hypermethylation

To investigate genome-wide changes in DNA methylation patterns in
rosl mutants, BS-seq analysis was performed. Differentially methylated
cytosines (DMCs) and differentially methylated regions (DMRS) in ros1-3
and ros1-4 compared with the WT were identified. Both in ros1-3 and rosl-
4, consistent with the previous reports (Huang et al., 2013; Tang et al., 2016),
the numbers of hypermethylated DMCs (hyper-DMCs) and hyper-DMRs
were significantly higher than those of hypomethylated (hypo-) DMCs and
DMRs, respectively (Figures 1-3C and 3D). Out of 171,550 common hyper-
DMCs in rosl-3 and rosl-4 (rosl hyper-DMCs), CG hypermethylation
predominantly occurred in ros1 mutants (Figure 1-3A). Approximately 70%
of the ros1 hyper-DMCs were found in the CG context, 15 percent of which
occurred in the CHG and CHH contexts, respectively (Figure 1-3A). I also
identified 4,044 common hyper-DMRs in rosl-3 and rosl1-4 (rosl hyper-
DMRs; Figure 1-3B). The rosl hyper-DMRs in each sequence context
significantly overlapped each other, and the number of CG and CHG DMRs
was higher than that of CHH DMRs (Figure 1-3B). In accordance with the
observation that 70% of the CG DMRs overlapped with CHG DMRs, CG and
CHG DMRs displayed higher CHG and CG DNA methylation levels,

respectively (Figures 1-3B and 3C). Hence, these results revealed that DNA
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methylation levels of ros1 mutants are substantially increased compared with
the WT, a high portion of which occur in CG and CHG contexts. Furthermore,
the distribution of ros1 DMCs and DMRs across the genome indicated that
the ros1 hyper-DMCs and DMRs were found at high density on chromosome
arms but low density in pericentromeric regions (Figures 1-3D). Consistent
with the previous reports (Penterman et al., 2007; Qian et al., 2012), these
observations demonstrated that ROS1 may act on discrete loci in euchromatin

regions in the Arabidopsis genome.
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Figure 1-3. Genome-wide DNA methylation changes in ros1 mutants.
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(A) Fraction of the ros1 hyper-DMCs as determined by BS-seq. (B) Overlap

of the ros1 hyper-DMRs in each sequence context. (C) Heat maps of DNA

methylation levels for the rosl hyper-DMRs. Each horizontal line indicates
the 5mC level of single DMR. (D) Distribution of the ros1 DMCs and DMRs
along the Arabidopsis chromosomes. The red lines and black bars are,
respectively, the numbers of DMCs and DMRs in a bin (500 kb). The positive

and negative numbers represent the counts of hyper- and hypo-DMCs/DMRs,

respectively. Gray bars indicate pericentromeric regions.

41

ol



Down-regulation of ABA-inducible genes in rosl is associated with an

increase in DNA methylation levels

To examine the relationship between the rosl-down-regulated genes
and the ros1-hyper DMRs, the number of genes proximal to the ros1-hyper
DMRs within 2 kb were counted. The rosl-hyper DMRs were located in
proximity to 5,692 genes (18.3% of Arabidopsis coding genes), among which
52 genes showed decreased expression in rosl compared with the WT.
Interestingly, 63.2% (12 of 19) of the genes in cluster 3 were proximal to
the ros1-hyper DMRs (Table 1-2). A subset of genes in cluster 3 exhibited
ABA inducibility in the WT, but the induction was abolished in rosl (Figure
1-4A). Moreover, in the absence of ABA, AT2G02120 and NIC3 showed
similar expression levels in the WT and ros1 mutants, but in the presence of
ABA, they were significantly down-regulated in rosl (Figure 1-4A).
The rosl-hyper DMRs were located in the upstream regions
of AT2G02120and NIC3 and in the downstream regions of
AT1G58270 and AT2G43670, respectively, demonstrating that DNA
methylation levels of the proximal regions were increased in rosl compared
with the WT (Figure 1-4B). Therefore, these results indicate that loss of ABA-
inducibility of the genes in cluster 3 highly correlates with DNA

hypermethylation, resulting in ABA hypersensitivity of the rosl mutants.
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Figure 1-4. Association of decreased expression with DNA

hypermethylation in the cluster 3 genes.

(A) The logz-scaled fold change in gene expression of the representative
genes in cluster 3. Error bars indicate £ SD (n = 3). Hashes and asterisks
indicate significant differences from the WT in the absence and presence of
ABA, respectively (Student’s t-test with Bonferroni-Holm correction; *P <
0.05). (B) Genome browser views of the DNA methylation levels at the
representative genes in cluster 3 and their proximal genomic regions. The left
side is the upstream region of the locus. Positive and negative bars indicate
5mC levels of single cytosine on the Watson (+1) and Crick (-1) strands,

respectively. Guide bar = 500 bp.
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DNA hypermethylation at the NIC3 promoter is accompanied with

decreased NIC3 expression

The RNA-seq and BS-seq analysis revealed that several ABA-inducible
genes were down-regulated in rosl accompanied by excessive DNA
methylation. Among the candidate genes in cluster 3, | focused on NIC3
which encodes an enzyme that converts Nam to nicotinic acid in the
NAD" salvage pathway (Figures 1-4A and 4B). Yeast nicotinamidase Pncl is
known as an activator of Silent information regulator 2 (Sir2), a NAD"-
dependent histone deacetylase crucial for transcriptional silencing at the
rDNA locus in response to calorie restriction, heat and salt stresses (Anderson
et al., 2003; Gallo et al., 2004). In Arabidopsis, three nicotinamidase genes
NIC1, NIC2, and NIC3 are designated as the homologs of yeast PNC1 (Hunt
et al., 2007). The nicl and nic2 mutants exhibited hypersensitivity to ABA,
salt stress and Nam, indicating that nicotinamidases are important for ABA-
mediated osmotic stress responses (Hunt et al., 2007; Wang and Pichersky,
2007). Despite its high sequence similarity to NIC2, the biological roles of
NIC3 are poorly understood. The RT-gPCR analysis revealed that there was
no significant difference in NIC3 expression between the WT
and ros1 mutants in the absence of ABA (Figure 1-5A). In contrast, in the

presence of ABA, NIC3 expression was significantly induced in WT but to a
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less extent inrosl (Figure 1-5A). In addition, tissue-specific expression
analysis showed that NIC3 expression was most abundant in the roots,
followed by imbibed seeds, flower buds and siliques, and relatively low in

rosette leaves and cauline leaves (Figure 1-5B).

DNA methylation of the upstream region of NIC3 promoter was further
examined for its functional implication in the down-regulation of ABA-
inducible expression of NIC3 in rosl mutants. The upstream region of the
NIC3 promoter contains four TEs, two of which harbor the ros1-hyper DMRs
(Figure 1-5C). The Local bisulfite sequencing analysis revealed that the first
DMR (DMR 1) at the RC/Helitron family of TE (AT5TE28305) showed
increased DNA methylation levels for all sequence contexts, and the second
DMR (DMR II) at the DNA/MuDR family of TE (AT5TE28295) exhibited
an increase of DNA methylation only in CG context (Figure 1-5D). These
findings strongly indicate that excessive DNA methylation of TEs at the
upstream NIC3 promoter contributes to the suppression of its expression and

ABA hypersensitive phenotypes in rosl mutants.
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Figure 1-5. Suppression of ABA-inducible NIC3 expression by DNA

hypermethylation at the upstream region of the NIC3 promoter in ros1.

(A) Relative expression levels of NIC3 inthe WT and ros1 in the absence and
presence of ABA as determined by RT-gqPCR. Error bars indicate + SD (n =
3). (B) Relative expression levels of NIC3 in 24-h imbibed seeds (IS), roots
(RT), rosette leaves (RL), cauline leaves (CL), flower buds (FB), and young
siliques (SL) of 5-week-old Arabidopsis plants by RT-qPCR analysis. Error
bars indicate £ SD (n = 3). (C) Schematic diagram of the NIC3 locus. Lines
indicate intergenic regions, whereas white and black boxes indicate
untranslated regions and coding regions, respectively. Relative locations of
the promoter TEs (gray boxes) and DMRs (red bars) are presented. (D) DNA
methylation levels at the DMR | and DMR Il in the WT and rosl as

determined by local bisulfite sequencing.
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Ectopic expression of NIC3 mitigates ABA hypersensitivity of rosl

To further examine whether NIC3 expression is necessary for ABA
responses, two T-DNA insertion mutant lines nic3-1 and nic3-2 were
subjected to ABA treatment in early seedling establishment and primary root
growth (Figures 1-6A and 6B). During early seedling development, nic3
mutants exhibited increased sensitivity to ABA in comparison with the WT,
albeit their phenotypes were weaker than rosl (Figures 1-6C and 6D).
Furthermore, primary root growth of nic3 mutants was suppressed upon ABA
treatment, similar to rosl (Figures 1-6E and 6F), suggesting that the down-
regulation of NIC3 in rosl mutants may be responsible for ABA

hypersensitive phenotypes.

I next investigated whether ectopic expression of NIC3 in rosl could
restore the normal growth in response to ABA. Two independent lines of T2
transgenic plants were generated in the ros1-4 background by overexpression
of NIC3 under the control of the constitutive CaMV 35S promoter (NIC30x-
1 and NIC30x-2; Figures 1-7A and 7B). In the presence of ABA, NIC30x
lines restored normal early seeding development and root growth in a manner
similar to the WT (Figures 1-7C to 7F). These observations demonstrate that

ectopic expression of NIC3 was able to mitigate the hypersensitivity to ABA
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during early seedling establishment and root elongation, suggesting that
ROS1-mediated DNA demethylation maintains the transcriptionally active

state of NIC3 in response to ABA.
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Figure 1-6. ABA hypersensitive phenotypes of nic3 mutants.

(A) Schematic representation of the NIC3 locus. Lines indicate intergenic
regions while closed and open boxes indicate untranslated regions and coding
sequences, respectively. The relative locations of T-DNA insertions (nic3-1
and nic3-2) and the promoter TEs (gray boxes) are presented. (B) Expression
levels of NIC3 in the WT and nic3 as determined by RT-gPCR. Error bars
indicate + SD (n = 3). The asterisk indicates a significant difference between
the absence and presence of ABA (Student’s t-test with Bonferroni-Holm
correction; *P < 0.01). (C) Early seedling establishment of the WT, rosl,
and nic3 at 12 DAS on MS medium in the absence or presence of ABA. (D)

Quantitative analysis of green cotyledon emergence every 4 days. Data points
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are the percentage of green cotyledons against total seeds on MS medium (n >
70). (E) Root elongation at 19 DAS on MS medium in the absence or presence
of ABA. Red lines indicate average root lengths for each genotype. (F)
Quantitative analysis of root growth at 19 DAS. Error bars indicate £ SD (n =
4). Asterisks indicate significant differences from the WT (Student’s t test
with Bonferroni-Holm correction; *P < 0.05). Scale bar = 10 mm.
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Figure 1-7. Restored normal growth by ectopic expression
of NIC3 in ros1 upon ABA treatment.

(A) Schematic diagram of constitutive NIC3 expression by the CaMV 35S
promoter. (B) Relative expression of NIC3in the WT,rosl-4, and
two NIC3ox lines in the ros1-4 background (NIC30x-1,2). Error bars indicate
+ SD (n = 3). (C) Early seedling establishment at 15 or 17 DAS on MS
medium in the absence or presence of ABA, respectively. (D) Quantitative
analysis of green cotyledon emergence every 4 days. Data points are the
percentage of green cotyledons against total seeds on MS medium (n > 70).
(E) Root elongation at 18 or 23 DAS on MS medium in the absence or
presence of ABA, respectively. Red lines indicate average root lengths for
each genotype. (F) Quantitative analysis of root growth at 19 DAS. Error bars

ol

% 2T 8@

L



indicate + SD (n = 4). Asterisks indicate significant differences from the WT
(Student’s t-test with Bonferroni-Holm correction; *P < 0.05). Scale bar = 10

mm.
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DISCUSSION

DNA methylation at TEs is generally associated with transcriptional
repression of proximal genes (Diez et al., 2014; Lisch, 2013; Slotkin and
Martienssen, 2007). A member of the Arabidopsis DNA demethylase family,
ROSL1 has been proposed to target specific genomic regions rather than act on
random regions (Tang et al., 2016; Zhu et al., 2007). Previous reports revealed
that ROS1-initiated DNA demethylation is responsible for the expression of
EPF2 and stress-responsive genes for stomatal development and F.
oxysporum tolerance, respectively, by preventing DNA methylation
spreading from TEs to nearby genes (Le et al., 2014; Yamamuro et al., 2014).
Interestingly, this study indicates that the ABA-inducible expression of NIC3
requires ROS1-mediated DNA demethylation at the TEs in its promoter
region, suggesting the role of NAD* biosynthesis and Nam turnover in ABA
responses.

ROS1 maintains the transcriptionally active states of the ABA- and
stress-responsive RD29A::LUC transgene and the endogenous RD29A gene,
indicating the function of ROS1 in ABA-mediated stress responses (Gong et
al., 2002). Without ABA treatment, the rosl mutants did not show any
developmental defects (Figure 1-1), in accordance with the previous report
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(Gong et al., 2002). However, upon ABA treatment, the rosl mutants
exhibited increased sensitivity to ABA during early seedling development
and root growth in an ABA-concentration dependent manner, demonstrating
that ROS1-initiated active DNA demethylation is crucial for ABA responses
(Figure 1-1). Albeit the detailed mechanism by which ROS1 perceives and
copes with environmental stresses including ABA hormone and osmotic
stress remains to be elucidated, ROS1-dependent DNA demethylation may
transmit environmental cues to the genome, thereby leading to prompt
responsiveness to the plant cell.

The transcriptome and methylome analysis indicated that a majority of
DEGs were down-regulated in ros1-4 compared with the WT, associated with
DNA hypermethylation in nearby regions (Figures 1-2 and 1-3). Interestingly,
more than 60% of the cluster 3 genes that lost ABA inducibility in rosl
mutants were found to be proximal to the rosl hyper-DMRs, suggesting a
close relationship between transcriptional silencing and excessive DNA
methylation (Table 1-2). In particular, the nic3 mutants were hypersensitive
to ABA (Figure 1-5), and the TEs in the upstream region of the NIC3
promoter (AT5TE28305 and AT5TE28295) displayed increased DNA
methylation levels in the rosl mutants, thus resulting in a decrease in NIC3

expression (Figure 1-6). Taken these together, ROSL1 is suggested to prevent
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DNA methylation spreading from nearby TEs to the NIC3 promoter, ensuring
the ABA-inducible expression of NIC3. However, considering the numerous
rosl-hyper DMRs, I cannot rule out the possibility that ROS1 activates the
factor(s) involved in ABA-dependent induction of NIC3, rather than its direct
activation. Furthermore, among the total of 1,489 genes up-regulated by ABA
treatment in the WT, most of them (1,203 of 1,489) still showed normal ABA
inducible expression in rosl1-4. Approximately 84% (1,009 of 1,203) of these
genes whose expression levels were increased upon ABA treatment both in
the WT and ros1-4 were not located proximal to the rosl hyper-DMRs. The
normal ABA induction of well-known ABA-inducible genes such as
RD29B and MYB DOMAIN PROTEIN 41 in rosl mutants without nearby
hyper-DMRs also suggested that ABA inducibility can be controlled in a
ROS1-independent manner.

Nicotinamidase has the catalytic activity that converts Nam into
nicotinic acid in the NAD*salvage pathway. Many enzymes in the
NAD" salvage pathway including poly(ADP-ribose) polymerase and
nicotinate/nicotinamide mononucleotide adenyltransferase are reported to be
involved in stress responses (De Block et al., 2005; Hashida et al., 2010;
Vanderauwera et al., 2007). This study suggests that the dynamic regulation

of Nam and NAD" might contribute to ABA-dependent developmental
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processes. Further examination of the link between the NAD* salvage
pathway and the ABA response will uncover the connection between plant
stress hormone signaling and NAD™ metabolism. In addition, a homolog of
NIC3 in yeast, Pncl, is an activator of NAD*-dependent histone deacetylase
Sir2 and functions to lower the cellular Nam levels, which leads to lifespan
extension in response to calorie restriction, heat, and hyperosmotic stresses
(Anderson et al., 2003; Gallo et al., 2004). It remains unclear whether NIC3
plays a regulatory role similar to Pncl in the regulation of SIR2 or SIR2-like
factors in plant ABA responses. By contrast with yeasts that do not employ
DNA methylation for epigenetic control, plants may engage ROS1-dependent
DNA demethylation for ABA responses, allowing rapid adaptation to

environmental changes in a rather dynamic manner.
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Regulation of Reproductive Development

by DNA Demethylases in Arabidopsis
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ABSTRACT

DNA methylation is a key epigenetic mark for various cellular processes.
In plants, active DNA demethylation is achieved by the DEMETER (DME)
family of 5-methylcytosine glycosylases along with REPRESSOR OF
SILENCING 1 (ROS1), DEMETER-LIKE 2 (DMLZ2) and DML3. Although
a genetic analysis of Arabidopsis mutants deficient in all DNA demethylases
IS necessary, the generation of dme homozygous mutants has been hindered
by embryo lethality, resulting from the maternal dme allele-derived seed
abortion. Here, | isolated the homozygous dme and dme ros1 dml2 dml3 (drdd)
mutants by in vitro early seed rescue to elucidate the biological functions of
the entire DME family. The drdd mutant exhibited several developmental
defects such as retarded growth, delayed floral transition, abnormal flower
development and the formation of short unfertilized siliques. Transcriptome
and methylome analysis revealed a significant decrease in gene expression
levels accompanied by DNA hypermethylation in drdd, albeit to a lesser
extent in dme and rdd compared to WT. These findings indicate that DNA
demethylases act redundantly for the removal of DNA methylation required
for proper transcriptional regulation. A total of 703 downregulated genes with

increased DNA methylation at their promoters were identified, and moreover,
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a subset of these genes were highly associated with cell wall expansion during
pollen tube growth and morphogenesis involved in differentiation. These
results suggest that the combined activity of DNA demethylases would be
therefore responsible for ensuring normal fertilization and floral organ

development.
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INTRODUCTION

DNA methylation is a reversible but relatively stable epigenetic mark
that is crucial for diverse biological processes such as cell differentiation,
gene imprinting, transposon silencing and X chromosome inactivation (Huh
et al., 2008; Law and Jacobsen, 2010; Smith and Meissner, 2013). Whereas
DNA methylation is predominantly found in the symmetric CG context in
mammals, DNA methylation in plants occurs in all sequence contexts: CG,
CHG and CHH (H = A, T or C) (Law and Jacobsen, 2010). In plants,
DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2)
catalyzes the establishment of de novo DNA methylation via a small RNA-
guided pathway, referred to as RNA-directed DNA methylation (RdDM)
(Matzke and Mosher, 2014). Once DNA methylation is established, different
DNA methyltransferases are responsible for the maintenance of DNA
methylation in each sequence context. Symmetric CG and CHG methylation
are maintained by DNA METHYLTRANSFERASE 1 (MET1) and
CHROMOMETHYLASE 3 (CMT3), respectively, and the maintenance of
asymmetric CHH methylation depends on the activity of DRM2 as well as

CMT?2 (Law and Jacobsen, 2010; Zhang et al., 2018).
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DNA demethylation can occur passively in a replication-dependent
manner or actively through the enzymatic process. In plants, active DNA
demethylation can be achieved by the plant-specific DNA
glycosylases/lyases that directly excise 5-methylcytosine (5mC) and cleave
the sugar-phosphate backbone creating an abasic site, followed by the base
excision repair pathway (Choi et al., 2002; Gehring et al., 2006; Gong et al.,
2002; Penterman et al., 2007). The Arabidopsis genome has four DNA
glycosylase family members — DEMETER (DME), REPRESSOR OF
SILENCING 1 (ROS1), DEMETER-LIKE 2 (DML2) and DML3 (Penterman
et al., 2007). DME is preferentially expressed in the central cell of the female
gametophyte, which is required for the establishment of gene imprinting in
the endosperm (Choi et al., 2002; Gehring et al., 2006). The inheritance of a
maternal dme allele causes seed abortion, due to the failure in activating the
maternal alleles of MEDEA (MEA), FLOWERING WAGENINGEN (FWA)
and FERTILIZATION INDEPENDENT SEED 2 (FIS2) (Gehring, 2013; Huh
et al.,, 2008). DME is also expressed in the vegetative cell of the male
gametophyte as well as in shoot/root apical meristems (Kim et al., 2008; Park
et al., 2017), and recently, the dme homozygous mutant in the Landsberg
erecta (Ler) background was generated with the aberrant shoot and root

phenotypes (Kim et al., 2021). Unlike DME, three DNA demethylase genes
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ROS1, DML2 and DML3 are expressed in the vegetative tissue, and the rosl
dml2 dml3 (rdd) triple mutant has no obvious developmental defects under
normal growth conditions (Penterman et al., 2007). However, the rosl
mutants exhibit abnormal stomata development due to the downregulation of
EPIDERMAL PATTERNING FACTOR 2 (EPF2) (Yamamuro et al., 2014).
The rosl mutants also display hypersensitivity to abscisic acid, which is
associated with the decreased expression of NICOTINAMIDASE 3 (NIC3)
(Kim et al., 2019b). The rosl and rdd mutants also display impaired xylem
tracheary element differentiation and xylem development and increased
susceptibility to bacterial and fungal pathogens (Halter et al., 2021; Le et al.,
2014; Lin et al., 2020). Furthermore, DNA methylome analysis on rosl and
rdd mutants revealed that ROS1, together with DML2 and DML3, prevents
transcriptional silencing and the spreading of DNA methylation from
transposable elements, which can also be targeted by RADM, to nearby genes

(Halter et al., 2021; Penterman et al., 2007; Tang et al., 2016).

To better understand the biological roles of DNA demethylases, the
generation of a homozygous mutant defective in all four DNA demethylases
is required. However, embryo lethality caused by the maternal dme allele acts
as a barrier to generate the dme homozygous mutants. Recent studies

attempted to produce the homozygous dme ros1 dml2 dmi3 (drdd) quadruple
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mutant by RNA interference-mediated knockdown or the central cell-specific
complementation of DME expression, respectively, indicating that DNA
demethylases are responsible for resistance against the bacterial and fungal
pathogens as well as flowering time (Schumann et al., 2019; Williams et al.,
2022; Zeng et al., 2021). However, these findings still have limitations of
incomplete suppression or ectopic expression of DME outside the central cell,

respectively.

Here, | generated the homozygous drdd quadruple mutant via in vitro
rescue of early seeds. The drdd mutant showed obvious developmental
defects such as delayed growth and flowering, aberrant flower phenotypes
and failure of fertilization and silique elongation. In an attempt to investigate
the combined activity of all four DNA demethylases in transcriptional
regulation, | performed transcriptome and methylome analysis in flowers and
buds of WT, dme, rdd and drdd. Whereas all the mutants exhibited a
significant decrease in gene expression levels, the downregulation was more
prominent in the drdd mutant. DNA methylation levels were also
considerably increased in drdd, and the hypermethylated regions were highly
enriched in promoters and intergenic regions. These results indicate that DNA
demethylases act redundantly to regulate gene expression during reproductive

development. | identified a total of 703 drdd-downregulated genes with
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hypermethylated regions at their promoter regions, some of which were
highly associated with pollen tube growth and cell morphogenesis. Hence,
these findings suggest that DNA demethylase-mediated DNA demethylation

would contribute to normal fertilization and floral organ determination.
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MATERIALS AND METHODS

Plant materials

Arabidopsis thaliana ecotype Columbia (Col-0) was used as a control,
immature seeds of which were cultured in vitro for multiple generations. After
self-fertilization of the heterozygous dme-2 mutant in the Col-gl background
(Choi et al., 2002), immature seeds were rescued, and then the homozygous
dme-2 mutant was generated out of > 50 rescued plants. Emasculated flowers
of the triple homozygous rdd mutant (Penterman et al., 2007) were pollinated
with the heterozygous dme-2 mutant pollen to generate the quadruple
heterozygous F1 progeny. By in vitro culture of early seeds over two
subsequent generations, dme +/- rdd -/- mutants were obtained, and then, the
quadruple homozygous drdd mutants were isolated out of > 150 viable plants.
The wild-type (WT) and the homozygous rdd segregants were also isolated
from F2 and F3 progenies, respectively. Primers used in genotyping are listed
in Table 2-1. For RNA-seq and BS-seq analysis, paired RNA and DNA
samples were collected from WT, rdd and drdd mutants whose immature
seeds were rescued in vitro for additional 1~3 generations (WTR1, rddR3 and

drddR1/R2) and dme mutants rescued for six generations, then normally
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germinated in MS medium and rescued in vitro for two subsequent

generations (dmeR6G1R2).

In vitro culture of immature seeds

In vitro culture assay was performed as described previously (Sauer and
Friml, 2008) with minor modifications. Immature seeds were dissected from
early siliques with syringe needles under the microscope and transferred to in
vitro culture medium with 5% sucrose. The culture plates were wrapped in
two sheets of white paper (under dim light conditions) for 7 days and
uncovered for 7 days in a growth chamber at 22°C under 16 h of fluorescent

light at 30 = 10 umol m 2s™ 1. Seeds were transferred to half-strength MS

medium, then grown in the growth chamber for two weeks and transplanted
to soil. To assess the efficiency of in vitro culture, viable seedlings with

developed green cotyledons were counted.

RNA-seq analysis

For each of the biological replicates from three or four independent lines,
five flowers and ten buds were pooled, respectively. Total RNA was isolated
using the QIAGEN RNeasy plant mini kit. RNA-seq libraries were

constructed using the Illumina TruSeq RNA-Seq library kit. RNA-seq was
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performed on the Illumina HiSeq 4000 sequencing system. 101 bp paired-end
reads were filtered with Trimmomatic v.0.38 (Bolger et al., 2014) with the
parameters  TruSeq3-PE-2.fa:2:30:10, LEADING:15, TRAILING:15,
SLIDINGWINDOW:4:18 and MINLEN:60. Filtered reads were aligned to
the reference A. thaliana genome (TAIR 10; (Berardini et al., 2015)) using
hisat2 version 2.2.1 (Kim et al., 2019a) and quantified with htseg-count
version 0.6.1p1 (Anders et al., 2015). DEGs with fold change > 2 and FDR <

0.05 were identified using the edgeR package (Robinson et al., 2010).

BS-seq analysis

For each of the biological replicates from three or four independent lines,
genomic DNA was extracted from flowers using the CTAB method. A total
of 2 ug genomic DNA was used to generate BS-seq libraries. The library
construction and 151 bp paired-end sequencing were performed with Illumina
HiSeq 4000. Reads were filtered with Trimmomatic v.0.38 (Bolger et al.,
2014) with the same parameters as in transcriptome analysis. Mapping and
methylation calling were performed using Bismark version 0.19.1 (Krueger
and Andrews, 2011). Only cytosine sites with 5x coverage were used for
subsequent analysis. DMCs and DMRs were identified as described

previously (Huang et al., 2013). DMRs were finally identified based on the
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regions with a length > 100 bp, > 5 DMCs, and the mean methylation

difference > 0.3 for CG, > 0.15 for CHG, or > 0.1 for CHH.
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Table 2-1. List of primers.

Name Sequence Purpose
dme-2_1F CACTTGTTCCCTATGAGAGC genotyping
dme-2_1R CACTGATTGTGATGTTCCAC genotyping
rosl-3_2F CCCGCGACTCTTGATTGTTTCAGCAACTT genotyping
rosl-3_2R TGGAAGGGATCCGTCGTGGATTCT genotyping
dml2-1_3F ACCCGGAGAGTACCATTCAGACAC genotyping
dmi2-1_3R GTGGCCAGAGGTACTTTTGAACT genotyping
dmi3-1_4F GACGTTGCTGTAGATATGAC genotyping
dml3-1_4R GCCAAATCGCAAGAAGGTAAGGA genotyping
dme-2_LB TTGACCATCATACTCATTGCTG genotyping
rosl-3_dmi2-1_LB CATTTTATAATAACGCTGCGGACATCTAC genotyping
dmi3-1_LB GCATGTGAATTTCATAACCAATCTCGATACA genotyping
DME_qRT5628f TCGTCTCCTTGATGGTATGGA RT-gPCR
DME_qgRT5722r GTGCCGAATTCGCTGTTT RT-gPCR
ROS1 _gRT3710f TCTCCTGCAACAGCATCA RT-gPCR
ROS1 _gRT3847r CATGATCCGCAAACACCT RT-gPCR
DML2_3534f CAAATGTTTTCAATGCAACAAGA RT-gPCR
DML2_3616r TTGCTGTTCTGCAAGGTATCA RT-gPCR
DML3_2780f TTTCGCGGAACAATTTTGA RT-gPCR
DML3_2866r TCCCTCATTGGTTTGGAAGT RT-gPCR
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RESULTS

Generation of the homozygous dme and drdd mutants

As seeds that inherit the maternal dme allele usually abort, homozygous
dme mutants are rarely viable (Choi et al., 2002; Gehring et al., 2006). To
examine the function of DME, | attempted to generate a complete loss-of-
function dme mutant using the in vitro culture. Immature seeds of dme
heterozygotes were cultured in vitro to overcome the seed abortion phenotype
of dme. Although a strong mutant allele, dme-2, was known to cause severe
embryo lethality (Choi et al., 2002), early seeds of the heterozygous dme-2
mutants were rescued successfully (Figures 2-1A and 1B). Out of 59 rescued
plants, a dme homozygote was obtained, then subjected to in vitro culture for

multiple generations (Figure 2-1A).

Likewise, homozygous quadruple drdd mutants are embryo-lethal,
which attests to the biological importance of active DNA demethylation.
Homozygous drdd mutants have been recently generated (Schumann et al.,
2019; Williams et al., 2022; Zeng et al., 2021), but these mutants still have
the potential to express DME outside the central cell. | sought to isolate a true

loss-of-function quadruple mutant to investigate the necessity of all four DNA
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demethylases for plant development. The triple homozygous rdd mutant
plants were pollinated with the heterozygous dme +/- pollen to produce the
heterozygous quadruple F1 progeny, and early seeds of them were in vitro-
cultured for two subsequent generations (Figures 2-1A and 1B). Out of 158
viable dme heterozygotes in the rdd background (dme +/- rdd -/-), a
homozygous quadruple drdd mutant was isolated, together with its wild-type
(WT) counterpart and homozygous rdd mutant (Figures 2-1B and 1C). The
homozygous drdd mutant also exhibited a significant decrease in DME
expression compared with WT and the rdd mutant, indicating that the isolated
homozygous dme and drdd mutants are likely to be valuable genetic materials

to examine the roles of active DNA demethylation.
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Figure 2-1. Isolation of the homozygous dme and drdd mutants.

(A) Schematic diagram of generating WT, dme, rdd and drdd mutants. By in
vitro culture of immature seeds of dme heterozygotes, a dme homozygote was
obtained. The ros1-3 dml2-1 dml3-1 homozygous plants were pollinated by
dme-2 heterozygous pollen to produce heterozygous drdd F1 plants. After in
vitro rescue of early seeds for subsequent generations, a drdd homozygote
and its WT and rdd counterparts were isolated. (B) Schematic diagram of
DME family gene loci. Boxes and lines indicate exons and introns,
respectively. The positions of T-DNA insertions are represented by
arrowheads. Arrows indicate primers used in genotyping of T-DNA alleles.

(C) Genotyping of dme, ros1, dml2 and dml3 alleles.
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The drdd mutant exhibits delayed growth and abnormal seed

development

During reproductive development, the drdd quadruple mutant displayed
severely retarded growth compared to WT, dme and rdd mutants (Figures 2-
2A and 2-3A). To determine the effect of a complete loss of DNA
demethylase activity on the transition from the vegetative to reproductive
stages, | measured the time of flowering. The drdd mutant was late flowering
under long-day conditions in comparison to WT, dme and rdd mutants (Figure
2-2). The drdd mutant flowered 54.2 + 7.8 days after in vitro culture, whereas
WT plants flowered 41.1 + 3.6 days after in vitro culture (Figure 2-2B). The
dme and rdd mutants also flowered later (45.0 £ 7.1 and 48.6 + 6.8 days after
in vitro culture, respectively) than WT, but earlier than drdd, indicating the
functional redundancy among DNA demethylases (Figure 2-2B). Some in
vitro-rescued plants exhibited bushy phenotypes at the vegetative stage with
many deformed leaves and multiple inflorescences emerging simultaneously.
The number of rosette leaves at bolting was variable but significantly higher
in the drdd mutant compared to WT (data not shown). This observation was
rather different from the previous study, where a central cell- specific DME
complementation line in the drdd background showed early-flowering

phenotypes (Williams et al., 2022). Furthermore, delayed growth in the drdd
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mutant became more pronounced after flowering. In 10-week-old WT, dme
and rdd mutants, the majority of mature green siliques turned yellowish,
while a few young developing siliques were observed in the drdd mutant
(Figure 2-3A). Three weeks later, most of the drdd siliques did not reach
maturity and showed delayed senescence (Figure 2-3B). These findings
demonstrate that DNA demethylases are required for the precise control of
reproductive development and conceivably have an additive effect on

flowering time and silique development.

| further investigated the function of active DNA demethylation in
silique development. Given that WT siliques did not show any morphological
defects, the effect of in vitro culture was presumed to be compromised. The
silique length of the dme mutant was slightly decreased compared to WT and
rdd. However, the drdd mutant produced strikingly shorter siliques (Figures
2-3Ato 3D). Interestingly, most siliques of the drdd mutant failed to elongate,
with few siliques slightly elongated and expanded (Figures 2-3B to 3E). The
unfertilized and fertilized drdd siliques are referred to as drddur and drdde
siliques hereafter, respectively. The elongated siliques of the drddr were still
significantly shorter than WT, dme and rdd siliques (Figure 2-3F). In addition,

the proportion of abnormal siliques was also higher in rdd in comparison to
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WT and dme, but substantially lower than drdd, implying that DME activity

in the rdd mutant may contribute to silique elongation and enlargement.

I next examined whether seed development is impaired in drdd. In young
siliques, more than half of the seeds were aborted in dme, whereas the
majority of rdd seeds were normally developed, similar to WT (Figures 2-4A,
4C and 4D). Intriguingly, only a few fertilized seeds were observed in drddr
siliques (Figures 2-4A, 4C and 4D), consistent with abnormal silique
development in drdd. After seed maturation, all fertilized seeds of dme and
drdde became aborted (Figures 2-4B and 4C), in accordance with previous
studies (Choi et al., 2002; Williams et al., 2022; Zeng et al., 2021). These
results indicate that the drdd mutant showed abnormal seed and silique

development.
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Figure 2-2. Delayed flowering in the drdd mutant.

(A) Phenotypes of seven-week-old plants of WT, dme, rdd and drdd mutants
grown in long-day conditions. (B) Box plots showing the flowering time of
WT, dme, rdd and drdd mutants under long-day conditions as measured by
days of bolting. Error bars indicate + SD (n =13, 8, 8 and 9). Different letters
indicate significant differences with one-way ANOVA followed by the post-
hoc Tukey multiple comparison tests (P < 0.05).
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Figure 2-3. Retarded growth and abnormal silique development in the
drdd mutant.

(A) Phenotypes of 10-week-old plants of WT, dme, rdd and drdd mutants. (B)
Siliques of 13-week-old drdd mutant. (C) Representative siliques of WT, dme,
rdd and drdd mutants. In the drdd mutant, the majority of siliques seemed
unfertilized (left; drddur) and few siliques were slightly elongated (right;
drddg). Scale bar, 1 mm. (D) Box plots of silique lengths of WT, dme, rdd
and drdd mutants. Four plants from each genotype were examined. Error bars
indicate = SD (n > 30). (E) Proportion of normal and abnormal siliques in
WT, dme, rdd and drdd mutants. Five plants from each genotype were
examined. Error bars indicate £ SD (n > 150). (F) Lengths of normal siliques
in WT, dme, rdd and drddr mutants. Four to seventeen plants from each
genotype were examined. Error bars indicate + SD (n > 15). Different letters
indicate significant differences with one-way ANOVA followed by the post-
hoc Tukey multiple comparison tests (P < 0.05).
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Figure 2-4. Abnormal seed development in the drdd mutant.

(A) Representative images of young siliques in WT, dme, rdd and drdd
mutants. Scale bar = 1 mm. Asterisks and arrows indicate the representative
of unfertilized and fertilized seeds, respectively. (B) Representative images
of mature siliques in WT, dme, rdd and drdd mutants. Scale bar = 1 mm.
Asterisks indicate the representative of aborted seeds, respectively. (C)
Proportion of normal, aborted and unfertilized seeds in WT, dme, rdd and
drddr mutants. Four to six plants from each genotype were examined (n >
250). (D) Box plots of fertilized seed numbers of WT, dme, rdd and drddr
mutants. Seven to ten plants from each genotype were examined. Error bars
indicate £ SD (n > 12). Different letters indicate significant differences with
one-way ANOVA followed by the post-hoc Tukey multiple comparison tests
(P <0.05).
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The drdd mutant displays aberrant floral organ development

It is assumed that an entire loss of DNA demethylase activity causes a
failure of fertilization. To assess whether the defect in fertilization arises from
dysregulation of floral organ development in drdd, | examined the flower
architecture in WT and dme, rdd and drdd mutants. In contrast to WT flowers
that consist of four sepals, four petals, six stamens and a bicarpellary pistil
(Figures 2-5A and 5B), several abnormal flowers were observed in dme and
rdd mutants in a stochastic manner (Table 2-2 and Figure 2-5A). Surprisingly,
nearly 35 percent of the drdd mutants exhibited aberrant flower morphologies

(Figure 2-5A).

Based on normal flower development in WT, the in vitro rescue effect is
nearly negligible in reproductive development. In the dme mutant, a reduced
stamen number is the most predominant phenotype (Figure 2-5D), with a
lower frequency of an increase in stamen number (Figure 2-5C). I
occasionally observed flowers with fused filaments (Figure 2-5E), deformed
or short stamens (Figure 2-5F), petal-like stamens (Figure 2-5G) and stamen-
like petals (Figure 2-5H). The inheritance of the stamenoid petal phenotype
was also shown. In agreement with the previous report (Choi et al., 2002),

diverse but sporadic floral abnormalities were found in dme. In addition, the
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rdd mutant also sporadically displayed aberrant phenotypes of unfused
carpels (Figure 2-51), a stamen-carpel fusion (Figure 2-5J) and reduced or
increased stamen numbers (Figures 2-5K and 5J), probably due to the

accumulation of DNA methylation in multiple generations.

Remarkably, nearly half of the drdd mutants appeared to have combined
phenotypes of abnormal flower organ development, indicating pleiotropic
effects of impaired DNA demethylase activity (Table 2-2 and Figures 2-6D
to 6F). I found various morphological abnormalities including homeotic
conversions and alterations in the floral organ number and size in the drdd
mutant. Nearly 50 percent of aberrant drdd flowers showed unfused or even
split carpels (Figures 2-6A to 6C). Other carpel defects such as a stamen-
fused carpel (Figure 2-6C), an extra carpel (Figure 2-6D) and a complete loss
of discernible carpel (Figure 2-6E) were also observed. Approximately 30
percent of abnormal flowers in drdd displayed increased sepal numbers
(Table 2-2 and Figure 2-6F), and nearly 26 and 23 percents of them showed
an increase and decrease in stamen number, respectively (Table 2-2 and
Figures 2-6D to 6G). Flowers with fused stamen filaments (Figure 2-6H),
deformed or short stamens (Figures 2-61 and 6J), increased or reduced sepal

numbers (Figure 2-6F) and small petals were also occasionally observed
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(Table 2-2). Furthermore, the floral organs of drdd did not fall off shortly

after anthesis, indicating delayed abscission and senescence (Figure 2-6K).

Taken together, aberrant phenotypes of floral organs were apparently
more severe in drdd than in dme and rdd, demonstrating that all DNA
demethylases act together to ensure proper floral organ development. These
results suggest that the determination of the floral organ identity and
boundary as well as the organ number and size might be dysregulated in the

drdd quadruple mutant, leading to reduced fertility.
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Table2-2. Phenotypic analysis of abnormal floral organ development in

dme, rdd and drdd mutants.

Genotype WT dme rdd drdd
No. of flowers (plants) examined 25(11) 467 (151) 94 (26) 96 (25)
No. of abnormal flowers 0 27 5 34
No. of flowers showing combined phenotypes 0 1 0 15
No. of flowers with abnormal carpels
unfused - - 3 18
stamenoid - - 2 2
absent - - - 1

No. of flowers with abnormal stamens

increased number - 1 1

decreased number - 14 1 8
petaloid - 4 - -
short/deformed - 3 - 6
fused filaments - 1 - 1

No. of flowers with abnormal petals

increased number - - - 11
stamenoid - 2 - -
small - 3 - 2

No. of flowers with abnormal sepals

increased number - - - 1
decreased number - - - 2
petaloid - - - 1
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Figure 2-5. Stochastic development of floral organs in dme and rdd

mutants.

(A) Proportion of normal and abnormal flowers in WT, dme, rdd and drdd
mutants. A total of 11, 151, 26 and 25 plants were examined in WT, dme, rdd
and drdd mutants, respectively (n = 25, 467, 94, 96). (B) Representative
image of normally developed WT flower. (C-H) Abnormal flower structures
in dme with seven stamens and a deformed stamen (C), four stamens (D),
fused stamen filaments (E), a deformed stamen (F), a petal-like stamen fused
with white petal tissue (G) and a stamen-like petal containing a fused pollen
sac (H). (I-L) Abnormal flower morphologies in rdd with unfused carpels (1),
a stamenoid carpel containing a fused pollen sac (J), four stamens (K) and

seven stamens (L). Scale bar =1 mm.
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Figure 2-6. Combined phenotypes of floral abnormalities in the drdd

mutant.

(A-K) Aberrant flower phenotypes with split carpels (A), opened carpels with
ovules exposed (B), a stamenoid carpel containing a fused pollen sac (C), an
extra carpel with eight stamens (D), an absence of discernible carpel and three
stamens (E), six petals, five sepals and seven short stamens (F), eight stamens
(G), fused stamen filaments (H), a deformed stamen (1), short stamens (J) and

undetached floral organs after anthesis (K). Scale bar =1 mm.
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DNA demethylases redundantly regulate the expression of the target

genes

To explore the role of DNA demethylases in regulating gene expression
during reproductive development, RNA sequencing (RNA-seq) analysis was
performed on flowers and buds of WT and dme, rdd and drdd mutants. |
identified a total of 56, 140 and 2,516 differentially expressed genes (DEGS)
in dme, rdd and drdd flowers, respectively, compared to WT flowers (Figure
2-7A). More than 70 percent of DEGs were downregulated in dme, rdd and
drdd mutants (Figures 2-7A and 2-8A), consistent with the function of DNA
methylases in the inhibition of transcriptional silencing (Penterman et al.,
2007; Tang et al., 2016). While approximately 98 and 80 percent of
downregulated genes in dme and rdd overlapped with drdd-downregulated
genes, respectively, the majority of the drdd-downregulated genes appeared
to be specific to the drdd quadruple mutant (Figure 2-8A). Among 2,028
drdd-downregulated genes relative to WT, 991 (48.9%) genes also showed
decreased expression in drdd compared to dme and rdd, respectively, referred
to as commonly drdd-downregulated genes (Figure 2-8B). This finding
indicates a significant downregulation only in the drdd quadruple mutant, due
to the combined activity of DNA demethylases in transcriptional regulation.

Furthermore, 661 (32.0%) and 184 (9.1%) genes overlapped with the genes
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displaying reduced expression in drdd compared to rdd and dme mutants,
suggesting that downregulation of these genes may be DME- and RDD-
dependent, respectively (Figures 2-7B and 2-8B). Together, these results
demonstrate that all four DNA demethylases redundantly control the
expression of a subset of genes during flower development, and DME activity

might be largely responsible for the decrease in gene expression in drdd.

In flower buds, the number of DEGs in drdd (1,609 genes) was also
considerably higher than that of dme and rdd (27 and 138 genes, respectively)
compared to WT, more than 80 percent of which were downregulated
(Figures 2-9A and 2-10A). In addition, about 35 percent of the drdd-
downregulated genes were redundantly regulated, and the reduction of gene
expression in drdd was dependent on the activity of DME rather than that of
RDD (Figures 2-9B and 2-10B). These observations indicate that flowers and

buds have highly similar transcriptome profiles.

I next conducted Gene Ontology (GO) analysis to determine whether
gene expression changes caused by the drdd mutation are associated with
biological functions. The drdd-downregulated genes were highly enriched in
pollen tube growth and development as well as cell morphogenesis involved

in differentiation (Figures 2-8C and 2-10C and Tables 2-3 and 2-4), in

93



agreement with the observation of abnormal flower and silique development
in drdd (Figures 2-4 and 2-6). This is also consistent with the previous study
that showed DME and ROS1 acting together to promote pollen tube
progression by regulating the expression of genes with pollen tube function
(Khouider et al., 2021). The drdd-upregulated genes were most enriched for
metabolic process and cell wall biogenesis (Figure 2-8D). Moreover, to
investigate whether the associated biological processes rely on the
combinatorial activity of DNA demethylase, GO analysis was performed on
the drdd-downregulated genes common to WT, dme and rdd. GO terms for
pollen tube growth and development as well as cell morphogenesis involved
in differentiation were also significantly enriched among the commonly
downregulated genes in drdd (Table 2-5), suggesting that the redundant
activities of DNA demethylases may contribute to the transcriptional
regulation of genes involved in pollen tube development and cell

differentiation.
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Figure 2-7. Transcriptome changes in drdd flowers.
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drdd vs. WT

(A-B) Volcano plots showing differentially expressed genes (fold change (FC)
> 2, false discovery rate (FDR) < 0.05) in dme, rdd and drdd compared to WT
(A) and in rdd and dme compared to WT (B). Blue and red dots represent
downregulated and upregulated genes, respectively. Grey dots indicate the

genes that are not significantly differentially expressed.
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Figure 2-8. Comparative analysis of DEGs in WT, dme, rdd and drdd

flowers.

(A-B) Venn diagrams of DEGs in dme, rdd and drdd mutants compared to
WT (A) and DEGs in drdd compared to WT, dme and rdd mutants (B). (C-
D) GO analysis of downregulated (C) and upregulated (D) genes in drdd

compared to WT.
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Figure 2-9. Transcriptome changes in drdd buds.

(A-B) Volcano plots showing differentially expressed genes (fold change (FC)
> 2, false discovery rate (FDR) < 0.05) in dme, rdd and drdd compared to WT
(A) and in rdd and dme compared to WT (B). Blue and red dots represent

downregulated and upregulated genes, respectively. Grey dots indicate the

genes that are not significantly differentially expressed.
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Figure 2-10. Comparative analysis of DEGs in WT, dme, rdd and drdd
buds.

(A-B) Venn diagrams of DEGs in dme, rdd and drdd mutants compared to
WT (A) and DEGs in drdd compared to WT, dme and rdd mutants (B). (C-
D) GO analysis of downregulated (C) and upregulated (D) genes in drdd
compared to WT.
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Table2-3. Top 20 most enriched GO terms of downregulated genes in

drdd flowers compared to WT.

GO ID GO term Count® P-value  FDR®
GO0:0009860 Pollen tube growth 85 7.38E-36  2.24E-32
G0:0009932  Cell tip growth 92 1.61E-35 3.25E-32
G0:0048868 Pollen tube development 96 1.91E-34 2.32E-31
G0:0048638 Regulation of developmental growth 95 2.86E-33 2.89E-30
G0:0048588 Developmental cell growth 98 1.12E-31 9.73E-29
G0:0009826  Unidimensional cell growth 115 1.73E-29  8.08E-27
G0:0048468 Cell development 109 1.60E-30 9.68E-27
G0:0000904 Cell morphogenesis involved in 92 6.43E-27 2.17E-24
differentiation
GO0:0060560 Developmental growth involved in 123 7.05E-27 2.25E-24
morphogenesis
GO0:0000902 Cell morphogenesis 119 3.30E-27 6.65E-24
GO0:0030154 Cell differentiation 210 6.21E-26  1.88E-23
G0:0080092 Regulation of pollen tube growth 30 4.90E-25 7.41E-22
G0:0010769 Regulation of cell morphogenesis 30 5.80E-23  7.02E-20
involved in differentiation
G0:0060284 Regulation of cell development 30 6.70E-22  6.75E-19
GO0:0009617 Response to bacterium 173 8.90E-17 5.98E-14
GO0:0051510 Regulation of unidimensional cell 32 5.20E-16 3.14E-13
growth
G0:0042742 Defense response to bacterium 151 6.50E-16 3.57E-13
G0:0050832 Defense response to fungus 107 2.10E-14 9.77E-12
GO0:0001558 Regulation of cell growth 38 2.70E-14 1.17E-11
GO0:0006952 Defense response 283 2.00E-13 7.56E-11

a Number of drdd-downregulated genes from list

b False discovery rate (FDR) from Benjamini-Hochberg multiple tests
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Table2-4. Top 20 most enriched GO terms of downregulated genes in

drdd buds compared to WT.

GO ID GO term Count® P-value  FDR®
GO0:0009860 Pollen tube growth 85 7.38E-36  2.24E-32
G0:0009932  Cell tip growth 92 1.61E-35 3.25E-32
G0:0048868 Pollen tube development 96 1.91E-34 2.32E-31
G0:0048638 Regulation of developmental growth 95 2.86E-33 2.89E-30
G0:0048588 Developmental cell growth 98 1.12E-31 9.73E-29
G0:0009826  Unidimensional cell growth 115 1.73E-29  8.08E-27
G0:0048468 Cell development 109 1.60E-30 9.68E-27
G0:0000904 Cell morphogenesis involved in 92 6.43E-27 2.17E-24
differentiation
GO0:0060560 Developmental growth involved in 123 7.05E-27 2.25E-24
morphogenesis
GO0:0000902 Cell morphogenesis 119 3.30E-27 6.65E-24
GO0:0030154 Cell differentiation 210 6.21E-26  1.88E-23
G0:0080092 Regulation of pollen tube growth 30 4.90E-25 7.41E-22
G0:0010769 Regulation of cell morphogenesis 30 5.80E-23  7.02E-20
involved in differentiation
G0:0060284 Regulation of cell development 30 6.70E-22  6.75E-19
GO0:0009617 Response to bacterium 173 8.90E-17 5.98E-14
GO0:0051510 Regulation of unidimensional cell 32 5.20E-16 3.14E-13
growth
G0:0042742 Defense response to bacterium 151 6.50E-16 3.57E-13
G0:0050832 Defense response to fungus 107 2.10E-14 9.77E-12
GO0:0001558 Regulation of cell growth 38 2.70E-14 1.17E-11
GO0:0006952 Defense response 283 2.00E-13 7.56E-11

a Number of drdd-downregulated genes from list

b False discovery rate (FDR) from Benjamini-Hochberg multiple tests
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Table2-5. Top 20 most enriched GO terms of commonly downregulated

genes in drdd flowers compared to WT.

GO ID GO term Count® P-value  FDR®
G0:0048868 Pollen tube development 87 2.11E-40 1.28E-36
G0:0009860 Pollen tube growth 74 1.83E-38 1.59E-35
G0:0009932  Cell tip growth 79 1.05E-37 7.96E-35
G0:0048638 Regulation of developmental growth 84 1.36E-37 9.14E-35
G0:0048588 Developmental cell growth 84 2.37E-34 1.1E-31
GO0:0030154 Cell differentiation 184 1.1E-35  6.69E-33
GO0:0000904 Cell morphogenesis involved in 79 1.03E-29 3.9E-27
differentiation
G0:0009826 Unidimensional cell growth 93 1.12E-29 4.01E-27
G0:0048468 Cell development 93 7.24E-28  2.44E-25
GO0:0060560 Developmental growth involved in 99 2.33E-27 7.07E-25
morphogenesis
GO0:0000902  Cell morphogenesis 96 3.70E-27 1.12E-23
G0:0080092 Regulation of pollen tube growth 27 3.40E-25 6.85E-22
G0:0010769 Regulation of cell morphogenesis 27 1.90E-23 2.30E-20
involved in differentiation
G0:0060284 Regulation of cell development 27 1.60E-22 1.38E-19
GO0:0051510 Regulation of unidimensional cell 32 7.50E-21 5.67E-18
growth
GO0:0001558 Regulation of cell growth 36 6.30E-18 4.23E-15
G0:0022604 Regulation of cell morphogenesis 33 7.00E-18 4.23E-15
G0:0045595 Regulation of cell differentiation 28 6.10E-14 2.63E-11
G0:0022603 Regulation of anatomical structure 37 1.30E-11 4.62E-09
morphogenesis
GO0:0045490 Pectin catabolic process 22 7.30E-10  2.45E-07

a Number of drdd-downregulated genes from list

b False discovery rate (FDR) from Benjamini-Hochberg multiple tests
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Active DNA demethylation is redundantly regulated by DNA

demethylases

BS-seq was performed on flowers of WT, dme, rdd and drdd mutants.
Differentially methylated cytosines (DMCs) and differentially methylated
regions (DMRs) were identified between WT and each mutant genotype. In
total, 567,025, 1,038,023 and 1,214,311 hypermethylated DMCs (hyper-
DMCs) were found in dme, rdd and drdd compared to WT, respectively, and
a larger number of hyper-DMCs were identified relative to hypomethylated
DMCs (hypo-DMCs) in both drdd and rdd (Figure 2-11A). | then identified
1,228, 12,643 and 14,356 hypermethylated DMRs (hyper-DMRs) in dme, rdd
and drdd, respectively, compared to WT (Figure 2-11B). Although DNA
methylation was substantially increased in rdd rather than in dme, the drdd
mutant exhibited a higher increase in DNA methylation, demonstrating the
redundant function of DNA demethylases in removing DNA methylation
(Figure 2-11B). In particular, DNA hypermethylation predominantly
occurred in the CG and CHG contexts, albeit to a less extent in the CHH
context, and the hyper-DMRs in all sequence contexts largely overlapped

with each other (Figures 2-11B and 11C).
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To assess the function of each DNA demethylase, | compared the hyper-
DMRs in dme, rdd and drdd mutants. Approximately 40 percent of the drdd
hyper-DMRs were specific to the drdd quadruple mutant, and a higher
proportion of drdd hyper-DMRs overlapped with rdd hyper-DMRs than with
dme hyper-DMRs (Figure 2-12A). | next examined DNA methylation levels
of WT and mutants replicate in all sequence contexts. At the hyper-DMRs of
drdd, the dme mutant exhibited less CG methylation, but similar CHG and
CHH methylation compared to WT (Figure 2-12B). DNA hypermethylation
also occurred in all sequence contexts of the rdd mutant, with an increase of
DNA methylation being more prominent in drdd (Figure 2-12B). These

results reveal that DME acts redundantly with other DNA demethylases.

I then investigated the genome-wide distribution of hyper-DMRs in each
mutant. The hyper-DMRs in dme were localized to different genomic regions
from the WT genome, with a slight increase at TEs and a decrease in introns
(Figure 2-12C). Remarkably, the hyper-DMRs in drdd and rdd were highly
associated with promoters and intergenic regions and less associated with
gene body regions, suggesting DNA demethylases share significant portion

of genomic targets in regulating gene expression (Figure 2-12C).
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The drdd hyper-DMRs were further divided into CG-only and multi-
context groups. The CG-only group shows DNA hypermethylation only in
the CG context, whereas the multi-context group was hypermethylated in CG
and either CHG or CHH context in the drdd mutant compared to WT. The
CG-only hyper-DMRs in drdd were highly enriched at gene bodies, with no
significant difference between the multi-context hyper-DMRs and the entire
drdd hyper-DMRs (Figure 2-13A). Given that gene body methylation occurs
in the CG context of the coding regions and is depleted at the transcriptional
start and termination sites (Bewick and Schmitz, 2017; Zilberman, 2017), |
then investigated CG methylation patterns at gene body methylated (gbM)
genes and their flanking regions. In gbM genes (Bewick et al., 2016), the drdd
mutant and WT displayed similar CG methylation levels (Figure 2-13B). In
the genes overlapped with the CG-only hyper DMRs in drdd, referred to as
DRDD gbM genes, however, DNA methylation enrichment at gene bodies
was reduced in drdd compared to WT (Figure 2-13B). In addition, more than
half of the DRDD gbM genes (448 of 995) did not overlap with the previously
identified gbM genes. These findings demonstrate that DRDD gbM genes are
quite different from the typical gbM genes, in accordance with the previous

report (Williams et al., 2022).
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Figure 2-11. DNA methylation changes in the drdd mutant.

(A-B) Number of differentially methylated cytosines (DMCs) (A) and
differentially methylated regions (DMRs) (B) in dme, rdd and drdd mutants
compared to WT. (C) Venn diagrams showing the overlap of CG, CHG and
CHH DMRs in dme, rdd and drdd mutants compared to WT.
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Figure 2-12. Comparative analysis of hyper-DMRs in WT, dme, rdd and
drdd mutants.

(A) Venn diagrams indicating the overlap of DMRs among dme, rdd and drdd
mutants. (B) Box plots of CG, CHG and CHH methylation levels of WT, dme,

rdd and drdd mutants at the drdd hyper-DMRs. Replicates are shown in the
same color. (C) Genomic distribution of hyper-DMRs in dme, rdd and drdd

mutants.
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Figure 2-13. Gene body methylation (gbM) in the drdd mutant

(A) Genomic distribution of the drdd hyper-DMRs divided into CG-only and
multiple context groups. (B) Metagene plots showing CG methylation levels
at typical gbM genes and DRDD gbM genes in WT and drdd.
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DNA demethylation by DNA demethylases is required for

transcriptional regulation during reproductive development

To investigate whether gene expression changes induced by the drdd
mutation were associated with DNA methylation changes, | counted the
number of DEGs adjacent to the hyper-DMRs within 2 kb. The hyper-DMRs
were more frequently found proximal to the downregulated genes than
upregulated genes in drdd, and moreover, both the downregulated genes and
the upregulated genes displayed a significant association with the neighboring
hyper-DMRs (Figure 2-14A). | identified a total of 703 downregulated genes
with hyper-DMRs in their promoter regions in drdd, hereafter referred to as
drdd hyper DMR-associated genes. Hierarchical clustering analysis was
performed to examine expression patterns of the hyper DMR-associated
genes. More than 60 percent (444 genes) of these genes showed a significant
decrease of expression only in a drdd quadruple mutant, approximately 25
and 10 percent (185 and 74 genes) of which displayed DME- and RDD-
dependent expressions, respectively (Figure 2-14B). Notably, DNA
methylation levels of hyper DMR-associated genes were substantially
increased at the promoter regions, especially in the CG and CHH contexts

(Figure 2-14C). These findings indicate a close relationship between DNA
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hypermethylation at promoters and reduced expression in a drdd quadruple

mutant, with functional redundancy of DNA demethylases.

I then performed GO analysis on the drdd hyper DMR-associated genes to
clarify the biological functions under the control of active DNA
demethylation. Consistent with abnormal floral development and a failure of
fertilization in the drdd mutant (Figures 2-3 to 2-6), these hyper DMR-
associated genes were significantly associated with pollen tube growth and
cell differentiation (Figure 2-14D). As described previously (Zeng et al.,
2021), GO terms related to biotic stress responses were also highly enriched
(Table 2-6). Taken together, these findings suggest that DNA demethylase-
mediated DNA demethylation may regulate the expression of genes related

to pollen tube development and cell morphogenesis.
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Figure 2-14. Transcriptional regulation by DNA demethylase-mediated
DNA demethylation.

(A) Percentage of DEGs within 2 kb of hyper-DMRs in drdd compared to
WT. Randomly selected windows were used as negative controls (Fisher’s
exact test, **P < 0.001). (B) Hierarchical clustering of 703 hyper DMR-
associated genes in drdd. Transcript levels in WT, dme, rdd and drdd
replicates are shown. (C) DNA methylation levels in the 2 kb flanking regions
of the drdd hyper DMR-associated genes. (D) GO analysis of the drdd hyper
DMR-associated genes.
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Table 2-6. Top 20 most enriched GO terms of drdd hyper-DMR

associated genes.

GO ID GO term Count® P-value  FDR®

G0:0009617 Response to bacterium 73 280E-11 8.49E-08
G0:0048638  Regulation of developmental growth 28 4.50E-11  9.10E-08
GO:0042742  Defense response to bacterium 64 1.20E-10 1.82E-07
GO:0006952  Defense response 116 4.20E-10 4.24E-07
G0:0098542  Defense response to other organism 101 1.00E-09  8.66E-07
G0:0043207  Response to external biotic stimulus 111 1.60E-09  9.37E-07
GO:0009751  Response to salicylic acid 35 3.70E-09 1.73E-06
G0:0014070  Response to organic cyclic compound 48 5.20E-08  2.10E-05
G0:0009620  Response to fungus 54 5.80E-08 2.20E-05
GO:0030154 el differentiation 64 6.80E-08 2.32E-05
GO:0048868  Pollen tube development 23 6.90E-08  2.32E-05
GO:0009860  polien tube growth 19 1.10E-07 3.51E-05
G0:0009932  Cell tip growth 21 1.20E-07 3.64E-05
GO:0050832  Defense response to fungus 41 3.10E-07 8.95E-05
GO:0009826  Unidimensional cell growth 29 8.90E-07 0.000225
GO:0048588  Deyelopmental cell growth 22 3.10E-06  0.000606
GO:0031347  Regulation of defense response 40 5.00E-06 0.000948
GO0:0060560 Developmental growth involved in 31 6.40E-06 0.001126

morphogenesis
GO0:0000904 Cell morphogenesis involved in 22 6.50E-06 0.001126
differentiation
G0:0048468 28 9.10E-06 0.001491

Cell development

a Number of drdd-downregulated genes from list

b False discovery rate (FDR) from Benjamini-Hochberg multiple tests
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DISCUSSION

In contrast to expressions of ROS1, DML2 and DML3 in vegetative
tissues, the precise expression of DME in the central cell is responsible for
endosperm development (Choi et al., 2002; Gehring et al., 2006). However,
several studies have reported that DME activity is not confined to the central
cell (Kim et al., 2021; Mathieu et al., 2007; Park et al., 2017; Zhang et al.,
2019). To investigate the biological role of the entire DME family, central
cell-specific complementation lines were generated in dme or drdd mutant
backgrounds, bypassing seed abortion caused by the maternal dme allele
(Kim et al., 2021; Williams et al., 2022; Zeng et al., 2021). In this study, |
generated homozygous dme and drdd mutants by in vitro rescue of early seeds.
A few embryos developed from the in vitro-cultured seeds exhibited
developmental defects resulting from extra and irregular cell divisions as
previously described (Sauer and Friml, 2004), and normally developed
embryos also showed subtle phenotypic variations during vegetative
development. Although I cannot rule out the possibility of the unexpected
effect of in vitro rescue during vegetative growth, the drdd mutant displayed
considerably retarded growth compared to WT and dme and rdd mutants

(Figures 2-2A and 2-3A). After the transition from vegetative to reproductive
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development, the effect of in vitro culture appeared to be compromised to
some extent. WT flowers and siliques did not show any obvious phenotypes,
whereas dme and rdd mutants occasionally developed abnormal flowers
(Figures 2-4 and 2-5). Severe defects in floral organ determination,
fertilization and silique elongation were frequently observed in the drdd
mutant (Figures 2-4 and 2-6). These results suggest that DNA demethylases
act redundantly during reproductive development.

DNA hypermethylation was observed in the drdd and rdd mutants, to a
lesser extent in dme, compared to WT. In genic regions, DNA methylation
was increased in all sequence contexts of the drdd mutant. In TE regions, CG
and CHG methylation was increased, but CHH methylation was reduced in
drdd (data not shown), as previously described in rdd (Le et al., 2014;
Schumann et al., 2019). As CHH hypomethylation at TEs was often
associated with repressed gene expression in rdd, these reports suggested that
CHH methylation initiated by RADM may function in TE silencing to repress
cryptic transcription of nearby genes (Gent et al., 2013; Le et al., 2014,
Schumann et al., 2019). Moreover, the drdd mutant exhibited a higher number
of hyper-DMRs and a prominent increase in DNA methylation levels in
comparison with the rdd mutant (Figures 2-11 and 2-12), consistent with the

previous studies (Williams et al., 2022; Zeng et al., 2021). Nearly 60 percent
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of the drdd hyper-DMRs overlapped with the rdd hyper-DMRs, but 40
percent of which were specific to the drdd quadruple mutant (Figure 2-12).
These findings indicate that all four DNA demethylases would work together
to remove DNA demethylation.

To examine whether the DRDD-mediated active DNA demethylation
contributes to transcriptional regulation during reproductive development, |
identified a total of 707 drdd hyper DMR-associated genes. Approximately
60 percent of these genes showed decreased expression only in drdd, but not
in dme or rdd, with DNA hypermethylation at their promoter regions (Figure
2-14). In accordance with the failure of fertilization in the drdd mutant
(Figures 2-3 and 2-4), GO terms related to pollen tube development, cell wall
modification and pectin catabolic process were significantly enriched in the
drdd hyper DMR-associated genes (Figure 2-14). DME and ROS1 are
thought to act together for proper pollen tube growth (Khouider et al., 2021).
All four candidate genes for DME/ROS1 targets in male fertility were
downregulated in drdd, and notably, POLLEN RECEPTOR LIKE KINASE 4
(PRK4) was associated with the drdd-hyper DMR. PRK4 is known to regulate
the actin cytoskeleton at the pollen tube apex by mediating extracellular
signals (Duckney et al., 2017). In addition, the drdd hyper-DMR associated

genes involve the genes encoding expansins, pectin methylesterases and Rop-
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interactive CRIB motif-containing proteins. | propose that the dysregulation
of the genes involved in cell wall expansion may be responsible for abnormal
pollen tube growth in the drdd mutant. Further experiments will be required
to clarify the mechanisms underlying polarized pollen tube growth mediated

by DNA demethylases.
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CHAPTER 3

Comparative Analysis of Genome and

Epigenome Landscapes in Brassica rapa Subspecies
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ABSTRACT

Chinese cabbage (Brassica rapa subsp. pekinensis) and turnip (B. rapa
subsp. rapa) display strikingly distinct morphologies within the same species.
While Chinese cabbage forms a leafy head and small roots, turnip has lobed
leaves and an enlarged taproot derived from swollen hypocotyl and root
tissues. However, the mechanisms that develop highly contrasting
phenotypes between the two subspecies remain elusive. Considering their
genomic similarity, it is presumably due to the unraveled role of epigenetic
factors beyond genetic differences in subspecies-specific divergence. Here, |
profiled genome-wide gene expression, chromatin accessibility, histone mark
enrichment and DNA methylation in Chinese cabbage and turnip seedlings.
The two subspecies showed differential expressions of approximately 8,000
genes, and more than 30 percent of accessible chromatin regions (ACRS) were
subspecies-specific. The ACRs were associated with the enrichment of
histone H3 lysine 27 acetylation (H3K27ac) and the depletion of DNA
methylation. In addition, genes harboring multiple ACRs displayed higher
expression dynamics, implying that ACRs have potential features as

transcriptional enhancers. Moreover, distant ACRs (dACRs), identified as
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putative distal enhancers, exhibited high sequence similarity but divergent
chromatin accessibility between the two subspecies. Long terminal repeat
(LTR) retrotransposons were also highly enriched in turnip-specific dACRs,
suggesting the role of LTRs as an evolutionary driving force in chromatin
accessibility divergence. Remarkably, motif enrichment analysis revealed
that turnip-specific dACRs showed significant enrichment in transcription
factor motifs related to vascular stem cell maintenance and differentiation
during secondary growth, with increased H3K27ac levels. The predicted
turnip-specific dACRs were validated for the transcriptional enhancer activity
by reporter assay. This study provides insights into the subspecies-specific
divergence of putative enhancers, thereby leading to morphotype

diversification within the same species.
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INTRODUCTION

Brassica species have been cultivated as economically important crops
worldwide. Due to a whole genome triplication event that occurred
approximately 9-15 million years ago, Brassica genomes have undergone
diversification, followed by an extensive fractionation (Cheng et al., 2014;
Wang et al., 2011). Through artificial selection during domestication,
Brassica crops have appeared to exhibit different morphology within the
same species as well as similar morphology between different species (Cheng
etal., 2016). Remarkably, Brassica rapa L (2n = 2x = 20) consists of various
subspecies with morphological divergence. Chinese cabbage (B. rapa subsp.
pekinensis) and Pak choi (B. rapa subsp. chinensis) are the leafy vegetables,
whereas turnip (B. rapa subsp. rapa) has enlarged edible roots. In addition to
the oilseed field mustard (B. rapa subsp. oleifera), broccoli rabe or rapini (B.
rapa subsp. rapa) have small edible buds (Gdmez-Campo and Prakash, 1999;

Qi et al., 2017).

The two subspecies Chinese cabbage and turnip exhibit strikingly
different morphological characteristics, despite their genetic similarity that

allows the formation of the hybrid between them. Whereas Chinese cabbage
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forms a leafy head composed of incurved leaves with small roots, turnip
shows pinnately lobed leaves, a swollen hypocotyl and a bulbous taproot,
with the overall morphology similar to radish (Raphanus sativus) that belongs
to a different genus. During the secondary growth, xylem tissues in turnip
hypocotyl-tubers show thinner and less lignified cell walls compared to non-
tuberizing B. rapa, indicating a higher meristematic activity in the vascular
cambium (Liu et al., 2019). Genetic studies have attempted to identify
quantitative trait loci (QTL) involved in the root development of turnip (Lou
et al., 2007; Lu et al., 2008; Wu et al., 2021; Zhao et al., 2010). Moreover,
comparative genomic analysis between tuber-forming morphotypes (turnip in
B. rapa and kohlrabi in Brassica oleracea) and non-tuber forming
morphotypes identified genomic regions under subgenome parallel selection,
where a subset of genes are associated with sugar or cellulose transport and
cell growth (Cheng et al., 2016). However, the mechanism to drive highly
distinct morphotypes within the same B. rapa species cannot be fully
explained by genetic factors, presumably due to a coordinative role of

epigenetic factors.

Enhancers are cis-regulatory elements that activate expression of target
genes, independent of the relative distance, location or orientation to their

cognate promoter (Li et al., 2016; Long et al., 2016). A combination of

125



transcription factors (TFs) can bind to enhancers and recruit coactivators such
as histone acetyltransferases and chromatin remodelers to increase chromatin
accessibility, thereby leading to transcriptional activation of target genes
(Ong and Corces, 2011; Shlyueva et al., 2014). Notably, enhancers are
brought into proximity of their cognate promoters through chromatin looping,
which allows long-range interactions between distal enhancers and their
target genes spanning from kilobases to megabases (Schoenfelder and Fraser,
2019). In animals, active enhancers are generally depleted of nucleosomes
and associated with histone H3 lysine 27 acetylation (H3K27ac), low DNA
methylation levels and non-coding enhancer RNA transcripts, while inactive
enhancers exhibit low chromatin accessibility and H3K27 trimethylation
(H3K27me3) enrichment (Andersson et al., 2014; Kouzarides, 2007; Rada-
Iglesias et al., 2011). H3K4 monomethylation (H3K4mel) is present at

mammalian enhancers regardless of their activity (Rada-lglesias et al., 2011).

Enhancers play important roles in cell identity control, development and
evolutionary process by orchestrating precise spatiotemporal patterns of gene
expression in a cell type- or tissue-specific manner (Long et al., 2016; Ong
and Corces, 2011; Shlyueva et al., 2014). Whereas highly conserved
enhancers can control fundamental biological processes including embryo

development, genetic variations at enhancers can drive evolutionary changes
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between species in various organisms, in many cases associated with
morphological divergence (Arnold et al., 2014; Kvon et al., 2016; Prescott et
al., 2015; Villar et al., 2015). In plants, phenotypic variations can arise from
sequence changes in distal cis-regulatory elements during domestication,
exemplified by inflorescence architecture in maize and diversification of
flowering time in Arabidopsis accessions as well as leaf shape in the
Brassicaceae family (Liu et al., 2014a; Studer et al., 2011; Vuolo et al., 2016).
In addition to the sequence properties of cis-regulatory elements, the
chromatin accessibility is indicative of active enhancers and has emerged as
a key determinant of development, disease and evolution in diverse organisms

(Corces et al., 2016; Corces et al., 2018; Gao et al., 2018; Zhang et al., 2021).

Due to the distance- and orientation-independent nature of enhancer
activity, enhancer discovery has remained challenging, especially in plants.
Although genome-wide identification of enhancer chromatin features has
enabled the discovery of tens of thousands of enhancer candidates in human
and other animal genomes (Andersson et al., 2014; Kvon et al., 2016),
chromatin hallmarks of plant enhancers and their dynamic regulation in
development and evolution remain to be clarified. By assaying chromatin
accessibility, in parallel with histone mark enrichment and DNA methylation

analysis, DNase-hypersensitive sites or transposase-accessible chromatin
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regions have been predicted as putative enhancers in Arabidopsis, rice and
maize genomes (Oka et al., 2017; Ricci et al., 2019; Zhang et al., 2012; Zhu
et al., 2015). Distal cis-regulatory elements have also been identified based
on chromatin accessibility from various angiosperm species, suggesting that
they are highly conserved among species but show dynamic chromatin

behaviors (Li et al., 2019; Reynoso et al., 2019).

I hypothesized that highly contrasting phenotypes between the two
subspecies Chinese cabbage and turnip may arise from the coordination of
epigenetic and genetic factors. Here | report the different profiles of
transcriptome and epigenome in Chinese cabbage (Chiifu-401-42; CF) and
Ganghwa turnip (G14; Park et al., 2019) seedlings. The majority of accessible
chromatin regions (ACRs) were associated with H3K27ac enrichment and
low DNA methylation levels. Furthermore, genes associated with ACRs
showed a significant increase in expression dynamics, suggesting that ACRs
may retain the function of transcriptional enhancers. A total of 2,972 and
2,480 distant ACRs (dACRs) were identified as enhancer candidates in CF
and G14, respectively, with high sequence similarity and differential
chromatin accessibility. In particular, a higher proportion of transposable
elements (TEs) overlapped with G14-specific dACRs in comparison with CF-

specific dJACRs, among which long terminal repeat retrotransposons (LTRS)
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were particularly enriched in G14-specific dACRs. Notably, G14-specific
dACRs exhibited a significant enrichment of TF motifs associated with
hypocotyl and root development, and a subset of dACRs were validated for
transcriptional enhancer activity. These results suggest that subspecies-
specific divergence in distal regulatory regions may contribute to different

morphotypes during evolution.

129



MATERIALS AND METHODS

Plant materials

Chinese cabbage (B. rapa L. cv. Chiifu-401-42; CF) and a doubled
haploid line of Ganghwa turnip (G14; (Park et al., 2019)) were grown on 1x
Murashige and Skoog (MS) medium in a growth chamber at 22°C under 16
h of fluorescent light at 20 + 10 pmol m™ s™. For RNA-seq, whole genome
bisuifite (BS)-seq, assay for transposase-accessible chromatin (ATAC)-seq,
chromatin immunoprecipitation (ChlP)-seq and Hi-C analysis, 18 day-after-
sowing (DAS) seedlings of CF and G14 were harvested (Figure 3-1B), as the
anatomy of hypocotyl-tuber in turnips becomes distinct from non-tuber

forming turnips after 16 DAS (Liu et al., 2019).

RNA-seq and analysis

For each of three biological replicates, three seedlings were pooled.
Total RNA was extracted using the RNeasy Plant Mini kit (Qiagen) and
treated with RNase-free DNase (Qiagen) to remove any genomic DNA
contaminants. RNA-seq libraries were constructed according to the previous
report (Zhong et al., 2011). RNA-seq was performed on the Illumina HiSeq

4000 sequencing system. Paired-end reads were filtered with Trimmomatic
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v.0.38 (Bolger et al., 2014) with the parameters TruSeq3-PE-2.fa:2:30:10,
LEADING:15, TRAILING:15, SLIDINGWINDOW:4:18 and MINLEN:60.
Reads were aligned to the reference Chiifu-401-42 genome V3.0 (Wang et al.,
2011) using hisat2 version 2.2.1 (Kim et al., 2019) and quantified with htseq-
count version 0.6.1p1 (Anders et al., 2015). DEGs were identified using the

edgeR package (Robinson et al., 2010) with fold change > 2 and FDR < 0.05.

BS-seq and analysis

A total of 5 pg of genomic DNA was used to generate BS-seq libraries
using the KAPA Library kit (Roche) and EpiTect Bisulfite Kit (Qiagen). BS-
seq was performed using the lllumina HiSeq 4000 sequencing system. 151 bp
paired-end reads were filtered with Trimmomatic v.0.38 (Bolger et al., 2014)
with the same parameters as in transcriptome analysis. Filtered reads were
mapped to Chiifu-401-42 genome V3.0, and methylation was called with
Bismark v0.19.1 (Krueger and Andrews, 2011). Only cytosine sites with 5x
coverage were used for subsequent analysis. DMCs and DMRs were
identified as described previously (Huang et al., 2013). DMRs were finally
identified based on the regions with a length > 100 bp, > 5 DMCs, and the

mean methylation difference > 0.3 for CG, > 0.15 for CHG, or > 0.1 for CHH.
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ATAC-seq and analysis

ATAC-seq was performed as described previously (Lu et al., 2017) with
minor modifications. Five seedlings were chopped with a razor blade in pre-
chilled lysis buffer (15 mM Tris-HCI pH7.5, 20 mM NaCl, 80 mM KCl, 0.5
mM spermine, 5 mM 2-ME, 0.2% TritonX-100). The suspension was filtered
through two layers of Miracloth and a 40-um cell strainer, then centrifuged at
2,800 g for 20 min at 4°C. The pellet was resuspended in pre-chilled lysis
buffer and loaded on top of dense sucrose buffer (20 mM Tris-HCI Ph8.0, 2
mM MgClz, 2 MM EDTA, 15 mM 2-ME, 1.7 M sucrose, 0.2% TritonX-100)
in 2mL tube. After centrifugation at 2,200 g for 20 min at 4°C, the nuclei were
stained with 4,6-diamidino-2-phenylindole and loaded into a flow cytometer
(BD FACS Aria Ill). A total of 50,000 to 100,000 nuclei were sorted and
centrifuged at 1,500 g for 7 min at 4°C. The pellet was incubated with 2 pl of
TDE1 transposase (lllumina) in TD buffer at 37°C for 30 min, then purified
using a QIAquick PCR purification kit (Qiagen). The transposed DNA was
amplified using NEBNext High Fidelity PCR Mix for 10-12 cycles. The
optimal number of PCR cycles was determined as described previously (Bajic
etal., 2017). ATAC-seq libraries were performed on the Illumina HiSeq 4000

sequencing system.
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Low quality reads with > 20% of Phred score < 20 were filtered, and
adapters were trimmed with cutadapt v.3.4 (Martin, 2011). Filtered reads
were mapped to B. rapa chloroplast genome (Wang et al., 2011) with bowtie
v.1.0.0 (Langmead, 2010) and reads mapped on the chloroplast genome were
filtered. Remained reads were mapped to B. rapa V3.0 genome (Wang et al.,
2011) with bowtie2 v.2.3.4.2 (Langmead and Salzberg, 2012) with default
parameters. Duplicate reads were marked with picard v.2.6.0
(http://broadinstitute.github.io/picard/), and uniquely mapped reads with
MAPQ > 30 were used for further analysis. Enriched peaks were identified
with MACS2 v.2.6.0 (Zhang et al., 2008). Sequence identity between CF and
G14 and SNP density from 80 B. rapa accessions were calculated using
GATK v.3.6.0 (McKenna et al., 2010). Matrices for heatmaps and profiles
were calculated with deepTools v.3.4.3 (Ramirez et al., 2014). Motif
enrichment analysis was performed using MEME-ChIP v.5.4.1 (Machanick
and Bailey, 2011) and 500-bp-long dACR peak summit-centered sequences

were used as input.

ChlIP-seqg and analysis
ChlIP was performed following the previous protocols (Lee et al., 2007;

Lee et al., 2014). A total of 2~3g of whole seedlings were vacuum-infiltrated
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with 1% formaldehyde for crosslinking, followed by the addition of glycine
for quenching the crosslinking process. Plant tissues were ground in liquid
nitrogen and resuspended in nuclear extraction buffer 1 (0.4 M sucrose, 10
mM Tris-HCI, pH 8, 10 mM MgClz, 5 mM B-mercaptoethanol, 0.1 mM
phenylmethylsulfonyl fluoride [PMSF], and 1x protease inhibitor; Roche),
then filtered through Miracloth twice. After centrifugation at 2800g for 20
min at 4°C, the pellet was resuspended in nuclear extraction buffer Il (0.25 M
sucrose, 10 mM Tris-HCI, pH 8, 10 mM MgClz, 1% Triton X-100, 5 mM f-
mercaptoethanol, 0.1 mM PMSF, and 1x protease inhibitor), then centrifuged
at 12,000g for 10 min at 4°C. The pellet was resuspended in 300 pL of nuclear
extraction buffer I11 (1.7 M sucrose, 10 mM Tris-HCI, pH 8, 0.15% Triton X-
100, 2 mM MgCl,, 5 mM B-mercaptoethanol, 0.1 mM PMSF, and 1x protease
inhibitor) and loaded on the surface of 1.5 ml of nuclear extraction buffer IlI,
followed by centrifugation at 16,0009 for 1h at 4°C. The nuclei pellet was
resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 1%
SDS, and 1x protease inhibitor; Roche). Chromatin was sonicated into 0.3-
0.8 kb using covaris S2x system (duty cycle: 10, intensity: 8, cycle per burst:
50, treatment time: 12 min). After preclearing with dynabeads protein G
Invitrogen), 3~5 pg of anti-H3K4mel (Abcam; xx), anti-H3K27ac (Abcam;

xX), anti-H3K27me3 (Abcam; xx) or anti-H3K9me2 (Abcam; xx) antibody
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was added to the chromatin solution and incubated overnight at 4°C. The
precipitates were eluted from the beads, then reverse-crosslinked, followed
by removal of proteins by proteinase K treatment. DNA was recovered by
phenol-chloroform extraction followed by ethanol precipitation, and ChIP-
seq libraries were constructed using the NEBNext Ultra I| DNA Library Prep
kit. Chlp-seq was performed using the Illumina HiSeq 4000 sequencing
system.

Paired-end reads were filtered with Trimmomatic v.0.38 (Bolger et al.,
2014) with the same parameters as in transcriptome analysis and mapped to
B. rapa V3.0 genome with bowtie2 v.2.3.4.2 (Langmead and Salzberg, 2012)
with default parameters. Peak calling was performed with MACS2 v.2.6.0
(Zhang et al., 2008) and matrices for heatmaps were calculated with

deepTools v.3.4.3 (Ramirez et al., 2014).

Reporter assay

For functional validation of dACRs by protoplast transfection, the
enhancer candidates were cloned into the upstream region of the
minimal CaMV 35S promoter (—50 to —2 bp) (Zhu et al., 2015) followed by
the GFP reporter construct and nopaline synthase terminator in the protoplast

expression vector pHBT (Table 3-1). The constructs were then transformed
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into protoplasts from the leaves of turnip. Protoplast transfection was
performed as previously described (Yoo et al., 2007) with some modifications.
The second and third leaves from four-week-old plants were cut into thin
strips and immersed in 10 mL of enzyme solution (20 mM MES-KOH, pH
5.7, 0.4 M mannitol, 1.5% Cellulase R-10, 0.5% Macerozyme R-10, 10 mM
CaCl,, 20mM KCI and 0.1% BSA). Protoplasts were released with 20 rpm
shaking for 3h at 25°C and filtered through 75 pum nylon mesh, then
centrifuged at 100g for 2min at room temperature. After washing with the W5
solution (2 mM MES-KOH, pH 5.7, 154 mM NaCl, 125 mM CaCl2, 5 mM
KCI), the protoplasts were kept on ice for 30 min and resuspended in MMG
solution (4 mM MES-KOH, pH 5.7, 0.4 M mannitol, 15 mM MqgCly).
Approximately 25,000~35,000 protoplasts were transfected with 10-20 ug of
the plasmid constructs containing enhancer candidates using the polyethylene
glycol-calcium transfection-mediated method. After incubation in W5
solution at room temperature for 14h, GFP signals were observed using a

microscope.
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Table 3-1. List of primers.

Name

Sequence

Purpose

G14 peak_2478 F
G14 peak_2478 R
G14 peak 4506 _F
G14 peak_4506_R
G14 peak 5781 F
G14 peak 5781 R
G14 peak 7379 _F
G14 peak_7379_R
G14 peak 7718 F
G14 peak _7718-R
G14 peak 7913 F
G14 peak_7913 R
G14 peak 8042 F
G14 peak 8042 R
G14 peak 10093 F
G14 peak 10093 R
G14 peak_ 11026 _F
G14 peak_11026 R
G14 peak_11465 F
G14 peak_11465 R
G14 peak 14439 F
G14 peak_14439 R
G14 peak 15178 F
G14 peak_15178 R
G14 peak_15187_F
G14 peak_15187_R
G14 peak_15472_F
G14 peak 15472 R
G14 peak 16990 F
G14 peak 16990 R
G14 peak_ 16991 F
G14 peak_16991 R

TGCAACTTGAGTAAAGGCATAAGAG
AAACATCCTTACTTTAGCCCCTTAAC
CTCTCTTTCTCTTCTGTTTTCTTCAG
ACTGGAGTTTGACATCTTTATCAAAAC
AATAGCATAAATAAAATTGGGAGGC
TTCCACCAAGGGCATGTTC
AATCGGGGATTAGTTTTGTGTGTTA
TTCTTTTTTGTGTTTTTGCTTTGGG
TGGGTTATAAATAATTGGACCAAACAA
TTTATTATTCCCTTGTTAGATATTGGC
AAAAAATCACTTTTTCTTAGCCTTCC
TCATTGGAAATGCTAGACCATTGTAG
ACGAATCTGTTAGGCACGTAAAGG
GAACAAAGTGTAGAATAGATTTAGTAGC
GGCTTTCGTGATGGTTGGAGCTT
AATTGAAATGTGTGCCTTTGTCTAA
AAAATATTTAAGTCCGTATTGCGGGC
GGTCCAAACCCCATCTTTAGATC
AGACTCTGGCTTAGACTCTGGC
TTCGGTTTCGGTTCTTTGGATAC
GCAAAAATGAACTCATATAACATGAC
GAGATGACTTCCATAAAACCGC
AGTCACTGGGTTTTGTTTCGTTC
ACTCCGTTTTGACTTGTTTGAGTC
CATTAGTATTTATTAATCGTCGGAGTG
ATTTATTCCCCATCAAAATTGGAAG
GAATCGCAGCAGAACACTTG
TCTTTAACACTTTCATCTCTTTTATTAGG
CATCATTAAAACTAAGATTTAGCAGAGTG
GTATAGGTAGCAGAAGAGGCTAAC
ATGGACATATGTTTCAGTGGTGG
GGAGCATTAAACACCGTAAGTAAATG

Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
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RESULTS

CF and G14 exhibit high genetic similarity with contrasting

morphologies

Turnip (G14) displays similar morphology to radish, rather than Chinese
cabbage (CF) within the same species. While CF has a compact leafy head
with broad leaves and small roots, G14 has lobed leaves with long petioles
and an enlarged root developed from thickened hypocotyl and root tissues
with white and purple colors (Figure 3-1A). During seedling stages at 18 DAS,
in contrast to white root colors in CF, the roots of G14 consist of purple and
white skins (Figure 3-1B). This is consistent with the previous study between
turnip and non-tuber forming Pak choi (Brassica campestris) (Liu et al.,
2019). The anatomic analysis also revealed that the xylem cell walls in
hypocotyl tissues become lignified in Pak choi, whereas the vascular
cambium is still active in turnip at 16 DAS. These findings indicate the
distinct hypocotyl and root development between tuber-forming and non-
forming Brassica species at seedling stages. To assess genetic similarities, the
previous study compared the sequences of coding regions in CF, G14,

cabbage (B. oleracea) and radish (R. sativus) (Park et al., 2019). Turnip has a
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remarkably high degree of sequence identity to Chinese cabbage (99.37 %),

but to a less degree to radish (90.88%) (Figure 3-1C).
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CF G14

Turnip (B. rapa subup. rapa)
—E 19937 %
Chinese cabbage (B. rapa subup. rapa) ::: H

1 9574% | 90.88%

Cabbage (B. oleracea)

oeooROISSEI]

92.03 %
Radish (R. sativus)
Figure 3-1. Morphological difference and genetic similarity in Chinese
cabbage (CF) and turnip (G14).

(A) Phenotypes of whole plants of CF and G14 grown in the field at 40 days
after planting. Scale bar = 5 cm. (B) Phenotypes of CF and G14 seedlings
grown in the field at 18 day-after-sowing (DAS). Scale bar = 1 cm. (C)
Sequence identity of coding sequences among Chinese cabbage (CF), turnip

(G14), cabbage and radish in the Brassicaceae family.
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CF and G14 seedlings have discrete profiles of transcriptome and

epigenome

Based on a high sequence similarity between CF and G14, | performed
RNA-sequencing (RNA-seq) to investigate whether differences in gene
expression contribute to distinct phenotypes in the two subspecies. A total of
8,227 differentially expressed genes (DEGs) were identified between CF and
G14 seedlings, approximately half of which were upregulated and the other
half downregulated in G14 (4,038 and 4,189 genes, respectively) (Figure 3-
2A). To examine the biological processes related to these DEGs, | next carried
out Gene Ontology (GO) analysis. The upregulated genes in G14 were
significantly enriched for oxidation-reduction process, stress response and
inorganic ion transport, and the downregulated genes in G14 were most
enriched for photosynthesis and metabolic process (Figure 3-2B). | then
analyzed expressions of several candidate genes for tuberous organ
enlargement under subgenome parallel selection in turnip and kohlrabi (B.
oleracea) (Cheng et al., 2016). The B. rapa genes orthologous to Arabidopsis
EXPANSIN A7 (EXPAT), EXPA5, ATP-BINDING CASSETTE B4 (ABCB4),
CELLULOSE SYNTHASE LIKE A1l (CSLA11), ROOT PHOTOTROPISM 2
(RPT2), ROOT HAIR DEFECTIVE 2 (RHD2) exhibited significantly

increased expression in G14 compared to CF (Figure 3-2C). These results
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suggest that differential gene expression can lead to phenotypic variations in

B. rapa subspecies.

Given that chromatin alterations are associated with transcriptional
regulation, | profiled the landscapes of chromatin accessibility, histone
modifications (H3K27ac, H3K27me3, H3K4mel and H3K9me2) and DNA
methylation in CF and G14 seedlings with the assay for transposase-
accessible chromatin (ATAC)-seq, chromatin immunoprecipitation (ChIP)-
seq and whole genome bisulfite (BS)-seq. To investigate chromatin
accessibility, a hallmark of active enhancers, a total of 21,878 and 17,773
accessible chromatin regions (ACRs) were identified in CF and G14 (Figure
3-3A). More than half of these ACRs (55 and 68 percent in CF and G14,
respectively) were shared by CF and G14, but approximately 45 and 32
percent of them were specific to CF and G14, respectively (Figure 3-3B). The
CF and G14 ACRs covered 3.8 and 3.1 percent of the CF reference genome
(12,983,032 and 10,520,085 base pairs (bp)), respectively, and the lengths of
both ACRs mainly ranged from 300 to 1,000 bp with a median of ~600 bp
(Figure 3-3C). I next analyzed the genomic distribution of CF and G14 ACRs.
The majority of ACRs (55.2% and 52.2% in CF and G14, respectively) were
localized at promoter regions, and the rest were found in intergenic regions

(~17%), downstream regions (~15%) and TEs (~7%) (Figure 3-3D). A small
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portion of ACRs lied in exons and introns (Figure 3-3D). In addition, both CF
and G14 ACRs displayed a lower density of single nucleotide polymorphisms
(SNPs) among B. rapa subspecies than the surrounding regions, suggesting
that ACRs may have been evolutionarily conserved for their functions (Figure
3-3E). These observations provide evidence that functionally important cis-
regulatory elements would preferentially reside within ACRs, in accordance

with prior studies (Lu et al., 2019; Maher et al., 2018).

ChlP-seq analysis in CF and G14 revealed that the active histone mark
H3K27ac was predominantly located around the transcription start sites
(Figure 3-4A). The repressive histone mark H3K27me3 and the transcribed
gene mark H3K4mel were distributed throughout the gene body regions
(Figure 3-4A), as previously reported in other plant species (Chen et al., 2017;
Li et al., 2019; Zhang et al., 2021; Zhang et al., 2009). Another histone
repressive mark H3K9me2 was highly enriched in repeat regions and absent
from genic regions (Figure 3-4B). | then investigated the global difference in
enrichment of these histone marks between CF and G14. | identified a total
of 51,602 and 53,032 H3K27ac -enriched regions, 25,742 and 29,446
H3K27me3-enriched regions, 41,955 and 41,414 H3K4mel-enriched regions
and 30,887 and 36,892 H3K9me2-enriched regions in CF and G14,

respectively. Among the four histone marks, H3K4mel overlapped the most
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between CF and G14 (Figure 3-4C). Approximately 20 to 25 percent of
H3K27ac and H3K27me3 regions differed between CF and G14, and nearly
up to 30 and 50 percent of H3K9me2 regions were specific to CF and G14,
respectively, indicating differential enrichments of these histone marks in CF

and G14 (Figure 3-4C).

| further examined genome-wide DNA methylation patterns in CF and
G14. Among 3,672,730 differentially methylated cytosines (DMCs) and
68,334 differentially methylated regions (DMRs) between CF and G14, the
numbers of hypermethylated DMCs (hyper-DMCs) and hyper-DMRs in G14
relative to CF were higher than those of hypomethylated DMCs (hypo-DMCs)
and hypo-DMRs, respectively (Figures 3-5A and 5B). While the G14 hyper-
DMCs were mostly found in the CHH context, more than half of the hypo-
DMCs in G14 were in the CG context (Figure 3-5A). Moreover, both hyper-
and hypo-DMRs in each sequence context considerably overlapped each
other (Figure 3-5B). The majority of G14 hyper-DMRs were found in the
CHG and CHH contexts, whereas G14 hypo-DMRs were predominantly
found in the CG and CHG contexts (Figure 3-5B). Taken together, despite the
partial overlap of transcriptome and epigenome landscapes between the two

subspecies, CF and G14 have distinct genome-wide profiles of chromatin
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accessibility, histone modification and DNA methylation, probably leading

to differential gene expression.
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Figure 3-2. Differential gene expression between CF and G14.

(A) Volcano plot showing showing differentially expressed genes (fold
change (FC) > 2, false discovery rate (FDR) < 0.05) between CF and G14.

Blue and red dots represent downregulated and upregulated genes in G14,

respectively. Grey dots indicate the genes that are not significantly

differentially expressed. (B) The top 5 enriched GO terms for upregulated and

downregulated genes in G14 compared to WT. (C) Expression of

representative candidate genes for tuber organ development in turnip and
kohlrabi. The orthologous genes to EXPA7, EXPA5 and ABCB4 and genes to
CSLA1l, RPT2 and RHD2 were located in the genomic regions under

subgenome parallel selection in turnip and kohlrabi, respectively (Cheng et

al., 2016).
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Figure 3-3. Chromatin accessibility dynamics in CF and G14.
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(A) The number of ACRs in CF and G14. (B) Venn diagram showing the
overlap between CF and G14 ACRs based on their lengths. (C) Lengths of
CF and G14 ACRs. (D) Distribution of genomic features of ACRs in CF and
G14. Promoters are defined as regions within 1 kb upstream of the
transcription start sites, and downstream regions are within 500bp
downstream of the transcription termination sites. Intergenic regions indicate
regions more than 1 kb upstream or 500bp downstream from genic regions
and do not overlap with TEs. (E) Total single nucleotide polymorphisms

(SNPs) among 80 B. rapa accessions per 20 bp bins flanking ACR centers.
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Figure 3-4. Histone modification dynamics in CF and G14.
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(A) Distribution of histone modifications at genes and their 1 kb flanking

regions in CF and G14. (B) Proportion of H3K9me2-enriched regions with or

without TEs in CF and G14. (C) Venn diagrams representing the overlap of

histone mark-enriched regions between CF and G14.
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Figure 3-5. DNA methylation dynamics in CF and G14.

(A) Number of differentially methylated cytosines (DMCs) between CF and
G14. (B) Venn diagrams showing the overlap of CG, CHG and CHH
differentially methylated regions (DMRs) in G14 compared to CF.
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CF and G14 ACRs are associated with H3K27ac enrichment and

expression dynamics

In mammals, active enhancers are highly correlated with the enrichment
of H3K27ac and H3K4mel as well as the depletion of DNA methylation,
while inactive enhancers exhibit the enrichment of H3K27me3 and H3K4mel
(Andersson et al., 2014; Kouzarides, 2007; Rada-Iglesias et al., 2011). In
plants, however, distal enhancers are not demarcated by H3K4mel but rather
associated with H3K27ac or H3K9ac in plants (Lu et al., 2019; Oka et al.,
2017; Zhu et al., 2015). To determine the chromatin features associated with
chromatin accessibility in CF and G14, | investigated the distributions of
histone modifications and DNA methylation at ACRs. The flanks of both CF
and G14 ACRs were highly enriched with H3K27ac, with slightly decreased
H3K27me3 (Figures 3-6A and 6B). H3K4mel was enriched at the
surrounding regions but markedly reduced at the centers of ACRs, where
H3K9me2 was completely depleted (Figures 3-6A and 6B). DNA
methylation was also remarkably reduced at ACRs in all sequence contexts
(Figures 3-6A and 6B). These findings reveal that the majority of ACRs in
CF and G14 are associated with H3K27ac enrichment and low DNA

methylation levels.
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I then sought to examine whether ACRs have the potential of enhancers
to regulate transcription in CF and G14. Genes associated with ACRs
displayed significantly higher expression dynamics compared to genes
without ACRs (Figures 3-6C and 6D). Moreover, genes with multiple ACRs
showed a significant increase in a dynamic range of expressions compared to
the genes with fewer enhancers, revealing the combinatorial activities of
multiple ACRs in expression repertoires. Based on the interplay between
multiple enhancers in transcriptional regulation (Ong and Corces, 2011; Spitz
and Furlong, 2012), these results imply that ACRs may possess functional

features of enhancers in transcriptional regulation.
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Figure 3-6. Chromatin features and gene expression associated with

ACRs.

(A-B) Heatmap
methylation at the ACR centers and their 2 kb flanking regions in CF (A) and

representation of histone modifications and DNA

G14 (B), ranked by signal intensity. Each row indicates one ATAC-seq peak.

(C-D) Violin plots showing the dynamic ranges of expression for the genes
with an increasing number of CF (C) and G14 (D) ACRs in their 1 kb flanking
regions. Genes without any ACRs are used for comparison. P-value of two-

tailed t test is given.
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Putative distant enhancers are highly conserved but display differential

chromatin accessibility in CF and G14

Given that enhancers can activate the expression of their target genes
through long-range interactions (Schoenfelder and Fraser, 2019; Shlyueva et
al., 2014), the prevalence of ACRs located distal to genes was investigated in
CF and G14. The distances between ACRs and their nearest genes were
distributed mostly within a range of 100 bp to 10 kb, and nearly 15 percent of
the ACRs were located > 2 kb from the nearest, indicating the existence of
putative enhancers that are distinguished from the promoters (Figure 3-7A). |
then categorized ACRs based on the distance from their nearest genes.
Approximately 40 percent of the ACRs (8,652 and 7,286 in CF and G14,
respectively) were referred to as genic ACRs (gACRs) that overlapped with
genes, and nearly 45 percent of the ACRs (10,254 and 8,007 in CF and G14,
respectively) lied within 2 kb of genes, which are referred to as proximal
ACRs (pACRs) (Figure 3-7B). Interestingly, a total of 2,972 (13.6%) and
2,480 (14.0%) dACRs were identified as putative enhancers in CF and G14,

respectively (Figure 3-7B).

To determine whether the sequences of ACRs are evolutionarily

conserved between CF and G14, | next examined the sequence similarity
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between CF and G14 ACRs. The vast majority of ACRs showed high
sequence similarity between CF and G14 each other with an average of 96.9%
and 97.5%, respectively (Figure 3-7C). Notably, the sequence identity
between dACRs was significantly higher than that between pACRs,
indicating that JACRs are more conserved than pACRs between CF and G14
(Figure 3-7C). This is coincident with the previous reports that conserved
noncoding sequences across many plant species are more strongly enriched
in Arabidopsis enhancers rather than in promoters (Haudry et al., 2013; Yan
et al., 2019). These observations reveal that CF and G14 retain highly

conserved distal cis-regulatory elements.

Based on the high sequence conservation of dACRs, | further compared
the chromatin accessibility between CF and G14 ACRs. All the ACRs fell
into three categories. The dACRs accessible in both CF and G14 are classified
as common ACRs, and the dACRs that are accessible only in CF or G14 are
classified as CF-specific and G14-specific ACRs, respectively (Figure 3-7D).
ACRs were identified as subspecies-specific if the genomic sequences of their
subspecies counterparts were located at least 1 kb away from the nearest ACR.
Notably, the proportion of subspecies-specific ACRs appeared to increase
with a positive relationship with the distance from the genes, despite a great

number of common ACRs (Figure 3-7E). Although dACRs exhibited higher
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sequence conservation than pACRs (Figure 3-7C), a higher ratio of
subspecies-specific ACRs was observed in dACRs, among which 1161
(39.1%) and 679 (27.4%) were specific to CF and G14, respectively (Figure
3-7E). Taken together, the two subspecies show divergence in chromatin

accessibility in evolutionarily conserved dACRs.

155



1.04

0.8

b
=)
1

1
'S
1

elative density
Proportion of ACRs
Sequence similarity

R
o
[N)

h

—2:4 1.04 [ dACR 100 I rrrm ) [ =
- MEpACR 1= E B
081 ClgAcr ; E| - : .
5 oes{ ol
0.6 _ P P
904 |
£ 0.4
85+
0.2+ :
80 :

T — T
CF G14 R R R R
0 01 1 10 gpﬁ QPO S gp(‘: Q?\o 2

o
1

Distance between ACR and nearest gene (kb)

CF . . SN 0.84 OCommon
i @ CF-specific

c
2 064 B G 14-specific
G14 . L . 2
o
- o 041
Common CF-specific G14-specific
0.2
0

ST CaNte Al M e
PP PO

CF G14
Figure 3-7. Highly conserved dACRs with divergent chromatin
accessibility in CF and G14.

(A) The frequency distribution of ACR distances to the closest genes. (B) The
proportion of ACRs that are classified into gACRs, pACRs and dACRs. (C)
The sequence similarity of ACRs between CF and G14 (Two-tailed t test,
P™"< 2.2¢71%). (D) Schematic diagram of common and specific ACRS in CF
and G14. Subspecies-specific ACRs were identified if the homologous
sequence of their subspecies counterpart was located more than 1 kb away
from the nearest ACRs. (E) The proportion of common and subspecific-ACRs

in CF and G14.
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CF and G14 dACRs have conserved but distinct profiles of chromatin

features

To explore chromatin features associated with CF and G14 dACRs, k-
means clustering analysis was performed on dACRs with flanking histone
modifications. The dACRs of CF and G14 were divided into six and four
clusters, respectively. CF dACR clusters were characterized into three groups:
H3K27me3, H3K27ac and depleted groups (Figure 3-8A). CF cluster 1 (n =
118) includes dACRs flanked by H3K27me3 and devoid of other
modifications. CF cluster 2 (n = 320) and cluster 3 (n = 215) represent dACRs
highly enriched with H3K27ac at their centers and slightly with H3K4mel at
either side of their flanking regions. CF cluster 4 (n = 2,319) includes dACRs
depleted of local histone modifications. Similarly, G14 dACR clusters were
classified into five groups: all modifications enriched, H3K27me3, H3K9me2,
H3K27ac and depleted groups (Figure 3-8B). G14 cluster 1 (n = 214)
represent dACRs flanked by H3K27me3. G14 cluster 2 (n = 96) and cluster
3 (n =125) include dACRs highly enriched with H3K27ac at the center and
slightly with H3K4mel at either side of the flanking regions. G14 cluster 4
(n = 1,967) includes dACRs lacking flanking histone modifications. G14
cluster 5 (n = 14) includes dACRs showing high levels of all histone

modifications at the overall flanking regions, and G14 cluster 6 (n = 64)
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represents dACRs flanked by H3K9me2. As all enriched modifications (G14
cluster 5) and H3K9me2 only (G14 cluster 6) groups might be due to the
mapping bias of G14 reads to the CF reference genome, CF and G14 dACRs
seem to have similar profiles for the flanking histone modifications (Figures
3-8A and 8B). Although the patterns of histone modifications around CF and
G14 dACRs are quite different from mammalian distal enhancers (Andersson
et al., 2014; Kouzarides, 2007; Rada-Iglesias et al., 2011), other plant species
such as rice and maize also show similar patterns of chromatin signatures at
dACRs (Lu et al., 2019). Thus, the local chromatin features of dACRs are
characterized into three distinct states but substantially conserved between

the two subspecies.
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Figure 3-8. Characterization of histone modifications in CF and G14
dACRs.

(A-B) Heatmap showing the clustering analysis of CF (A) and G14 (B)
dACRs based on histone modification intensities at the ATAC-peak centers

and 2 kb flanking regions. Each row indicates one ATAC-seq peak.

159

.H g

1 8}

TU



TEs may contribute to chromatin accessibility divergence at dACRs

TEs are an important source of cis-regulatory elements including
enhancers, which would drive the evolution of gene regulatory networks in
eukaryotes (Chuong et al., 2017; Rebollo et al., 2012). To assess whether TEs
shape the accessible chromatin landscape between CF and G14, the overlap
between dACRs and TEs was measured. Whereas about 30~35% of CF and
G14 dACRs are overlapped with TEs, the proportion of TEs was dramatically
increased to nearly 50 percent in G14-specific dACRs compared to CF-
specific dACRs (Figure 3-9A). Remarkably, among the TE families, long
terminal repeat (LTR) retrotransposons were two-fold enriched in G14-
specific dACRs (24.6%) than in CF-specific dACRs (12.2%) (Figure 3-9B),
consistent with the higher abundance of LTRs in the G14 genome (Park et al.,
2019). Moreover, the gypsy elements were prominently enriched in G14-
specific dACR-associated LTR subfamilies (Figure 3-9C). These findings
suggest that LTRs might act as an evolutionary driving force for divergent

chromatin accessibility between CF and G14 dACRs.
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Figure 3-9. Higher LTR enrichment in G14-specific dACRs.

(A) The overlap of TEs with dACRs and subspecies-specific dACRs in CF
and G14. (B) Distribution of TE families enriched in CF- and G14-specific
dACRs. Long terminal repeat (LTR); Long interspersed nuclear element
(LINE); Short interspersed nuclear element (SINE). (C) The number of LTR
subfamilies enriched in G14-specific dACRs.
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A subset of root and hypocotyl development-related TFs are significantly

enriched in G14-specific dACRs

Enhancers contain binding sites for multiple transcription factors (TFs),
which enables the control of gene expression in a spatiotemporal manner. |
hypothesized that subspecies-specific TFs and dACRs might cooperatively
regulate the gene regulatory network, thereby displaying different phenotypes
within a species. MEME-ChIP analysis was performed to identify sequence
motifs for TFs enriched in subspecies-specific dACRs. A total of 77 and 6 TF
motifs were over-represented in CF- and G14-specific dACR centers,
respectively (Tables 3-2 and 3-3 and Figure 3-10A). Interestingly, root
development- and  secondary  growth-related  TFs including
BRASSINOSTEROID INSENSITIVEL-EMS-SUPPRESSOR 1 (BES1)/
BRASSINAZOLE RESISTANT1 (BZR1) HOMOLOG 3 (BEH3),
NUTCRACKER (NUC) and LONESOME HIGHWAY LIKE 3 (LHL3)
showed a significant enrichment only in G14-specific, but not in CF-specific
dACRs (Figure 3-10A). Previous studies revealed that NUC regulates the
maintenance of ground tissue identity in roots (Moreno-Risueno et al., 2015),
and BEH3 and LHL3 are required for vascular stem cell maintenance and
xylem differentiation, respectively, during secondary growth (Furuya et al.,

2021; Ohashi-Ito et al., 2013). | next compared the motif enrichment of the
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G14-specific dACR-associated TF homologs in CF-specific dACRs. While
the motifs of NUC and LHL3 homologs were not significantly enriched in
CF-specific dACRs, the motifs of BEH3 homologs, BZR1 and BEH4,
exhibited significant enrichment for CF-specific dACRs (Figure 3-10A).
Based on the previous report that BEH3 and other BES/BZR members act
antagonistically to regulate vascular stem cell maintenance and
differentiation (Furuya et al., 2021; Saito et al., 2018), this observation
supports that CF and G14 have subspecies-specific TF regulatory networks
associated with dACRs. Furthermore, the active histone mark H3K27ac was
more highly enriched in G14-specific dACRs containing NUC, BEH3 and
LHL3 motifs, respectively, compared to the CF counterparts (Figure 3-10B).
These results suggest that G14-specific dACRs may provide binding sites for
a subset of TFs associated with cell-type identity maintenance and

differentiation in hypocotyl and root development.
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Figure 3-10. TF motif enrichment in G14-specific dACRs.

(A) Motif enrichment of representative TFs in G14-specific dACRs and their
paralogous TFs in CF-specific dACRs. (B) Relative enrichment of chromatin
accessibility and H3K27ac at the G14 dACRs and their corresponding regions
in CF.
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Table 3-2. Enrichment of TF binding motifs in CF-specific dACRs.

TF Conserved motif Count P-value Adjusted

P-value
GBF3 DNWKNHSACGTGGCA 431 8.90E-10 2.20E-07
TCP9 GTGGGHCCCAC 247 3.20E-09 7.80E-07
GBF6 DWWGVTGACGTGGCA 291 1.30E-08 3.20E-06
TCP15 WDGTGGGMCCCAC 275 1.90E-08 4.70E-06
bHLH69 CGTGNKWBGCACGTG 244  2.10E-08 5.00E-06
bHLH31 VWBDHVNCACGTGBNHNWSWC 432 3.30E-08 7.80E-06
bHLH74 CGTGANDVBCACGTGMBNNCW 382 4.40E-08 1.10E-05
TCP16 YRGGTCCACMW 405 6.00E-08 1.50E-05
BIM2 CACGTGMCHHNCACG 266 7.00E-08 1.70E-05
TCP21 WGTGGGMCCCACNW 330 8.10E-08 2.00E-05
TCP9 CCATTWBHHGTGGGTCCCACM 150 1.00E-07 2.40E-05
PTF1 GTGGGGACCACWD 169 1.10E-07 2.70E-05
PTF1 WWGTGGTCCCMAH 282 2.40E-07 5.90E-05
TCP21 DGTGGGHCCCAC 199 3.50E-07 8.40E-05
BIM1 CACGTGACHHNYMY 241 3.80E-07 9.20E-05
TCP3 DTKGGGACCACHD 207 4.10E-07 1.00E-04
TCP3 DTKGGGACCACH 231 4.30E-07 1.00E-04
TCP22 WWGTGGGHCCCAC 243 4.50E-07 1.10E-04
TCP1 WGTGGGCCCCMCBTHHYMWNNHKDK 141 5.60E-07 1.30E-04

HHNNY

TCP7 GTGGGRCCCAC 184 5.90E-07 1.40E-04
TCP24 DTKGGGACCACH 277 6.30E-07 1.50E-04
WRKY18 YGTTGACTTTKDH 556 8.60E-07 2.10E-04
TCP16 GTKGGGYCCAC 269 9.20E-07 2.20E-04
bZIP28 DNWKRTSACGTGGCA 378 1.10E-06 2.70E-04
TCP20 DANANRDNWNGTGGGRCCCAC 348 1.20E-06 2.80E-04
bHLH34 GTGNNNRVCACGTGBCDNHDBDH 540 1.30E-06 3.10E-04
WRKY28 DDCGTTGACTTTT 567 1.40E-06 3.40E-04
bHLH104 GVCACGTGBCDDCMNSKGSM 295 1.70E-06 4.10E-04
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TF Conserved motif Count P-value Adjusted

P-value
PIF7 SDKRDWGCCACGTGG 308 1.80E-06 4.40E-04
BEH4 BYRCACGTGTGNATT 169  1.90E-06 4.60E-04
AT5G59990 AATCTCRACCGTYCA 381 2.10E-06 5.10E-04
BIM2 DNHNSGBGNDNGDCACGTG 394  2.20E-06 5.40E-04
BZR1 SCRCACGTGYRHNYNHNNHB 196  2.30E-06 5.60E-04
RAP211 CYDYCDYCGCCGGCN 191  2.40E-06 5.80E-04
ANAC047 CACGT 628 2.60E-06 6.50E-04
WRKY6 DNCGTTGACTWWKDH 439  2.90E-06 7.10E-04
ERF8 NCCDCCGCCGCCGYM 182  3.00E-06 7.40E-04
bZIP16 DWWGVTSACGTGGCA 273  3.60E-06 8.60E-04
WRKY75 AAAAGTCAACGNH 439  5.10E-06 1.20E-03
TCP20 GTGGGDCCCACH 227  5.40E-06 1.30E-03
GBF3 TGCCACGTCABCWHH 255 5.70E-06 1.40E-03
bHLH74 CACGTGAY 279  6.00E-06 1.50E-03
bZIP68 TGCCACGTSABCWHH 359 6.60E-06 1.60E-03
ERF15 HDYHDYHDYMGCCGCCRY 232  6.80E-06 1.60E-03
bHLH122 WNDBCMACTTGCHH 388 6.90E-06 1.70E-03
LEP DCCKCCGCCGYCDMHDCCKCC 123 7.30E-06 1.70E-03
ERF11 CCDCCKCCGCCGYCA 193  7.70E-06 1.90E-03
TCP22 WWGTGGGHCCCAY 257  7.80E-06 1.90E-03
At2g33710 CCDCCGCCGCCGYCR 183  8.30E-06 2.00E-03
TCP17 GTGGGGACCAC 308 9.90E-06 2.40E-03
ESE3 HGGHGGHGGCGGCGGMGGW 203  1.00E-05 2.50E-03
WRKY40 NDAAAAGTCAAMR 484  1.00E-05 2.50E-03
WRKY15 AAAAGTCAACG 475 1.10E-05 2.80E-03
WRKY21 DNCGTTGACTTTT 247 1.20E-05 2.90E-03
TCP17 GTGGTCCCCAC 250 1.30E-05 3.20E-03
RAP26 TKGCGGCGGMGGHGG 196  1.30E-05 3.20E-03
ESE3 KYGGCGGCGGMGGHG 199  1.40E-05 3.40E-03
ABF2 DWWWNTGCCACGTSWCCW 178  1.60E-05 3.80E-03
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TF Conserved motif Count P-value Adjusted

P-value
ATY19 YHHHAHHWHHYYCACCAACCH 138  1.60E-05 3.80E-03
WRKY29 AAAAGTCAACK 458  1.80E-05 4.50E-03
WRKY29 MAAAGTCAACKNH 580 1.90E-05 4.60E-03
WRKY43  DNCGTTGACTTTTT 441  1.90E-05 4.70E-03
WRKY17 AAAAAGTCAACGNH 319 2.00E-05 4.80E-03
ERF9 YGGCGGHKRYGGCGGCGGMGR 107  2.00E-05 4.80E-03
CRF4 CCKCCGCCGCCRCCDCMDCCD 82 2.00E-05 4.90E-03
WRKY31 DNCGTTGACTWTD 392  2.20E-05 5.40E-03
EIN3 ACCGTTR 69 2.30E-05 5.70E-03
TCP15 WKGTGGGHCCCAC 275  2.40E-05 5.80E-03
CAMTA1 AAARCGCGTGDD 257  2.40E-05 5.80E-03
WRKY18 VAARGTCAASR 558  2.60E-05 6.20E-03
ERF13 MKCMGCCGCCATWDY 189  2.60E-05 6.40E-03
WRKY27  AAAAGTCAACKNY 397 2.80E-05 6.80E-03
WRKY47  AHNHDNCGTTGACTWWDDY 591 3.10E-05 7.40E-03
WRKY26 CGTTGACTTTK 422  3.40E-05 8.30E-03
TCP14 AVADAGVDBGTGGGDCCCAC 29 3.90E-05 9.40E-03
bZI1P48 GCCACGTCAGCAWH 182  4.10E-05 9.80E-03
BAMS8 YCACACGTGYSAANT 205 4.30E-05 1.00E-02
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Table 3-3. Enrichment of TF binding motifs in G14-specific dACRs.

TF Conserved motif Count P-value Adjusted

P-value
TCP16 YRGGTCCACMW 122 8.70E-06 2.10E-03
bHLH157 HMAAWTHNDWCACGTCWCYK 362 1.80E-05 4.20E-03
TCP16 GTKGGGYCCAC 49  1.90E-05 4.50E-03
NUC WWWWTTTTTGTCGTTTTBTD 254 1.90E-05 4.70E-03
BEH3 YGCACGTGTGR 73  2.50E-05 6.00E-03
TCP21 WGTGGGMCCCACNW 60 4.50E-05 1.10E-02
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Transcriptional enhancer activities were validated in several G14-

specific dACRs

To validate the enhancer activity of dACRs, a reporter assay was
performed in G14 protoplasts. G14-specific dACR sequences, ranging from
400 bp to 1.2 kb, were inserted upstream of the minimal 35S promoter. An
empty vector that contained the GFP reporter construct driven by the minimal
35S promoter was used as a negative control, and an enhancer element of the
35S promoter in the opposite direction (-39 to -200 bp; 35sEnR) was used as
a positive control. As expected, the GFP signals were faint in the negative
control, but strong in the positive control (Figures 3-11A and 11B). Among
the 17 G14-specific dACRs examined, 11 (64.7%) constructs generated clear
GFP signals (Table 3-4). Moreover, four of 17 dACRs, whose DNA
fragments were in either forward or reverse orientation, displayed similar
GFP signal patterns for both orientations (Figures 3-11C and 11D). These
observations indicate that dACRs can act as putative enhancers in an

orientation-independent manner.

Out of 11 validated G14-specific dACRs, five candidates have H3K27ac
enriched at the center or at the flanking regions in G14 compared to CF

(Figure 3-12). DNA methylation levels were also decreased only in G14 or
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both in CF and G14, highly accompanied with H3K9me2 depletion (Figures
3-12A and 12B). Interestingly, these dACRs contain the LHL, NUC and
BES3 motifs simultaneously, further supporting the coordinative roles of
chromatin accessibility, histone modifications, DNA methylation and binding

of TFs in subspecies-specific gene expression.
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Table 3-4. List of G14-specific dACRs examined for reporter assay.

Construct Gl4-specific  Size LHL3 NUC BEH3 H3K  Enhancer

_ dACR motif motif motif  27ac activity
R A A
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G14-specfic dACR #9R

Figure 3-11. Validation of G14-specific dACRs for enhancer activity.

(A-D) GFP expression in G14 protoplasts transfected with the negative
control (A), the positive control (B) and G14-specific dACR constructs in

forward (C) and reverse orientations (D). Scale bar = 50 pm.
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Figure 3-12. Putative enhancers associated with chromatin features and

enriched TF motifs.

(A-B) Genome browser view of chromatin accessibility, histone modification
enrichment, DNA methylation patterns in the G14-specific dACRs #13R (A)
and #3F (B) and CF counterparts. (C-D) GFP expression in G14 protoplasts
transfected with the G14-specific dACR #13R (C) and #3F (D). Scale bar =
50 um.
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G14-specific dJACRs may regulate the expression of neighboring genes

associated with root and hypocotyl development

Given that enhancers often contribute to the expression of nearby genes
irrespective of their orientation, | examined the expression of the nearest
genes located upstream and downstream of G14-specific dACRs, respectively.
Out of 679 G14-specific dACRs, 171 regions (25.2%) were associated with
the elevated expression of the nearest genes either upstream or downstream
in G14 compared to CF. | focused on a subset of genes related to root or
hypocotyl development, including the B. rapa genes orthologous to
Arabidopsis PIN-LIKES 5 (PILS5), REVEILLE1 (RVE1l) and TWO OR
MORE ABRES-CONTAINING GENE 2 (TMAC2). An auxin efflux carrier
PILS5 and a MYB-like TF RVEL1 regulate auxin-dependent hypocotyl and
root growth (Barbez et al., 2012; Rawat et al., 2009; Sun et al., 2020), and
TMAC2 plays an important role in root elongation and carbohydrate
metabolism (Huang and Wu, 2007). BrPILS5, BrRVE1 and BrTMAC2 were
upregulated in G14 compared to CF, with a concomitant increase in
chromatin accessibility of their associated G14-specific dACRs (Figures 3-
13At0 13C). The associated G14-dACRs were also validated for the enhancer

function by reporter assay (Figures 3-13D to 13F). These results suggest that
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the link between the G14-specific dACRs and the neighboring genes

upregulated in G14 may lead to root and hypocotyl enlargement in turnip.
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Figure 3-13. Putative enhancers associated with root and hypocotyl
development-related DEGs in G14.

(A-C) Genome browser view of expression levels and chromatin accessibility
around the G14-specific dACRs and CF counterparts relatively close to
upregulated genes in G14. BrRVEL (A), BrTMAC2 (B) and BrPILS5 (C) are
associated with hypocotyl/root elongation and carbohydrate metabolism. (D-
F) GFP expression in G14 protoplasts transfected with the G14-specific
dACR #5F (D), #2F (E) and #9F (F). Scale bar = 50 um.
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DISCUSSION

As a consequence of whole genome triplication followed by extensive
gene loss, Brassica species have experienced genome and phenotype
diversification (Liu et al., 2014b; Wang et al., 2011). During domestication,
whereas convergent parallel selection has contributed to similar morphotypes
in different Brassica species, the morphological divergence has emerged
within the same species of Brassica crops (Cheng et al., 2016). Particularly,
Chinese cabbage and turnip are of the same species but display extremely
distinct phenotypes. Given that cis-regulatory elements can act as an
evolutionary driving force in many organisms (Arnold et al., 2014; Prescott
et al., 2015; Villar et al., 2015), | sought to elucidate the coordinative role of
epigenetic and genetic factors in subspecies-specific cis-regulatory
divergence.

Several lines of evidence indicate that ACRs contain functional cis-
regulatory elements (Lu et al., 2019; Maher et al., 2018; Ricci et al., 2019).
More than half of the CF and G14 ACRs resided in promoter regions, and
ACRs showed a lower SNP density (Figure 3-3). In addition, genes associated
with ACRs exhibited a significant increase in expression dynamics, and

ACRs were highly enriched for TF motifs (Figures 3-6 and 3-10). Consistent
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with the previous studies on plant ACRs (Lu et al., 2019; Oka et al., 2017;
Zhu et al., 2015), CF and G14 ACRs were characterized by less DNA
methylation and H3 lysine acetylation enrichment but not H3K4mel (Figure
3-6). Moreover, the enhancer activities of a subset of dACRs were validated
by a transient reporter assay (Figure 3-11). Based on the orientation-
independent property of enhancers, in contrast to promoters, an insertion of
the dACR sequence in either forward or reverse direction could upregulate
the expression of the reporter gene to similar levels (Figure 3-11). These
results indicate the prevalence of the ACRs containing cis-regulatory
elements, especially enhancers. Intriguingly, dACRs displayed divergent
chromatin accessibility between CF and G14 despite high sequence
similarities (Figure 3-7), suggesting that dACRs, identified as putative
enhancers, might contribute to subspecies diversification.

Although TEs are generally silenced and evolutionarily neutralized, if
tolerated from natural selection, TES can be co-opted as a substantial source
of cis-regulatory elements (Chuong et al., 2017; Rebollo et al., 2012). In
maize, approximately 25~30% of cis-regulatory elements are predicted to be
derived from TEs (Oka et al., 2017; Zhao et al., 2018). Furthermore, among
various angiosperms, species-specific JACRs are enriched in TEs (Lu et al.,

2019. In animals, the propagation of TEs is assumed to promote species-
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specific regulatory networks (Jacques et al., 2013; Sundaram et al., 2014).
Notably, retrotransposons can function as novel promoters, positively
regulating the expression of genes associated with agronomic traits (Studer et
al., 2011; Zhang et al., 2019). Moreover, LTR retrotransposons are presumed
as an evolutionary driving force in plants (Marand et al., 2021; Zhao et al.,
2018). G14-specific dACRs were highly enriched in TEs, particularly in LTR
retrotransposons, compared to CF-specific dACRs (Figure 3-9). These
observations reveal that LTR retrotransposons may contribute to rewiring
gene regulatory networks between subspecies, leading to morphotype
diversification during evolution.

Multiple TFs bind to enhancers to regulate cell type-, developmental
stage-, or species-specific gene expression. | found that the motifs for binding
of hypocotyl and root development-related TFs were significantly enriched at
G14-specific dACRs (Figure 3-10 and Table 3-3). In Arabidopsis root
meristems, the cell fate regulator SHORTROOT (SHR) is expressed in the
stele and moves to the daughter cell and the endodermis where it binds to
SCARECROW (SCR) to generate the ground tissue identity (Cruz-Ramirez
et al., 2012; Nakajima et al., 2001; Sozzani et al., 2010). SHR and SCR
regulate the expression of the C2H2 TF family genes including NUC,

JACKDAW (JKD) and MAGPIE (MGP), and in turn, NUC, JKD and MGP,
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together with SCR, regulate SHR movement, thus regulating asymmetric cell
divisions and cell type patterning during root development (Cui et al., 2007;
Long et al., 2015; Moreno-Risueno et al., 2015). Furthermore, LHL3 and
BEH3 have roles in vascular development, whose overexpression increased
the number of vascular cells and cambium layers in roots and hypocotyls,
respectively (Furuya et al., 2021; Ohashi-Ito et al., 2013). During secondary
growth, BEH3 functions antagonistically to other BES/BZR proteins in
vascular stem cell maintenance and xylem differentiation (Furuya et al., 2021;
Saito et al., 2018), in accordance with the distinct motif enrichment of BEH3
in G14-specific dACRs and BZR1 and BEH4 in CF-specific dACRs,
respectively (Figure 3-10 and Tables 3-2 and 3-3). In contrast to non-tuber
forming pak choi (B. rapa subsp. chinensis), Asian turnip displays less
lignification of xylem cell walls and active expansion of the xylem
parenchyma layer, thus resulting in rapid radial growth (Liu et al., 2019).
Because seedlings consist of many different cell types and thus the enriched
motifs may not represent all cell types, the ChlIP assay should help to further
confirm the direct interaction between TFs and dACRs for turnip-specific
transcriptional regulation. Therefore, this study suggests that turnip may have
evolved to possess dACRs that recruit a subset of TFs associated with cell

fate determination and vascular development in roots and hypocotyls, thereby
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shaping subspecies-specific cis-regulatory networks associated with the

unique morphology of turnip distinct from Chinese cabbage.
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