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Abstract

Histone demethylases REF6 and ELF6 share strikingly similar protein
structures, yet they exhibit opposing phenotypes in plants. The molecular
basis for this paradox has remained elusive. In this study, we investigated
the evolutionary divergence and functional diversification of REF6 and
ELF6 to better understand their contrasting roles in plant development
and regeneration. Our phylogenetic analysis revealed that these demethy-
lases diverged during the emergence of flowering plants, concomitant with
the appearance of distinct roles in gene regulation. Further investigation
through domain swapping experiments demonstrated that the Jmj cata-
lytic domains of REF6 and ELF6 confer distinct functional properties,
leading to differential effects on gene expression and chromatin dynamics
in plants. Surprisingly, when expressed in human cells, the differences
between REF6 and ELF6 became even more pronounced, emphasising
the functional divergence between these paralogs. Moreover, our study
revealed contrasting effects of REF6 and ELF6 on plant regeneration,
providing new insights into their roles in tissue differentiation and or-
ganogenesis. Collectively, our findings unveil the molecular underpinnings
of the opposing phenotypes of REF6 and ELF6, shedding light on their
evolutionary divergence, functional diversification, and unique roles in
plant development and regeneration.
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1 Introduction

1.1 Chromatin control of gene expression

Diverse cellular phenotypes arise from identical genetic codes, with gene

expression being selectively modulated in response to temporal and envi-

ronmental cues (Alberts et al., 2014). This extraordinary regulation is

facilitated by the chromatin structure, a highly organised system that

incorporates DNA, structural proteins, RNA molecules, and DNA modi-

fications (Bannister and Kouzarides, 2011).

The fundamental unit of chromatin is the nucleosome, which consists

of a 146 base pair (bp) segment of DNA double helix wrapped around

a histone protein dimer (Luger et al., 1997). Histones serve as spools

around which the DNA strand winds, with their binding facilitated by

electrochemical forces (Alberts et al., 2014). Each histone is an octamer

containing two copies of histone proteins H2A, H2B, H3, and H4 (Luger

et al., 1997). Histone H1, a fifth histone protein, secures the DNA wrapped

around the nucleosome, binding at the DNA entry and exit sites and

contributing to nucleosome stability and higher-order chromatin folding

(Happel and Doenecke, 2009). Histones H2A, H2B, H3, and H4 comprise

two regions: the histone “fold” and the histone “tail” (Alberts et al.,

2014). These tails are crucial for regulating nucleosome core stability and

facilitating the formation of higher-order chromatin architecture (Zhao

et al., 2005). The carboxyl terminal end (C-terminal) enables interactions

between histones and DNA, while the amino N-terminal tail contains

residues targeted for post-translational modification (Strahl and Allis,

2000).

1.1.1 Histone modifications and chromatin states

Numerous residues within histones undergo modifications. Among the

most prevalent of these are methylation, acetylation, phosphorylation,

and ubiquitination. These modifications manifest in diverse residues and

exhibit distinct patterns (Figure 1.1).
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Figure 1.1: Examples for histone modifications of selected amino acid positions in
histones H2A, H2B, H3, and H4. Figure adapted from Strahl and Allis (2000).

Such patterns, often referred to as the ’histone code’, function as in-

tricate genomic ’beacons’ or ’docking stations’ (Jenuwein and Allis, 2001).

They orchestrate the recruitment of particular protein sets, which in turn

modulate chromatin structure and thus regulate gene expression. The

degree of chromatin compaction is intrinsically linked to gene expression;

regions with a greater compaction show diminished accessibility in compar-

ison to those with a more relaxed structure (Misteli, 2007). Constitutive

heterochromatin, with its consistent compact nature, is vital for maintain-

ing structural integrity and is predominantly located in specific areas such

as centromeres and telomeres (Allshire and Madhani, 2018). This type of

chromatin is rich in specific histone marks, one notable example being

the trimethylation of histone H3 at lysine 9 (H3K9me3) (Franz et al.,

2009). Beyond H3K9me3, constitutive heterochromatin also displays

histone hypoacetylation and cytosine methylation (Casas-Delucchi et al.,

2012; Suzuki et al., 2011). These modifications accentuate the condensed

character of DNA in these domains. Conversely, euchromatin provides a

more fluid structure that permits increased accessibility to the machinery

essential for gene expression, thereby acting as a linchpin for gene regula-

22



tion (Cavalli and Misteli, 2013). Histone modifications frequently seen in

association with gene activation within euchromatin include trimethyla-

tion at lysine 4 of histone H3 (H3K4me3), which commonly locates near

the transcriptional start sites of active genes, and trimethylation at lysine

36 of histone H3 (H3K36me3), linked with transcriptional elongation (Li

et al., 2008). Moreover, histone acetylation, particularly of H3 and H4, is

generally associated with gene activation (Yan et al., 2003). In contrast,

trimethylation at lysine 27 on histone H3 (H3K27me3) is typically cor-

related with gene repression within euchromatin, leading to a condensed

chromatin configuration known as facultative heterochromatin (Bernstein

et al., 2006). Importantly, these modifications are not isolated events;

they collaborate synergistically to orchestrate gene expression. This col-

laborative essence of multiple histone alterations forms the backbone of

the ’histone code’.

1.1.2 Reversible nature of marks and mechanisms for mark deposition

These histone marks are inherently dynamic and reversible, bestowing

upon the cell the adaptability to refine its gene expression in alignment

with environmental changes and throughout developmental stages (Wang

et al., 2004; Jenuwein and Allis, 2001).

The nuanced balance of these marks is preserved by specific cellular

machineries adept in introducing (writing), deciphering (reading), or

negating (erasing) them, safeguarding their reversible nature.

1. Writers: These are enzymes tasked with appending modifications

onto histone tails. A paradigmatic instance is the histone acetyltransferase

(HAT) family, which appends acetyl groups to lysine residues, leading to a

more relaxed chromatin framework conducive to transcriptional activation

(Marmorstein, 2004). Conversely, histone methyltransferases, including

SUV39H1 and EZH2, incorporate methyl groups onto lysine or arginine

residues of histones. The impact on transcription—either promotion or

suppression—is dictated by the specificity of the residue altered and the

number of methyl groups deposited (Cardoso et al., 2000; Rea et al.,

2000).
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2. Readers: These proteins are equipped with domains tailored to

discern and adhere to distinct histone marks, thereby translating the chro-

matin modification code into a cellular directive. Proteins endowed with

bromodomains, for instance, detect and bind acetylated lysine residues

(Tamkun et al., 1992). Chromodomains, by contrast, frequently affiliate

with methylated lysines. Through these nuanced interactions, reader

proteins can usher in supplementary factors to modified nucleosomes,

orchestrating processes such as transcriptional initiation or curtailment

(Koonin et al., 1995).

3. Erasers: The erasers, pivotal for the ephemerality of histone marks,

are enzymes designated to annul these PTMs. Histone deacetylases

(HDACs), serving as antitheses to HATs, are engaged in excising acetyl

groups, typically culminating in a denser chromatin configuration and

transcriptional inhibition (Torok and Grant, 2004). In the realm of methy-

lation, enzymes such as the histone demethylases LSD1 and the Jumonji

C-domain-containing proteins (JMJDs) play the role of custodians, ensur-

ing the fluid balance of histone methylation states remains intact (Yang

and Chou, 1999; Klose et al., 2006).

1.1.3 Epigenetic memory

The dynamic homeostasis of histone PTMs mediated by the writer, reader,

and eraser establishes a refined epigenetic language, guiding chromatin

structure and transcriptional outcomes. A subset of these dynamic chro-

matin alterations have been demonstrated to be passed on during mitosis

and occasionally during meiosis (Almouzni and Cedar, 2016; Felsenfeld,

2014). These inheritable chromatin indicators are termed epigenetic marks.

They can extend the influence of temporary environmental triggers, de-

velopmental signals, and cellular metabolic conditions on gene activity

well beyond the initial exposure (Almouzni and Cedar, 2016; Felsenfeld,

2014). Various processes have developed to ensure that these epigenetic

changes are replicated and preserved through cell divisions, consequently

establishing cellular records that uphold distinct differentiation stages

The term ”epigenetic” was introduced by Conrad Waddington in 1942

to describe the processes leading to adult organism development from a
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zygote (Waddington, 1953). He portrayed cell differentiation as a ball

on an ”epigenetic landscape” rolling towards mature cell state valleys

(Figure 1.2).

Figure 1.2: (A) Waddington’s developmental landscape metaphor describes cell differ-
entiation as balls navigating an ”epigenetic landscape” towards valleys, representing
mature cell states. Within this concept, ”canalisation” ensures stable developmental
outcomes regardless of perturbations, and the emergence of diverse phenotypes from
a singular genotype indicates ”phenotypic plasticity”. As differentiation progresses,
stem cells see a diminishing developmental potential. (B) This differentiation and
restriction in developmental potential can be reversed. External or internal signals
can reshape the epigenetic landscape, either easing trans-differentiation barriers or
influencing dedifferentiation (as illustrated by the depth of the valleys). This suggests
that, given the right cues, cell fates can be interchangeable, allowing cells to transform
into varied types, emphasising the dynamic nature of cellular development. Figure
adapted from Feinberg et al. (2016).

Within this landscape, ”canalisation” represents stable developmental

results despite environmental changes, whereas ”developmental plasticity”

indicates multiple cellular phenotypes from one genotype. The idea of a

regulatory interaction layer with both genotype and environment predates

the discovery of chromatin-based gene regulation (Noble, 2015). Modern

epigenetics, building on this knowledge, refers to mitotically or meiotically

stable gene function changes without DNA sequence alterations (Riggs

and Porter, 1996). Epigenetic phenomena provide cellular chromatin

state memories, crucial for maintaining cell type-specific gene expression

and normal development. Since histone PTMs directly impact chromatin

states, exploring their influence on chromatin compaction and gene expres-

sion is pivotal in shedding light on their roles in development and cellular

identity.
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1.1.4 Histone acetylation

Histone acetylation predominantly takes place on lysine residues, neut-

ralising their positive charge. This neutralisation impedes electrostatic

interactions between the DNA and the histones, leading to chromatin

decompaction. Moreover, histone acetylation can inhibit interactions

between adjacent nucleosomes, resulting in less compact genomic regions

with high acetylation levels (Bannister and Kouzarides, 2011; Kouzarides,

2007). Histone acetylation is strongly connected to transcription and

is enriched at the transcription start site of active genes. Acetylation

provides a binding site for proteins containing an acetyl-lysine binding

domain, known as “bromodomain”. These proteins can recruit additional

bromodomain-containing proteins, establishing a positive feedback loop

and promoting further acetylation (Fujisawa and Filippakopoulos, 2017).

Histone acetylation can also offer binding sites for other epigenetic effector

complexes, such as the chromatin remodeling complex SWI/SNF, which

utilises its bromodomain to bind to acetylated regions of damaged DNA

and initiate DNA repair mechanisms (Tessarz and Kouzarides, 2014).

Acetylation is dynamically regulated by opposing enzyme families:

histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Seto

and Yoshida, 2014). Hyperacetylation of histone H3 and H4 is considered

an active mark frequently associated with transcription. Genome-wide

experiments suggest that multiple HATs are recruited simultaneously,

acetylating multiple lysines at a given locus (Blasi et al., 2016). It is

believed that multiple lysine charges must be altered to significantly affect

chromatin structure. Among the most studied acetylation marks are the

acetylation of lysines 4, 9, and 27 on histone H3, all promoting active gene

expression (Tessarz and Kouzarides, 2014). However, histone acetylation

alone is insufficient to trigger transcriptional activation (Choudhary et al.,

2014).

1.1.5 Histone phosphorylation

Histone phosphorylation adds a negative charge to histones, similar to

acetylation, and results in a more open chromatin conformation. It is
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typically associated with gene expression and DNA damage repair (Ros-

setto et al., 2012). Histone phosphorylation can occur on serine, threonine,

and tyrosine residues, playing an essential role in the “histone code” or

combinatory function of post-translational modifications (PTMs) on chro-

matin (Rossetto et al., 2012). In plants, histone phosphorylation has

been observed only on histone H3 and H2A, and has been associated with

developmental processes such as flowering time regulation, chromosome

condensation, and cell apoptosis (Bergmüller et al., 2007; Houben et al.,

2011).

1.1.6 Histone ubiquitination

Histone ubiquitination differs from other PTMs as it involves the covalent

binding of a large 76-amino acid protein, rather than small chemical

groups. Histone ubiquitination plays a crucial role in various DNA-related

processes, including DNA replication, transcription, and repair (Weake

and Workman, 2008). In humans, it mainly occurs on histone H2A at

lysine 119 and histone H2B at lysine 120, catalysed by the sequential action

of E1, E2, and E3 ligase enzymes (Bergink et al., 2006). The substrates

can be mono-ubiquitinated or poly-ubiquitinated. Poly-ubiquitination

generates an irreversible signal for proteasomal-mediated degradation,

while mono-ubiquitination creates a regulatory signal that can be reversed

by ubiquitin-specific proteases (USPs) (Zuin et al., 2014). In plants, H2A

mono-ubiquitination (H2Aub1) is associated with transcription repression

mediated by the Polycomb pathway, whereas H2Aub1 is involved in

transcription activation (Bonnet et al., 2022). H2Aub1 is implicated

in regulating flowering time through transcriptional activation of FLC

(FLOWERING LOCUS C) (Woodson et al., 2015). This mark is also

associated with the expression of dormancy-related genes and circadian

clock-related genes (Zhou et al., 2017).

1.1.7 Histone methylation

Histone methylation, unlike acetylation, does not alter the charge of

histone tails. Instead, it can either enhance or suppress gene expression,
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contingent on the specific residues being methylated and the number of

methyl groups attached (Allis and Jenuwein, 2016). Histone methylation

has been implicated in numerous biological processes, such as DNA repair,

cell cycle, stress response, transcription, development, and differentiation.

The dynamic nature of this mark can either be stable throughout a cell’s

life or inherited across generations (Zhao and Fernald, 2005).

In certain biological contexts, specific methylations must be stably

maintained, such as those involved in the inheritance of a silenced chro-

matin state through mitosis. In other cases, these marks may be more

susceptible to change, as when cells differentiate in response to environ-

mental stimuli. Histone methylation is particularly complex, with up to

three possible methylation states for lysines and two different types of

mono- or di-methylation for arginines: symmetric and asymmetric (Black

et al., 2012).

1.1.7.1 Lysine histone methylation

Lysine histone methylation has garnered significant attention in recent

years due to its role in regulating various nuclear processes, including tran-

scription and maintenance of genome integrity. Lysine methylation does

not alter the net charge of the modified residues but increases hydropho-

bicity, potentially generating new binding sites for reader proteins that

specifically recognise the methylated domain (Greer and Shi, 2012).

In Arabidopsis, histone lysine methylation primarily occurs at positions

K4, K9, K27, and K36 of histone H3. H3K9 and H3K27 methylation

are typically associated with silenced regions, whereas H3K4 and H3K36

methylation are linked to active genes (Liu et al., 2010). H3K27 methyla-

tion has been extensively studied for its importance in genome architecture

and regulation. This specific lysine can harbour up to three methylation

states or even acetylation, which is associated with active transcription.

1.1.7.2 H3K27me3

H3K27me1 is linked to transcription promotion in eukaryotes and seems

to accumulate in transcribed genes (Berr et al., 2011). Loss of H3K27me1
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leads to heterochromatin decondensation and release of silencing of trans-

posable elements. H3K27me3, a highly characterised histone mark, is

a hallmark of silenced gene expression conserved across the animal and

plant kingdoms. In Arabidopsis, H3K27me3 represses between 15-60% of

protein-coding genes (Berr et al., 2009). This mark exerts its repressive

role in euchromatic regions and is preferentially associated with the whole

transcribed region of inactive genes.

H3K27me3 plays a dual role in repressing transcription and hetero-

chromatin formation, and selectively silencing genes involved in plant

development (Berr et al., 2009). H3K27me3 often interacts with the

active mark H3K4me3 in bivalent domains, which are crucial for proper

cell differentiation (Bernatavichute et al., 2008). These bivalent domains

are typically found in embryonic cells and are fundamental for proper

cell differentiation. The dual-mark is present in key developmental genes

requiring fine-tuned regulation, placing these genes in a “poised state”.

H3K27me3’s role in developmental regulation provides a cellular memory

to maintain the repressed transcription states of target genes during cell

division (Zheng et al., 2016). In animals, the catalysation of H3K27

tri-methylation is mediated by Enhancer of Zeste (E(z)), a SET domain

histone methyltransferase. This domain is part of a larger complex, the

Polycomb repressive complex 2 (PRC2), which operates in tandem with

PRC1 (Margueron and Reinberg, 2011). Together, these two complexes

form the Polycomb group, essential for gene regulation and developmental

processes.

1.2 Polycomb group proteins and their functions in plants

Polycomb group (PcG) proteins were initially identified in Drosophila

melanogaster as regulators of homeotic genes during development, but

it has become evident that PcG proteins are conserved in all multicellu-

lar organisms (Lewis, 1978; Alkema et al., 1997). In Arabidopsis, PcG

proteins participate in various developmental processes, such as floral

transition, fertilisation, transgenerational epigenetic memory, hormone

signalling transduction, and stress responses (Goodrich et al., 1997; Gross-
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niklaus et al., 1998). PcG proteins can be divided into two complexes:

Polycomb repressive complex 2 (PRC2) and PRC1. PRC2 is responsible

for H3K27me3 deposition, and its core components are Extra sex combs

(Esc), the methyltransferase enhancer of zeste (E(z)), Suppressor of zeste

12 (Su(z)12), and p55 (Margueron and Reinberg, 2011). The PRC1

complex recognises and stabilises H3K27me3, introduces the repressive

ubiquitination of H2AK121ub, and mediates chromatin compaction for

gene silencing (Tavares et al., 2012). H2AK121ub is catalysed by two

different PRC1 complex components, RING finger proteins BMI1s (B

lymphoma Mo-MLV insertion region 1 homolog) and RINGs. The chro-

matin compaction is conducted by another PRC1 component, EMF1

(EMBRYONIC FLOWER 1) and its homologs in higher plants (Merini

and Calonje, 2015).

1.2.1 PcG proteins’ roles in Arabidopsis

In Arabidopsis, PcG proteins are involved in a broad array of biological

processes. PRC1 and PRC2 are crucial for growth and differentiation

throughout the life cycle. This is evidenced by mutants affecting the

different components of the PcG complex, which display pleiotropic

phenotypes of varying severity, including loss of vegetative growth, early

flowering, abnormal flower formation, and sterility (Chanvivattana et al.,

2004; Bouyer et al., 2011). Transcriptome analysis of mutant seedlings

revealed enrichment for activation of genes involved in transcriptional

regulation, developmental transition, growth, and differentiation (Wang

et al., 2016a). PcG plays a fundamental role in major phase transition

programs (Figure 1.3).

During germination, genes involved in seed-specific pathways, such

as seed dormancy, desiccation tolerance, and seed storage compound

accumulation, need to be repressed to allow growth and differentiation of

the developing plant (Bouyer et al., 2011). In germinating seedlings, PcG

components FERTILIZATION-INDEPENDENT ENDOSPERM (EMF1)

and FIE repress seed regulatory genes ABSCISIC ACID INSENSITIVE

3 (ABI3) and LEAFY COTYLEDON 2 (LEC2), major regulatory genes

which promote embryo development and maturation (Yang et al., 2016).
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Figure 1.3: Polycomb-mediated suppression is critical for the establishment and
preservation of cell identity in Arabidopsis. PcG protein assemblies are pivotal in
managing transitions in plant development. Distinct PRC2 complexes, namely VRN-
PRC2, EMF-PRC2, and FIS-PRC2, are instrumental at various stages of developmental
phase transitions, as denoted alongside the arrows. Additionally, separate PRC1
complexes are implicated in the regulation of seed germination and the shift from
vegetative growth to reproductive maturity. Figure adapted from Xiao and Wagner
(2015) and Butenko and Ohad (2011).
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Mutants impaired in the PRC1 and PRC2 components AtRING1A/B,

AtBMI1A/B, CURLY LEAF (CLF) and SWINGER (SWN), EMF1,

EMF2, or FIE show upregulation of these regulatory genes and of the

downstream seed storage genes that produce starch, lipid, and proteins,

including LIPID TRANSFER PROTEIN 3 (LTP3), OLEOSIN 2 and

SEED STORAGE ALBUMIN1 (SESA1) (Bratzel et al., 2010; Bouyer

et al., 2011). PcG proteins are also involved in multiple hormone signalling

pathways. During germination, FIE and EMF1 repress genes that are

positive regulators of abscisic acid, which promotes seed development,

and repress negative regulators of gibberellic acid, involved in germination

(Suzuki et al., 2007; Pu et al., 2013). Therefore, PcG proteins mediate

the transition from seed to seedling by selectively repressing hormone

production and signalling genes, as well as master seed regulatory and

seed storage genes.

Seedlings need to suppress reproductive development to allow vegetat-

ive growth and the formation of photosynthetic leaves. Floral MADS box

genes are direct targets of both EMF1 and FIE which act in concert to

repress the floral program in seedlings (Calonje et al., 2008). Deregulation

of multiple floral MADS box genes leads to a premature transition from

vegetative to reproductive development (Hennig et al., 2003). The PcG

complex not only affects the transition to the flowering phase by repressing

floral genes during the vegetative phase but also promotes it when the

time is appropriate by repressing the flowering repressor FLC (Yang et al.,

2016). In Arabidopsis, FLC is activated in vegetative development to

prevent premature flower transition. FLC expression is elevated by active

histone marks such as the COMPASS-like complex-deposited H3K4me3,

the EARLY FLOWERING IN SHORT days (EFS) catalysed H3K36me3,

and histone H3K27 acetylation (Jiang et al., 2011). Meanwhile, PcG

proteins deposit H3K27me3 at the FLC locus, making the FLC chromatin

region in a bivalent state (Farrona et al., 2004). This bivalent chromatin

state allows for precise control of developmental transitions, ensuring

proper timing for flowering in response to environmental cues and plant

development.

1212



1.3 Histone demethylases as a counterbalance to silencing

During the life cycle of a plant, developmental programs that have been

established may need to be erased in response to specific environmen-

tal or developmental signals, such as during gametogenesis (Hisanaga

et al., 2019). Consequently, gene networks previously silenced by PRC2

complexes and H3K27me3 may need to be reactivated.

There are several types of enzymes that can remove specific methyl

groups from histone proteins, leading to changes in chromatin structure

and gene expression. In plants, there are two main classes of histone

demethylases: the lysine-specific demethylase 1 (LSD1) homologs and the

Jumonji C (JMJC) domain-containing proteins. LSD1 homologs are FAD-

dependent enzymes that specifically target mono- and dimethylated lysine

residues on histones. In Arabidopsis, the LSD1 homologs are called FLD

and are involved in demethylating H3K4me1/2 and H3K9me1/2 (Yang

and Chou, 1999). LSD1 homologs have been shown to play crucial roles

in regulating gene expression and developmental processes in plants, such

as flowering and seed development (Jiang et al., 2007; Hu et al., 2014). In

contrast, JMJC domain-containing proteins are a diverse group of histone

demethylases that possess a conserved JMJC domain, which binds to

methylated lysine residues on histone proteins. This binding leads to the

enzymatic removal of the methyl group, resulting in a change in chromatin

structure (Klose et al., 2006). JMJC domain-containing proteins have

been shown to demethylate various histone methylation marks, such

as H3K4me3 and H3K27me3, depending on the specific protein (Lu

et al., 2011b; Bernstein et al., 2006). Presented below is a comprehensive

overview of histone modifications, delineating their genomic loci, impact

on chromatin states, and their influence on euchromatic gene transcription,

in Arabidopsis. Additionally, the table catalogues the enzymes responsible

for both initiating and reversing each modification (Figure 1.4).

1.3.1 JmjC Histone demethylases in Arabidopsis

In Arabidopsis,a total of 21 JmjC proteins have been identified and can be

classified into five groups according to phylogenetic information and pro-
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Figure 1.4: Table of histone modification types, their genomic loci, and their subsequent
effects on chromatin states (either open or closed) and euchromatic gene transcription,
in Arabidopsis. Enzymes involved in the initiation and reversal of each modification
are also catalogued. Adapted from Pfluger et al., 2007.

tein domain architecture. In mammals, two main proteins, UTX/KDM6A

and JMJD3/KDM6B, act as histone demethylases for the H3K27 mark

(Agger et al., 2007). These proteins have diverse roles in regulating
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gene expression during embryonic development, cellular reprogramming,

immune diseases, and cancer (Chang et al., 2019; Chen et al., 2023).

However, these proteins are not conserved in plants. Instead, Arabidopsis

has up to five proteins reported to have H3K27me3 demethylase activity,

including JMJ30 (JUMONJI30), JMJ32, ELF6 (EARLY FLOWERING

6), REF6 (RELATIVE OF EARLY FLOWERING 6), and JMJ13 (Gan

et al., 2014; Crevillén et al., 2014; Lu et al., 2011a; Zheng et al., 2019).

JMJ30 and JMJ32 are JmjC domain-only proteins, while the other three

proteins contain a zinc-finger domain (Figure 1.5). All these proteins are

involved in regulating gene expression and developmental processes in

plants.

The Arabidopsis JmjC domain-only group includes two H3K27me3

demethylases, JMJ30 and JMJ32, which belong to the conserved subfam-

ily PKMD12 found in plants and animals. JMJ30 is known to regulate the

circadian clock by modulating the expression of (CIRCADIAN CLOCK

ASSOCIATED 1) and LHY (LATE ELONGATED HYPOCOTYL), and

it is also involved in several developmental processes such as callus form-

ation, growth arrest, and heat acclimation (Lu et al., 2011b). JMJ30

interacts with EFM (EARLY FLOWERING MYB PROTEIN) to regulate

the expression of the floral integrator FT and participates in the flowering

thermosensory pathway with JMJ32 (Yan et al., 2014). However, the

specificity of the JmjC domain-only demethylases is not completely under-

stood, as some studies suggest that JMJ30 can demethylate H3K36me3

or alter H3K9me3 levels at target genes (Lee et al., 2018).

The PKMD9 subfamily is unique to plants and consists of three

Arabidopsis JmjC domain proteins that contain ZnFn motifs, ELF6,

REF6 and JMJ13. ELF6 and REF6 are plant-specific homologs that have

four C2H2-type ZnFn motifs in their N-terminal domains. The C2H2

zinc finger domain is characterised by a structure containing two cysteine

and two histidine residues that coordinate a zinc ion. JMJ13 is related to

ELF6 and REF6 but carries instead a C4HCHC-type helical-zinc finger

cassette fused to the JmjC domain (Zheng et al., 2019). This arrange-

ment also coordinates a zinc ion but in a different configuration. While

C2H2 zinc fingers are primarily involved in DNA binding, but can also
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Figure 1.5: Conserved motifs, and three-dimensional structure of H3K27me3 demethy-
lases in Arabidopsis thaliana. Domain architecture of Arabidopsis thaliana Jumonji
domain–containing proteins (JMJs), highlighting the Jumonji N and C domains, pro-
tein domains, and C2H2-type zinc-finger domains in yellow, green, blue, and purple,
respectively, with metal catalytic sites marked by asterisks. (B) Three-dimensional
structures of JMJ proteins. On the left, REF6’s structure with ZnF and double-
stranded DNA, illustrates the interaction between protein and DNA. REF6 protein is
shown in green, while dsDNA is shown in orange and purple. On the right, the JMJ13
catalytic domain complexed with AKG, depicted in blue and green for JMJ domains
and orange and red for helical and ZnF domains, demonstrates substrate engagement.
Structures derived from Protein Data Bank data. Figure adapted from Yamaguchi
(2021).
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interact with RNA and proteins, C4HCHC zinc fingers, are often associ-

ated with high-affinity binding to single-stranded nucleic acids, especially

single-stranded RNAs (Garton et al., 2015; Wang et al., 2021).

A recent study demonstrated that JMJ13 is the most abundant H3K27

demethylase in pollen sperm cells, suggesting that it may play a role

in resetting paternal H3K27me3 (Borg et al., 2020). Based on this and

other evidence, the authors of the study have proposed that H3K27me3

demethylases have a crucial role in a complex, genome-wide epigenetic

reprogramming mechanism that ensures that epigenetic marks are erased

and not inherited by the next generation (Borg et al., 2021). Contrarily,

a different study questions the prevailing ideas about epigenetic repro-

gramming in the germline, demonstrating that only a selective reset of

H3K27me3 takes place at developmental regulators in sperm (Zhu et al.,

2023). This research implies that a full reset of the parental epigenome

might not be essential to ensure a correct developmental program for the

offspring.

REF6 acts indirectly as a repressor of the FLC gene, which controls

flowering time, and interacts with thousands of putative targets through

its DNA binding domain (Gan et al., 2014; Cui et al., 2016b). It is widely

expressed throughout the plant and plays several important roles, such

as regulating flowering time and modulating gene expression. REF6 is

also involved in the plant response to abiotic stresses, such as drought

and salt stress (Sani et al., 2013; Pan et al., 2021).

ELF6 is the main H3K27 demethylase regulating the floral repressor

FLC (Crevillén et al., 2014). Mutations in the ELF6 gene result in an

early flowering phenotype, which is caused by increased expression of the

floral integrators FLOWERING LOCUS T (FT) and SUPPRESSOR OF

OVEREXPRESSION OF CO 1 (SOC1) (Crevillén et al., 2014). ELF6

also participates in the reprogramming and resetting of the epigenetic

state of the FLC gene during gametogenesis, which is crucial for the

correct timing of flowering (Crevillén et al., 2014). However, the precise

role of ELF6 beyond FLC and flowering time regulation remains largely

unexplored. Figure 1.6 illustrates the distinct roles of REF6, ELF6, and
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JMJ13 in the different flowering pathways and their respective impacts

on the regulation of flowering in Arabidopsis.

Figure 1.6: A simplified chart showing the flowering pathways in Arabidopsis, emphas-
ising the functions of the H3K27me3 histone methyltransferase PRC2 (encircled in
red) and the H3K27me3 histone demethylases REF6, ELF6, and JMJ13 (encircled in
blue). Arrows indicate positive regulation and bars negative regulation.
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1.4 Chromatin modifications in developmental

programming and regeneration

Chromatin modifications are crucial for developmental programming and

regeneration in plants, as they regulate DNA accessibility for transcrip-

tional machinery and coordinate gene expression patterns. Chromatin-

modifying factors guide epigenome reprogramming to alter gene chromatin

states, particularly during phase transitions throughout the plant’s life

cycle. The seed-to-seedling transition is of particular importance for

understanding in-vitro embryogenesis, a process used in plant biology to

generate large numbers of identical plants through somatic embryogenesis

(SE).

The transition from seed to seedling requires specific chromatin modi-

fications to repress embryonic gene expression, primarily involving histone

methylation and acetylation. Loss-of-function mutants in chromatin modi-

fication proteins controlling this phase transition undergo spontaneous SE

due to deregulation of subsets of SE-inducing genes like WIND3 and LEC2

(Ikeuchi et al., 2015). H3K27 trimethylation and histone deacetylation

are particularly crucial for the transcriptional repression of embryo genes

(Figure 1.7).
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Figure 1.7: Schematic overview of the molecular regulation of Arabidopsis somatic
embryogenesis. Chromatin-modifying proteins (blue rectangles at the top) repress or
restrict expression of TFs (light blue ovals beneath) during Arabidopsis development.
These TFs regulate each other’s expression, as well as expression of common target
genes involved in the auxin and cytokinin pathways (lower purple and grey boxes
respectively).
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PRC2 plays a role in repressing pluripotency and stem cell identity-

associated genes, contributing to differentiation and preventing unregu-

lated growth (He et al., 2012; Chanvivattana et al., 2004; Bouyer et al.,

2011). PRC1 also participates in the process by working synergistically

with PRC2 to repress embryonic gene expression during germination

through histone H2A ubiquitination (H2Aub) (Chen et al., 2010). VAL

proteins, transcription factors capable of binding chromatin, are necessary

for PRC1-mediated H2Aub deposition at seed maturation genes (Yang

et al., 2013). PRC1 is likely recruited to its target genes by VAL proteins,

as the VAL-binding motif is enriched in promoters of PRC1 target genes

(Merini et al., 2017). After the initial silencing by PRC1/VAL, repression

is maintained by PRC2-mediated H3K27me3 deposition.

The role of histone deacetylation in embryogenesis has been investig-

ated, with hda6/hda19 HDAC mutants showing upregulated embryonic

markers and somatic embryo formation on leaves (Tanaka et al., 2008).

HDA19 specifically interacts with VAL2 (VIVIPAROUS1/ABI3-LIKE2)

(Zhou et al., 2013), while HDA6 interacts with VAL1 (Chhun et al., 2016),

and both VAL1 and VAL2 interact with the repressive CDK8 (CYCLIN-

DEPENDENT KINASE E1) module of the Mediator complex and the

chromatin remodeler PICKLE (PKL) (Liang et al., 2022). VAL proteins

seem to recruit both Polycomb group proteins and HDACs to achieve

repression of SE-related genes.

Histone methylation (H3K27me3) and histone acetylation play impor-

tant roles in SE by regulating the expression of embryonic and meristem-

atic genes. The extent of chromatin reprogramming required before SE

likely depends on the explant’s nature. Younger plant tissues, such as

immature zygotic embryos or young leaves, have a higher proportion

of undifferentiated or less differentiated cells, which exhibit more open

chromatin and a greater potential for transcriptional reprogramming.

This permissive chromatin state in younger plant cells enables them to

respond more effectively to developmental cues and hormone treatments,

resulting in a higher rate of somatic embryogenesis (Gaj, 2004).
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1.5 Rationale and Aims for Research

In the realm of plant biology, while a great deal of research has delved into

the nuances of proteins like REF6 and ELF6, significant knowledge gaps

remain. A deep understanding of the structural and functional differences

between these two proteins is still elusive. Moreover, the full extent

of the enzymatic activities of these proteins and their implications for

chromatin structure is yet to be completely elucidated. Importantly, while

we acknowledge the significance of chromatin marks in embryogenesis, the

development of a reliable epigenetic editing approach to optimise somatic

embryogenesis remains a challenge.

With these gaps in mind, the overarching aim of this thesis is to dissect

the functional differences between REF6 and ELF6, further validate their

enzymatic activities, and explore the potential of epigenetic editing in

improving somatic embryogenesis.

To address this aim, the following objectives have been established:

1. Understanding Structural and Evolutionary Differences: The first

chapter will delve into the undiscovered differences between REF6 and

ELF6 phenotypes. By conducting a comprehensive analysis of the struc-

tural domains of these proteins and investigating the reasons for their

evolutionary divergence, we aim to illuminate their functional distinctions.

This will be supported by a phylogenetic analysis of the proteins and an

in-depth exploration of the functional domain disparities.

2. Validating Enzymatic Activities: In the second chapter, while

previous studies have assessed the enzymatic activities of REF6 and

ELF6, our research seeks to provide additional confirmation. We will

evaluate the catalytic activities of these proteins through chromatin data

in mutants and subsequently assess the expression levels in plants where

the protein’s catalytic domains have been swapped.

3. Epigenetic Editing for Enhanced Somatic Embryogenesis: The third

chapter recognises the existing understanding of the impact of chromatin

marks on embryogenesis. We will pioneer an approach to test the effect of

directing histone demethylases to SE-related transcription factors with the

goal of inducing cell dedifferentiation. Through meticulous modification
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of the chromatin structure, we aspire to either activate or repress specific

genes, potentially enhancing the success rate of somatic embryogenesis.

By undertaking these objectives, this thesis strives to contribute valu-

able insights and methodologies to the field, potentially paving the way

for advanced applications in plant biology.
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2 Methods

2.1 Cloning reactions

Cloning procedures were performed following the manufacturer’s guidelines

(Invitrogen), with 5 µl of the reaction mixture used to transform ccdB

survival E. coli competent cells (TOP 10). A volume of 100-200 µl of the
transformed culture was then spread onto appropriate selection media

plates and incubated at 37°C overnight.

2.1.1 Golden Gate cloning

Golden Gate cloning was performed using a standard protocol (Engler

et al., 2008) with slight modifications. The sequences of the two proteins

AtELF6 and AtREF6 were obtained. A breaking point was selected

for both proteins to separate the Jmj domain and the Znf domain at

amino acid 491 for ELF6 and at amino acid 433 for REF6. Four DNA

sequences were obtained (ELF6 Jmj, REF6 Jmj, ELF6 Znf and REF6

Znf). Those sequences were codon-optimised for Arabidopsis thaliana, and

Golden Gate cloning sites were added at their ends. The four parts were

synthetised by Integrated DNA Technologies. The four DNA sequences

were inserted in the universal Level 0 Golden Gate vector (pAGM9121)

containing the appropriate type IIS restriction enzyme recognition sites

for BpiI (Figure 2.1). All the sequences were confirmed via Sanger se-

quencing. Level 1 Golden Gate vectors were assembled using type IIS

restriction enzyme BsaI. Every Level 1 vectors consists of six Level 0,

a pACTIN2 promoter (pICH87644), a Jmj domain, a Znf domain, a

GFP-tag (pICSL50008) and a Terminator (pICH44300). Four assemblies

were created: pACT2::ELF6 Jmj::REF6 ZnF::GFP (AER), pACT2::REF6

Jmj::ELF6 ZnF::GFP (ARE), pACT2::ELF6 Jmj::ELF6 ZnF::GFP (AEE)

and pACT2::REF6 Jmj::REF6 ZnF::GFP (ARR) (Figure 2.2). All the

Level 1 sequences were confirmed via Sanger sequencing. The four Level

1s were transformed in the destination vector Level 2 (pICSL4723) along

with the red seed selectable marker cassette FAST-R (pICSL70008) and a

linker (pICH41744). The Level 2 plasmid was suitable for Agrobacterium
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transformation and these reactions employed the type IIS restriction

enzyme BpiI. All the Level 2 sequences were confirmed via Sanger sequen-

cing.

Figure 2.1: Schematic representation of Level 0 plasmids for ELF6 Jmj, REF6 Jmj,
ELF6 Znf and REF6 Znf.
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Figure 2.2: Schematic representation of Level 1 plasmids for pACT2::ELF6 Jmj::REF6
ZnF::GFP (AER), pACT2::REF6 Jmj::ELF6 ZnF::GFP (ARE), pACT2::ELF6
Jmj::ELF6 ZnF::GFP (AEE) and pACT2::REF6 Jmj::REF6 ZnF::GFP (ARR).
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2.1.2 Gateway Cloning

Gateway cloning was performed using a standard protocol (Thermo Fisher

Scientific) with slight modifications. Jmj domains of ELF6 and REF6

from the previous experiments were adapted adding Gateway cloning

sites at their end. The sequence of AtJMJ13 was also obtained. A break-

ing point was selected to separate the Jmj domain from the rest of the

protein at amino acid 475. JMJ13 Jmj domain was codon-optimised

for Arabidopsis thaliana, and Gateway cloning sites were added at their

ends. The sequences of two transcription factors AtRKD4 and AtLEC2

were obtained. Also in this case those sequences were codon-optimised

for Arabidopsis thaliana. A linker was added at the N-terminal of the

transcription factors and four HA-tags at the C-terminal. After that,

Gateway cloning sites were added at their ends. A PCR-fusion method

was used to fuse the two domains. The sequences were cloned in a pGEMT-

Easy entry vector with a BP reaction. All the sequences were confirmed

via Sanger sequencing. The six plasmid combinations obtained were

then transformed in the destination vector pMDC7-OLE1 by LR cloning.

Six constructs were obtained, each featuring the pXVE promoter, an

estradiol-inducible promoter: (pXVE::ELF6 Jmj::RKD4::HA-tags(ELF6-

RKD4), pXVE::REF6 Jmj::RKD4::HA-tags (REF6-RKD4), pXVE::REF6

Jmj::RKD4::HA-tags (JMJ13-RKD4), pXVE::ELF6 Jmj::LEC2::HA-tags

(ELF6-LEC2), pXVE::REF6 Jmj::LEC2::HA-tags (REF6-LEC2) and

pXVE::REF6 Jmj::LEC2::HA-tags (JMJ13-LEC2)(Figure 2.3).
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(a) RKD4 constructs.

(b) LEC2 constructs.

Figure 2.3: Schematic representation of Jmj-TF constructs. (a) shows
RKD4 constructs (pXVE::ELF6-Jmj::RKD4::HA-tags; pXVE::REF6-Jmj::RKD4::HA-
tags and pXVE::JMJ13-Jmj::RKD4::HA-tags) and (b) shows LEC2 con-
structs (pXVE::ELF6-Jmj::LEC2::HA-tags; pXVE::REF6-Jmj::LEC2::HA-tags and
pXVE::JMJ13-Jmj::LEC2::HA-tags).
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2.2 Primers used

The primers used are shown in Figures 2.4, 2.5, and 2.6.

2.3 Plasmid DNA Extraction

Individual bacterial colonies were selected and inoculated into 5ml of LB

with appropriate antibiotic selection, followed by overnight incubation

at 37°C. Bacterial cells were then centrifuged at 5,000 g for 5 minutes,

and plasmid DNA was extracted using the Qiaprep Spin Miniprep Kit

(Qiagen) according to the manufacturer’s instructions. Extracted plasmid

DNA was stored at -20°C for future use.

2.4 Escherichia coli Transformation

Escherichia coli TOP10 cells were transformed using heat shock at 42°C
for 45 seconds, then plated onto agar medium containing the appropriate

selection antibiotic and incubated overnight at 37°C. Colonies growing on

the selection medium were screened using colony PCR and sequencing.

2.5 Colony PCR

For colony PCR, multiple transformants from each construct were selected

and re-suspended in 20 µl of sterile water. 2 µl of the suspension was

then used as a DNA template in a 25 µl PCR mixture. The PCR reaction

mixture included 0.15 units of Kapa Taq (KAPA Biosystems), 2.5 µl of
10X PCR buffer, 0.3 µl of 10 mM dNTP mixture, and 1 µl of 5 µM of each

primer. The PCR program began with an initial denaturation step at

95°C for 2 minutes, followed by 30 cycles of 95°C for 30 seconds, 58°C for

30 seconds, and 72°C with a variable extension time based on the target

sequence length (1 kb per minute). A final extension step was performed

at 72°C for 5 minutes. The amplified fragments were analysed using gel

electrophoresis.
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2.6 DNA Sanger Sequencing

To verify the plasmid sequence, Sanger sequencing LIGHTRUN (GATC

Biotech) was performed according to the supplier’s instructions. A total

of 400 ng of DNA and 1 µM plasmid in a 10 µl volume were sent to the

supplier for analysis.

2.7 Plant Material and Growth Conditions

All plant materials utilised in this study were derived from Arabidopsis

thaliana (Col-0 accession). The ref6-5 mutant (GABI 705E03) was

obtained from the GABI-Kat collection (Kleinboelting et al., 2012). The

elf6-C mutant was generated using CRISPR-Cas9 directed mutagenesis

(Durr et al., 2018). The double mutant ref6-5/elf6-C was created by

genetically crossing ref6-5 and elf6-C. The ref6-5, elf6-C, and ref6-5/elf6-

C mutants used in this study contained an RKD4 inducible system (Waki

et al., 2011). Seeds for plate-grown experiments were surface sterilised

using 10% Sodium hypochlorite (VWR) with shaking for 10 minutes,

followed by six washes with sterile H2O. Seeds were then dispersed in

sterile 0.1% Agarose and placed on base media consisting of 1 x Murashige

and Skoog (MS) salts (Duchefa Biochemie), pH 5.7, and 1% sucrose

(Sigma-Aldrich), solidified with 0.8% phytoagar (Duchefa Biochemie). For

soil-grown experiments, seeds were dispersed in 0.1% Agarose before being

sown individually on the surface of a John Innes and Perlite soil mix.

Arabidopsis seeds were stratified for two days at 4°C in all experiments.

Seeds were germinated and grown in either a light cabinet (Sigma) or

a growth chamber (Conviron), with long day (16 h day, 8 h night) or

short day (10 h day, 14 h night) conditions maintained, depending on the

experiment. Temperature was held constant at 22°C and light intensity

was set at 100 µmol/sec/m2.

2.8 Agrobacterium tumefaciens Transformation

Agrobacterium cells were transformed with the binary vector carrying

the DNA fragment of interest via electroporation. The procedure was

performed in a 0.1 cm cuvette at 2.2 kV using a Bio-Rad micropulser. A
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40 µl aliquot of electro-competent Agrobacterium tumefaciens GV3131

cells was gently mixed with the binary vector. Following electroporation,

transformed competent cells were transferred to low-salt liquid LB medium

and incubated for 1 hour at 28°C. Cells were then spread on LB agar

plates containing suitable antibiotics and incubated at 28°C for 48 hours.

2.9 Arabidopsis thaliana Stable Plant Transformation

A single colony of transformed Agrobacterium tumefaciens strain carrying

each DNA construct in a binary vector was inoculated into 5 ml of low-salt

LB containing appropriate antibiotics. The overnight culture was used to

inoculate 500 ml low-salt liquid culture containing appropriate antibiotics

and grown overnight at 28°C. Arabidopsis plants were transformed using

the floral dip method as previously described (Zhang et al., 2006). T0

seeds (RFP positive) were selected and grown to the T1 generation.

Subsequent lines exhibiting a 3:1 ratio of RFP+ to non-RFP seeds were

chosen as potential single-insertion lines and grown to the T2 generation.

In the T2 progeny, homozygous lines (lines with 100% RFP+ seeds) were

identified, analysed, and selected as stably expressing lines for further

study.

2.10 Confocal microscopy imaging

Images were obtained using a Zeiss Laser Scanning Microscope (LSM) 710

(Carl Zeiss Ltd; Cambridge, UK), and processed (including the addition

of scale bars) using the Zeiss 2011 software (Zeiss). The 10x or the 20x

objective lenses were used.

2.11 RNA extraction

Samples were collected, flash-frozen in liquid nitrogen, and pulverised

using a pestle and a mortar. Total RNA was extracted using the RNeasy

Plant Mini Kit (Qiagen) according to manufacturer instructions. The

extracted RNA was stored at -80°C until further use. RNA concentration

and purity were estimated using a NanoDrop spectrophotometer.
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2.12 Reverse Transcription (cDNA Synthesis)

Extracted RNA was treated with TURBO DNA-freeTM (Promega, Madison,

WI). For each sample, 1 µg of total RNA was reverse transcribed into

complementary DNA (cDNA) using the RevertAid First Strand cDNA

Synthesis Kit (Thermo Scientific). The reverse transcription reaction was

carried out in a 20 µL volume, following the manufacturer’s protocol.

The resulting cDNA was diluted 1:10 with nuclease-free water in order to

reduce negative effects on the PCR from possible inhibitors carried over

from the initial RNA isolation step.

2.13 Primer Design and Validation

Gene-specific primers were designed using Primer-BLAST (NCBI). The

primers were synthesised by a commercial supplier (Integrated DNA

Technologies) and validated by performing standard PCR on the synthes-

ised cDNA. The amplified products were resolved on a 1% agarose gel

and visualised using GelRed nucleic acid stain to confirm the expected

amplicon size.

2.14 RT-PCR Analysis

All RT-qPCR analyses were performed using a MyiQ System (BIO-

RAD) with the MESA Blue qPCR MasterMix Plus reagent (Eurogentec

Headquarters). PCR fragments were analysed using a dissociation protocol

to ensure that each amplicon was a single product. All RT-qPCRs

were performed using two biological replicates in a final volume of 25 µl
containing 5µl of cDNA template (diluted beforehand 1:10), 0.2 µM of each

primer, and 12.5 µl of 35 µl 2xMESA Blue qPCR MasterMix (Eurogentec

Headquarters). Each reaction was run in duplicate (technical replicates).

Negative controls included in each run were a reaction conducted in the

absence of reverse transcriptase and a reaction with no template (2 µl of
nuclease-free water instead of 2 µl of cDNA). Analysis of expression data

was performed according to the δδCT method (Livak and Schmittgen,

2001) and normalised using AtGADPH as a reference gene (AT3G26650).
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2.15 RNA sequencing analysis

RNA-Seq libraries were prepared by the sequencing company (Novogene;

Cambridge, UK) and the RNA samples were sequenced. Raw sequen-

cing reads were subjected to quality control using FastQC (Babraham

Bioinformatics). Low-quality reads and adapter sequences were trimmed

using Trimmomatic. The high-quality trimmed reads were mapped to the

Arabidopsis thaliana TAIR10 reference genome using STAR. Gene expres-

sion quantification was performed using htseq-count (from the HTSeq

package) by counting the number of reads mapped to each gene. The raw

read counts were then normalised using methods Reads Per Kilobase of

transcript per Million mapped reads (RPKM) to account for differences

in gene length and sequencing depth. Differential gene expression analysis

was carried out using the DESeq2 R package. Raw read counts were input

into the chosen package, and normalisation factors were calculated to

account for library size differences. The differential expression analysis

was then performed using a negative binomial generalised linear model.

Differentially expressed genes (DEGs) were identified based on the FDR-

adjusted p-value of < 0.05 and an absolute log2FC of > 1. Principal

Component Analysis (PCA) was conducted on the variance-stabilised

transformed data using the ‘prcomp‘ function. DEGs were categorised

as upregulated or downregulated based on the direction of the log2FC.

Heatmaps, volcano plots, and other visualisations were created using R

packages ggplot2 and pheatmap.

2.16 ß-estradiol induction

Seedlings of transgenic lines harbouring the inducible XVE cassette, along

with controls were grown in 1/2 MS media and subjected to ß-estradiol

induction for seven days. The concentrations used for the experiments

were 5µm and 30µm.

2.17 Root measurements and statistical analysis

Approximately 20 seedlings were placed on one plate (10 for the experiment

and 10 for the control). Digital images were obtained from each plate and
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a ruler was included in each scan for calibration purposes. The digital

images were imported into ImageJ software (National Institutes of Health)

for root length measurements. The images were first calibrated using the

ruler included in the scans. The root systems were then traced using the

segmented line tool. Root length measurements were recorded for each

plant, and the mean root length was calculated for each experimental

group. The normality of the data was assessed by visual inspection

of histograms. For statistical analysis, a T-test was employed with a

significance threshold set at a p-value < 0.05

2.18 Protoplast isolation

Protoplast isolation was carried out according to the protocol published

by Yoo et al (Yoo et al., 2007). Arabidopsis thaliana col-0 plants were

grown for four weeks at 20-22°C under short day conditions (12-hour light).

Well-expanded leaves were picked and sliced into 1mm wide strips. The

finely cut leaf strips were transferred into 5ml of enzyme solution (20mM

MES pH 5.7, 0.4M mannitol, 20mM KCl, 1.5% (w/v) cellulose R10, 0.4%

(w/v) macerozyme R10, 10mM CaCl2 and 0.1% BSA) in a petri dish, with

vacuum infiltration of leaf strips twice for 5 minutes. The leaf material

was left at 25°C for 2.5 hours. The tissue was then filtered through a 70

µm nylon cell strainer and rinsed with the enzyme/protoplast solution

with an equal volume of W5 solution (2mM MES pH 5.7, 154 mM NaCl,

125mM CaCl2, 5mM KCl). The flow-through was centrifuged at 100g

for 1-2 minutes, and the pellet was washed twice with W5 solution. The

cells were resuspended in 5 ml of MMG solution (4 mM MES pH 5.7, 0.4

M mannitol, and 15 mM MgCl2) and counted using a Fuchs-Rosenthal

haemocytometer. The volume was adjusted by adding MMG at 400,000

protoplasts/ml, and cells were kept on ice.

2.19 Transfection of protoplasts

Approximately 80,000 cells were used for transfection. For 200 µl of
leaf protoplasts, 8 µg of each plasmid was added. A total of 216 µl of
freshly prepared PEG solution (40% v/w PEG4000, 0.2M mannitol, 100
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mM CaCl2) was added to each reaction and mixed gently by flicking the

bottom of the tube with fingertips. Protoplasts were then incubated at

room temperature for 30 minutes for transfection. 500 µl of W5 was added

to stop the transfection process. The samples were mixed gently and

centrifuged at 100 g for 2 minutes. The supernatant was removed, and

500 µl of WI solution (4mM MES pH 5.7, 0.5 M mannitol, 20 mM KCl)

was added. Transfected protoplasts were analysed for editing efficiency.

2.20 Flowering time phenotypic and statistical analysis

A total of 15 plants per line, along with 15 positive control plants (Col0)

and 15 plants each for two negative controls (ref6-5 and elf6-C ), were

grown in a randomised arrangement in a growth chamber (Conviron)

under short day conditions. The plants were monitored for two phenotypic

measurements: days after bolting and the number of leaves. To identify

significant differences between the experimental lines and negative controls,

statistical analyses were performed using the Tukey test. This post hoc

test was conducted after a one-way analysis of variance (ANOVA) to

compare multiple group means and account for multiple comparisons, so

enabling the identification of lines with phenotypes significantly different

from the negative controls.

2.21 3D Protein structure modelling and visualisation

Deep learning-based algorithm AlphaFold2 (v2.3.2 accessed on January

2023) from DeepMind was employed to generate the predicted models

of the proteins of interest. The AlphaFold2-predicted protein models

were then visualised and analysed using the ChimeraX software (UCSF

Resource for Biocomputing) for evaluating protein folding and identifying

key functional domains.

2.22 Protein sequence alignment and phylogenetic analysis

A total of 152 sequences were collected from various species representing

distinct clades within the plant kingdom, including green algae, Charo-

phytes, Bryophytes, Pteridophytes, Tracheophytes, Gymnosperms, and
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Angiosperms. The dataset comprised 12 REF6 and ELF6 shared homo-

logs from basal plants, 3 REF6 homologs from Gymnosperms, 3 ELF6

homologs from Gymnosperms, 65 REF6 homologs from Angiosperms,

and 69 ELF6 homologs from Angiosperms. These sequences were aligned

using the Clustal Omega multiple sequence alignment tool. The conser-

vation of amino acids across the aligned sequences was visualised using

the Geneious software. The phylogenetic tree was constructed using

the Jukes-Cantor genetic distance model and the neighbor-joining tree

building method was employed. Bootstrapping was performed with 100

replicates to assess the reliability of the branches in the tree.

2.23 Protein features prediction

Protein disorder regions and polar groups were identified in the proteins

of interest using the MobiDataBase v5.0 (DSB, Padova) which combines

data from experimental annotations, indirect disorder evidence from

structural data and disorder predictions from protein sequences (using

ESpritz and IUPred predictors). Molecular recognition features (MoRFs)

were predicted by the MoRFPred tool, which uses machine learning model

trained on known MoRFs to predict predict the likelihood of each region

in the protein being a MoRF (Disfani et al., 2012). Phosphorilation sites

were predicted by the deep-learning framework MusiteDeep which uses

convolutional neural networks implemented on library Keras and Theano

backend (Wang et al., 2020a). RCSB PDB strucmotif-search (Bittrich

et al., 2020) and Foldseek (van Kempen et al., 2023) were used to search

for the structure of a query protein domains against a database. Foldseek

works by translating the 3D structure of proteins into a ’3D-interaction

alphabet’ based on amino acid proximity and orientation. RCSB PDB

StrucMotif-Search focuses on identifying local structural motifs in proteins,

irrespective of their sequence or overall structural similarity. This tool

retrieves occurrences of specific 3D motifs, which could be functionally

significant, from a database of available structures.
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2.24 Cell culture

Human embryonic kidney 293FT (HEK293FT) cells were cultured in

complete growth medium consisting of Dulbecco’s Modified Eagle’s Me-

dium (DMEM) supplemented with 10% fetal bovine serum (FBS) and

1% penicillin-streptomycin solution (PenStrep). Cells were maintained at

37°C in a humidified CO2 incubator with 5% CO2 and 95% air.

2.25 Production of lentivirus

Lentivirus production was achieved through the transfection of HEK293FT

cells with the necessary plasmids to produce virus particles carrying the

gene of interest. The required plasmids included envelope and pack-

aging expression plasmids for the development of lentiviral particles and

a backbone plasmid containing the sequence of interest. HEK293FT

cells were plated to reach 60-80% confluence on the day of transfection.

The pCMVR8.74 (packaging expression plasmid), pMD2.G (envelope

plasmid), and the backbone plasmid were used at a 4:2:1 ratio (in µg).
For TransIT®-Lenti (Mirus) transfection reagent use, a 3:1 ratio of

TransIT®-Lenti (µl) to DNA (µg) was used. The TransIT®-Lenti-DNA

complex was prepared using reduced serum medium (OPTI-MEM® I)

and incubated at room temperature for 20 minutes. The mixture was

then added to the HEK293FT cells, and lentivirus was harvested and

filtered after 48 hours of incubation.

2.26 Transduction cells with Lentivirus

Target cells were plated 24 hours before infection to reach approximately

50% confluence on the day of transduction. The medium was removed, and

1 ml of lentiviral particle solution containing 8 µg polybrene (MERCK)

was added to the cells. The cells were incubated at 37°C and 5% CO2 for

six hours. After incubation, the medium was replaced with fresh medium

without a selection antibiotic. The mCherry expression was monitored

using an image reader cytation-3 (BioTek Instruments, Inc.) two days

after transduction. After between three and four days, the medium was

replaced with a selection antibiotic. Non-targeted cells were eliminated by
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a selection antibiotic during passaging for two weeks after transduction.

Transduced cells were re-fed with fresh media and antibiotics every two

days. Cells could later be maintained without a selection antibiotic or at

a reduced concentration.

2.27 Antibiotic kill curve test of cell lines and cell sorting

To determine the optimal dosage of the G418 antibiotic (MERCK) for

cell line selection, a kill curve test was performed. Cells were plated in

6-well tissue plates with 70-80% confluence and subjected to increasing

concentrations of G418 for two weeks. Fresh medium and antibiotics

were replaced every two days. A concentration of 600 µg/ml of G418

was used for HEK293 cell selection. Cells were cultured in a T175 flask

until 80% confluence before fluorescence-activated cell sorting (FACS).

Cells were treated with 1 µg/ml doxycycline (DOX) at 37°C and 5% CO2

for 48 hours. For each inducible cell line, cells exhibiting high mCherry

expression efficiency were specifically sorted into 6-well tissue plates, and

single cells were sorted into 96-well tissue plates.

2.28 Fluorescence-Activated Cell Sorting (FACS)

Following 48 hours of transfection, cells were harvested by trypsinisation

and resuspended in phosphate-buffered saline (PBS). Transfected cells

were analysed using FACS based on the mCherry fluorescent protein

expressed by the transfected plasmid to identify cells expressing the gene

of interest. Positively transfected cells were collected and cultured in

a new tissue culture dish with complete growth medium. RNA was

extracted using the RNeasy kit (Qiagen).
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Figure 2.4: Primers used for Golden Gate cloning.
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Figure 2.5: Primers used for RT-PCR reactions.

4040



Figure 2.6: Primers used for Gateway cloning.
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3 Structural analysis of two Jmj-C zinc finger

containing demethylases

3.1 Introduction

Flowering is a crucial developmental switch in plants that marks the

transition from vegetative to reproductive growth. As flowering time has

a significant impact on a plant’s reproductive success, each species has

evolved its own strategies to regulate the timing of flowering.

In Arabidopsis thaliana, various genetic pathways control flowering

under specific growth conditions. Recent findings indicate that these

pathways are interconnected within a complex, multilevel regulatory

network (Quiroz et al., 2021). Earlier studies proposed that multiple

flowering pathways converge on key transcription factors (TFs) such

as FLOWERING LOCUS C (FLC), FLOWERING LOCUS T (FT),

SUPPRESSOR OF OVER EXPRESSION OF CONSTANS (SOC1),

and LEAFY (LFY), which function as integrators of flowering time.

However, a more recent and intricate model suggests that a genetic

network involving approximately 300 genes regulates the transition to

flowering in Arabidopsis (Quiroz et al., 2021). Through the years, forward

genetic analyses have been conducted on Arabidopsis mutants to identify

components involved in bolting time, with these mutants exhibiting

contrasting flowering times under different environments.

3.1.1 ELF6 and REF6 are Regulators of Flowering

An early-flowering mutant, elf6-1, was identified through this process (Noh

and Amasino, 2003; Noh et al., 2004). The elf6-1 mutant demonstrated

an earlier floral transition compared to the wild-type under both long

and short days. Similarity searches of Arabidopsis genome databases

using ELF6 revealed a gene with high similarity to ELF6, subsequently

named RELATIVE OF EARLY FLOWERING 6 (REF6). To address

the function of REF6 the gene was mutated and all three ref6 mutants

showed a surprising recessive late-flowering phenotypes both in long and

short day, an opposite phenotype to elf6 mutant (Noh et al., 2004).

4242



The initial documented H3K27me3 demethylase in plants was REF6

which is involved in multiple developmental pathways. Although the

ref6 mutant was initially identified as late flowering due to high FLC

expression levels (Noh et al., 2004), the mechanism by which REF6

regulates floral transition is still unclear since it doesn’t bind to the FLC

locus (Cui et al., 2016b). The floral development is affected by REF6

in various ways, such as its interaction with Nuclear Factor Y proteins

(NF-Y) which control SOC1 expression in inflorescences. This interaction

further facilitates the recruitment of REF6 to regulate downstream targets,

including FRUITFUL (FUL) and TARGET OF FLC AND SVP 1 (TFS1),

with the aid of SOC1 (Hou et al., 2014; Hyun et al., 2016; Richter et al.,

2019). During floral development, REF6 also activates KNUCKLES

(KNU), a repressor of the stem cell pool regulator WUSCHEL (WUS)

(Zhou et al., 2018). This evidence highlights the significance of REF6

in coordinating the removal of the H3K27me3 mark in silenced genes

throughout the development of floral meristems. Consequently, plants

overexpressing REF6 exhibit Polycomb mutant-like traits and display

various developmental abnormalities, such as small plant size and wrinkled,

curled leaves, due to increased expression of floral homeotic genes in

seedlings (Lu et al., 2011a).

ELF6 has also been recognised as an H3K27me3 demethylase (Crevillén

et al., 2014), although its functions appear to differ from those of REF6.

In contrast to REF6, the ELF6 protein has a direct association with the

FLC locus. In this instance, ELF6 (an H3K27me3 demethylase) interacts

with the H3K36me3 methyltransferase EARLY FLOWERING IN SHORT

DAYS, EFS (Yang et al., 2016). The connection between EFS and ELF6

links H3K36me3 activation to H3K27 demethylation at the FLC locus.

EFS directly links to the Pol II transcriptional machinery, promoting

transcriptional initiation and elongation. All of these factors counteract

PRC2 activity, promoting a high expression state at FLC (Yang et al.,

2016).

Further research has investigated ELF6’s role in FLC regulation. Cer-

tain Arabidopsis ecotypes, such as those from Northern Europe, possess

a functional FRIGIDA (FRI) allele, a powerful FLC expression activator.
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These ecotypes typically exhibit a late-flowering phenotype, which is char-

acterised by a prolonged vegetative phase and delayed onset of flowering

under long-day photoperiods. Plants carrying this allele require an exten-

ded period of cold exposure (vernalisation), to epigenetically silence FLC

expression (Costa and Dean, 2019). The silencing of FLC by H3K27me3

is reset between generations, ensuring that each new generation needs

to undergo vernalisation anew. Research suggests that the silenced FLC

gene is reactivated during male gametogenesis and also early in embryo-

genesis (Sheldon et al., 2008). Notably, hypomorphic mutation in the

ELF6 protein hampers the reactivation of FLC in reproductive tissues,

leading to the inheritance of a partially vernalised state, thus revealing

that ELF6 is necessary for the epigenetic reprogramming of H3K27m3 at

the FLC locus following vernalisation (Crevillén et al., 2014). Moreover,

it has been suggested that ELF6 could potentially bind with the FT

(FLOWERING LOCUS T) locus (Jeong et al., 2009). Although ELF6

has been associated with the FLC gene and potentially the FT locus, no

direct targets for ELF6 have been conclusively identified. Consequently,

the exact role of ELF6 beyond its involvement in FLC regulation and

flowering time control is still mostly undiscovered.

3.1.2 REF6 and ELF6 Further Roles in Plant Development

Both REF6 and ELF6 have been found involved in brassinosteroid sig-

nalling. Brassinosteroids (BRs) are a class of plant hormones that are

involved in various developmental processes, including flowering. BR sig-

nalling pathway regulates the expression of several flowering-related genes,

which can influence the timing and regulation of flowering. Both REF6 and

ELF6 proteins were found to interact with of BRI1-EMS-SUPPRESSOR

1 (BES1), a key downstream component of the BR signalling pathway

(Yu et al., 2008). Additionally, research has demonstrated that REF6

directly controls the expression of several brassinosteroid (BR)-responsive

genes, such as TOUCH 4, which participate in cell wall synthesis and

modification, and CEL3, a transmembrane protein implicated in cuticle

membrane and wax production (Cui et al., 2016b).
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Within the BR signalling pathway, ELF6, in addition to its interaction

with BES1, is also recruited by BZR1 (BRASSINAZOLE-RESISTANT

1), a homolog of the transcription factor BES1, to a specific FLC intronic

regulatory region, which aids in the activation of the FLC locus (Li et al.,

2018b).

In contrast to ELF6, whose role appears to be confined to flowering

regulation, REF6 is involved in various other developmental processes.

REF6 mutants showed significant downregulation of three major ethylene

signalling genes EIN2, ORE1 and NAP. It was demonstrated that REF6

directly promotes the transcription of its target senescence-associated

genes by reducing their H3K27me3 level (Wang et al., 2019b). The

same authors discovered that REF6 promotes lateral root primordium

initiation and lateral root emergence by directly binding to the chromatin

of PIN1/3/7, key polar auxin transporter genes (Wang et al., 2019a).

Additionally, it has been shown that REF6 is involved in thermomemory

by establishing a heritable feedback loop heat-induced HEAT SHOCK

TRANSCRIPTION FACTOR A2 (HSFA2)(Liu et al., 2019). REF6 also

acts as a positive regulator of light-initiated seed germination as the loss

of function of REF6 in Arabidopsis inhibits Phytocrome B-dependent

seed germination (Wang et al., 2023).

3.1.3 Complex Interplay of REF6 and ELF6 in Regulating Gene Expres-

sion

Recent studies have shed light on the mechanisms employed by REF6 to

enable the identification of all its target regulatory regions. The results of

ChIP-seq analyses have demonstrated that REF6 protein exhibits direct

binding to an extensive number of genomics regions in both seedlings (Cui

et al., 2016b) and flowers (Yan et al., 2018). Biochemical investigations

suggest that the REF6 Znf domain is capable of exhibiting sequence-

specific binding to DNA. Analysis of the genomic DNA motif revealed

that REF6 binds to the CTCTGYTY motif specifically (Cui et al., 2016b;

Li et al., 2018a). This DNA-protein interaction has been characterised as

a new half-cross braced Znf-type domain (Tian et al., 2020) Notably, DNA

methylation hinders REF6 binding to DNA, providing an explanation for
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the depletion of REF6 from heterochromatin regions within the genome

(Tian et al., 2020).

Interestingly, the REF6 protein lacking the C-terminal C2H2-Znf

domain continues to bind to over 7,000 sites when expressed in a ref6 elf6

jmj13 triple mutant background (Yan et al., 2018). The binding sites of

the truncated REF6 δZnf protein show a preferential co-localisation with

genomic regions bound by several transcription factors, including MADS

factors such as SEPALLATA3 (SEP3) (Yan et al., 2018).

Information about ELF6 targets is scarce since no immunoprecipitation

assays have been conducted on its protein thus far. Additionally, the

motif of its DNA binding zinc finger domain remains unknown, although

ChIP-seq data from its mutant have uncovered indirect targets (internal

data).

3.1.4 Redundant Functionalities in H3K27 Demethylases

As H3K27 demethylases, REF6 and ELF6 function to regulate gene

expression by reactivating H3K27me3 Polycomb-repressed genes in re-

sponse to both internal and external cues. Mutations in REF6 result in

thousands of hypermethylated H3K27me3 regions throughout the genome,

emphasising its significance in gene regulation (Antunez-Sanchez et al.,

2020). The number of hypermethylated regions is reduced in epigenomic

analyses of elf6 mutants and even less pronounced in jmj13 mutants (a

Znf-containing JmjC H3K27 demethylase), suggesting some functional

redundancy among these proteins (Zheng et al., 2019; Antunez-Sanchez

et al., 2020). H3K27me3 genomic analyses of the triple mutant elf6

ref6 jmj13 reveal that these proteins play a crucial role in preventing

H3K27me3 spreading and defining Polycomb-silenced regions. The bind-

ing patterns of REF6 and Polycomb complex do not overlap, as REF6

binding sites are located at the boundaries of H3K27me3 regions, and

Polycomb proteins cover H3K27me3-marked areas (Yan et al., 2018).

Therefore, REF6 not only counteracts Polycomb silencing but also serves

as a barrier that restricts H3K27me3 spreading and regulates gene expres-

sion.
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While H3K27me demethylases REF6, ELF6 and JMJ13 each have

distinct roles in various developmental processes and plant responses to

biotic and abiotic stresses, there is indeed some functional overlap among

them.

The elf6 jmj13 double mutant in FRI background, accelerated flowering

and reduced FLC expression compared with elf6. During vernalisation,

elf6 jmj13 showed lower relative FLC expression than elf6 suggesting

that ELF6 and JMJ13 may have partially redundant roles in flowering

time control (Yang et al., 2016). Recent evidence suggests that REF6

and ELF6 may play independent and partially redundant functions in

regulating genomic H3K27me3 profiles (Antunez-Sanchez et al., 2020).

In fact, double elf6 ref6 knockout mutants exhibit dwarf phenotype and

pleiotropic leaf morphology defects that are absent in single mutant plants

(Antunez-Sanchez et al., 2020).

The elf6 ref6 jmj13 triple mutant exhibits a more pronounced pleio-

tropic phenotype, characterised by a dwarf appearance, altered leaf

morphology, shortened internodes, and flowers with a partial loss of

determinacy, resulting in severely bent siliques (Yan et al., 2018). When

combined with jmj30-2 and jmj32-1, two mutations affecting genes en-

coding more distantly related JMJ-type H3K27me3 demethylases, the

quintuple mutant does not display further enhancement of the phenotype.

This finding suggests that these two families of plant histone demethylases

perform independent functions and do not have overlapping roles in the

observed phenotypic changes (Yan et al., 2018).

This redundant function of histone demethylases may conceal un-

foreseen new functions. Recent research suggests, for instance, that

reduced ELF6 and REF6 activity during sexual reproduction may res-

ult in the transgenerational inheritance of ectopic H3K27me3 marks

(Antunez-Sanchez et al., 2020). Some of the H3K27me3 imprints observed

in epimutants were initially established in elf6-C /ref6-5 and were stably

transmitted across five generations, even after the restoration of wild-type

function for these histone demethylases (Antunez-Sanchez et al., 2020).
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3.1.5 Experimental rationale

REF6 promotes late flowering and ELF6 early flowering, despite their

protein structure similarities. These two proteins regulate flowering dif-

ferently, raising intriguing questions about the molecular basis of their

functional divergence and their contribution to other developmental pro-

cesses in Arabidopsis thaliana.

To further elucidate the distinct roles of these two proteins, we will

investigate their protein domains in detail. This will involve examining

the functional and structural characteristics of various domains, such as

the DNA-binding domain, the catalytic domain, and any regulatory or

interaction domains.

In addition, phylogenetic analyses will help to trace the evolutionary

divergence of these proteins.
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3.2 Results

To investigate the differences between REF6 and ELF6, we began by ana-

lysing the evolutionary relationships between the two histone demethylases.

Given the high structural similarity between these proteins, we aimed

to conduct a comparative phylogenetic analysis to determine whether

they originated from a common ancestor. By identifying their closest

homologs across diverse plant species, we hoped to gain insights into the

diversification of their functions over the course of evolution.

To this end, we collected sequences from 73 species representing various

clades within the plant kingdom, including green algae, Charophytes, Bry-

ophytes, Pteridophytes, Tracheophytes, Gymnosperms and Angiosperms

(the list of genes is shown in the Appendix, figures 6.1, 6.2 and 6.3). This

comprehensive dataset allowed us to perform a thorough phylogenetic

analysis that encompassed the full breadth of plant diversity, providing a

robust framework for investigating the evolutionary history of REF6 and

ELF6 and their potential shared ancestry.

Our phylogenetic analysis revealed a distinct separation between seed

plants and basal plants, providing evidence for the evolutionary divergence

of these two major plant groups (Figure 3.1).
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Figure 3.1: Phylogenetic tree illustrating the relationships among REF6 and ELF6
homologs across 73 plant species. Distinct lineages are represented by varying colours.
The green branch encompasses green algae, Charophytes, Bryophytes, Pteridophytes,
and Tracheophytes. Dark red and dark blue branches correspond to Angiosperm
species associated with REF6 and ELF6, respectively, while light red and light blue
branches represent Gymnosperm species linked to REF6 and ELF6, respectively.

This result is consistent with the well-established classification of plants,

further validating our phylogenetic approach and data quality.

Interestingly, the phylogenetic tree also displayed a clear branching

between REF6 and ELF6, indicating that these two histone demethylases

have evolved independently and may have undergone functional diver-

gence. The first species identified as possessing distinct REF6 and ELF6

genes was Amborella trichopoda, a member of the family Amborellaceae.

This finding is particularly noteworthy, as Amborella trichopoda is con-

sidered to represent the earliest diverging branch among extant angio-

sperms. The presence of differentiated REF6 and ELF6 genes in this
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basal angiosperm lineage suggests that the functional divergence of these

histone demethylases may have occurred early in the evolution of flowering

plants, potentially reflecting the diversification of epigenetic regulatory

mechanisms associated with the emergence of angiosperms.

Intriguingly, our analysis indicates that the divergence between REF6

and ELF6 happened not only in angiosperms but also in gymnosperms—albeit

via a separate evolutionary event. Specifically, in two gymnosperm spe-

cies—Gnetus montanum and Cycas panzhihuanensis—we found that their

REF6 and ELF6 genes also diverged, but through an evolutionary event

distinct from that in angiosperms. This finding raises the possibility that

REF6 and ELF6 may have diverged independently in both gymnosperms

and angiosperms, hinting at either convergent evolution or parallel paths

of functional diversification across these plant lineages. Further research is

needed to clarify the evolutionary mechanisms that led to these separate

divergences in the two plant groups.

To further understand the differences between REF6 and ELF6 we

compared their conserved domains (Figure 3.2).

(a)

(b)

Figure 3.2: Diagram illustrating the domain annotations for (a)AtREF6 and (b)AtELF6
proteins. Both proteins possess an N-terminal Jmj domain, composed of JmjN and
JmjC subdomains, and a C-terminal C2H2 DNA-binding zinc finger domain. The
intrinsically disordered regions located upstream of the zinc fingers exhibit distinct
characteristics in REF6 and ELF6.

Both REF6 and ELF6 proteins share a common architecture, with an

N-terminal Jmj catalytic domain consisting of two subdomains, JmjN

and JmjC. Additionally, both proteins possess a zinc-finger DNA-binding

domain situated at the C-terminus. Despite these similarities, the intrins-

ically disordered regions (IDRs) between the structured domains display

a lack of conservation between REF6 and ELF6. Notably, REF6 contains
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a higher number of IDRs compared to ELF6. As nuclear proteins, both

REF6 and ELF6 possess a nuclear localisation signal (NLS) situated in a

similar location.

We started our comparative study by investigating the zinc-finger

domains of REF6 and ELF6. Both of these proteins possess four analogous

tandem C2H2 zinc-finger motifs that specialise in identifying and binding

to distinct DNA targets. We gathered and aligned the sequences of

the zinc-fingers from REF6 and ELF6 homologs in nine representative

species, including liverwort, mosses, monocotyledons and dicotyledons,

and compared them to AtREF6 and AtELF6 (Figure 3.3).

Figure 3.3: Sequence alignment of REF6 and ELF6 zinc-finger homologs from nine
plant species. The positions of zinc molecules and zinc finger contact points with
DNA are indicated above the alignment. The red-highlighted box illustrates the lower
conservation level of ZnF1 compared to the other zinc fingers.

The sequence alignment revealed high conservation between the REF6

and ELF6 zinc-fingers across these species, particularly in the last three

zinc-fingers (Znf2, Znf3 and Znf4). In contrast, Znf1 displayed a lower

level of conservation. Notably, the amino acids responsible for DNA

interactions in the last three zinc-fingers were highly conserved among

all sequences compared. We conducted a phylogenetic analysis on the

zinc-fingers to determine if the observed differences were indicative of

their association with either REF6 or ELF6. Our data demonstrated that
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the zinc-fingers of REF6 and ELF6 are evolutionarily separated in the

selected species, with the closest matches in basal plants (liverwort and

mosses) branching separately.

To further explore the implications of these differences at the structural

level, we extracted the 3D protein zinc-finger structures of Arabidopsis

REF6 and ELF6 using AlphaFold2 and superimposed them to invest-

igate spatial differences. We observed that the last three zinc-finger

domains—Znf2, Znf3, and Znf4—demonstrated an almost perfect overlap,

a finding that underscores their pronounced sequence conservation across

species; however, the first zinc-finger domains exhibited distinct angles.

We hypothesised that this conserved difference between the zinc-fingers

could potentially influence gene target specificity, thereby contributing

to the functional divergence of REF6 and ELF6. It’s worth noting that

while the crystal structure of the REF6 zinc-finger has been empirically

determined (Tian et al., 2020), the structure of the ELF6 zinc-finger has

not yet been scientifically validated and is based solely on an AlphaFold2

prediction. Nonetheless, this prediction carries a high degree of reliability,

with a Local Distance Difference Test (LDDT) confidence score exceeding

90%, thereby lending considerable credence to the predicted structure.

Further studies are required to elucidate the functional consequences of

these structural differences in the zinc fingers (Figure 3.4). For example

introducing targeted mutations into the zinc finger domains that are

differentially conserved to assess how these changes affect function. This

could involve either site-directed mutagenesis or random mutagenesis.
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(a) (b)

Figure 3.4: Phylogenetic tree of Znf domains of REF6 and ELF6 homologs from nine
plant species (a). Red and blue branches correspond to REF6 and ELF6 proteins,
respectively; the black branch represents homologs of REF6 and ELF6 in basal plants.
Superposition of the AlphaFold2-predicted 3D structure of the Znf domain in AtREF6
and AtELF6, showcases the similarities and differences between the two proteins (b).

Another aspect that could contribute to the differences between REF6

and ELF6 is their interactions with other proteins. A possible source of

variation in protein-protein interactions could stem from the analysis of

their intrinsically disordered regions (IDRs). These regions are charac-

terised by high conformational flexibility, allowing them to interact with

multiple binding partners. We hypothesised that the significant differences

in genomic targets between REF6 and ELF6 might be due to differences

in these regions, leading to interactions with distinct transcription factors.

Both REF6 and ELF6 share a conserved IDR upstream of their zinc-finger

domains, but display divergent arrangements of IDRs elsewhere. ELF6

has a unique IDR between its Jmj subdomains, while REF6 features four

exclusive IDRs, three of which are upstream of the shared IDR adjacent

to the zinc finger domain.

IDRs often contain molecular recognition features (MoRFs), which

are short, linear amino acid sequences that undergo a disorder-to-order

transition upon binding to a partner protein. The presence of MoRFs in

a protein can indicate potential protein-protein interactions. In plants,
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MoRFs have been identified in a range of proteins. For example, in species

such as Arabidopsis and rice, Ethylene Response Factors (ERFs) feature

a well-conserved DNA-binding domain (AP2 domain), where MoRFs

have been associated with established functional characteristics (Sun

et al., 2019). We used the machine-learning molecular recognition feature

predictor MoRFPred (Disfani et al., 2012) to identify MoRFs in REF6

and ELF6, and found that most MoRFs are located at the C-terminus

of both proteins, upstream of the zinc finger domain, spanning 400–500

amino acids (Figure 3.5).

(a)

(b)

Figure 3.5: Predicted locations of MoRFs in (a)REF6 and (b)ELF6.

Additional MoRFs were found between the JmjN and JmjC domains.

Surprisingly, REF6 exhibited an “island” of 150 amino acids containing

several MoRFs, flanking an IDR absent in ELF6. To corroborate these

observations, we investigated other markers of protein interaction.

Phosphorylation is a common post-translational modification that can

impact a protein’s activity, stability, localisation, or ability to interact

with other proteins by adding a phosphate group to specific amino acid

residues (usually serine, threonine, or tyrosine). Phosphorylation can

induce conformational changes in IDRs, either by directly affecting the

IDR’s structure or by creating or disrupting specific binding sites. Deep-

learning frameworks, which use convolutional neural networks trained

on empirical evidence, have been developed to predict phosphorylation

sites effectively. Using MusiteDeep (Wang et al., 2020a), we predicted

the locations of phosphorylated serines and threonines in REF6 and
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ELF6. We found that these sites accumulated in regions with MoRFs and

predominantly overlapped with IDRs (Figure 3.6). Two distinct large

phosphorylated site regions were identified, each exclusive to one protein:

one region is found in ELF6, located between the Jmj subdomains; the

other is in REF6, where it overlaps with the large intrinsically disordered

region (IDR) that is absent in ELF6.

(a) Predicted features in REF6.

(b) Predicted features in ELF6.

Figure 3.6: Predicted locations of phosphorylation sites, polar groups, and MoRFs in
REF6 and ELF6. The boxes emphasise distinct regions abundant in features. Both
proteins share a feature-rich region upstream of their zinc fingers. REF6 has a unique
feature-rich region at the center of the protein, while ELF6 has one between the JmjN
and JmjC domains.

Another marker for investigating protein binding sites is the presence

of polar groups. The polar groups in IDRs contribute to molecular

recognition and interaction, as they often participate in protein-protein,

protein-nucleic acid, or protein-ligand interactions. Several polar groups

were found in REF6 and ELF6, all located within IDRs (Figure 3.6).

Most polar groups are located at the C-terminal of these proteins, except

for two exclusive polyampholyte groups: one in the region between ELF6

Jmj subdomains and one within the exclusive REF6 IDR in the center

of the protein. We also observed the presence of two charged groups at

the C-terminal of REF6, absent in ELF6: one positive and one negative

electrolyte group. These charged residues can have various roles, such as
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modulating IDR conformation or mediating protein-protein interactions

by participating in electrostatic interactions with charged residues on

interacting proteins.

Collectively, our findings indicate that REF6 and ELF6 share many

signatures associated with protein-protein interaction at their C-terminal

region, upstream of their zinc-finger domains. However, several differ-

ences were observed. ELF6 contains an exclusive IDR between its Jmj

subdomains with a high number of predicted phosphorylated sites, while

REF6 has an exclusive IDR in the middle of the protein, featuring a

high accumulation of these features, possibly hinting at a differential

protein interaction site. Moreover, REF6 possesses exclusive positively

and negatively charged amino acid residues at the C-terminal, which are

absent in ELF6.

These differences in IDRs, MoRFs, phosphorylation sites, and charged

residues between REF6 and ELF6 could potentially contribute to distinct

protein-protein interactions and, subsequently, differences in their genomic

targets and functions. It is essential to note that these findings are based

on predictions, and further experimental validation is necessary to support

these conclusions.

We hypothesised that protein-binding regions would exhibit conserva-

tion across various plant species. To test this hypothesis, we aligned 71

AtREF6 homologs precedently used for the phylogenetic study (shown in

the Appendix, figures 6.1, 6.2 and 6.3) and analysed their sequences to

identify conserved sites. We applied a similar approach for AtELF6, using

79 homologs for the analysis. By examining these sequences, we aimed to

uncover evidence of conserved regions, which could potentially support

our hypothesis. Our analysis revealed that several conserved regions

corresponded to protein-interaction features identified in our previous

analysis (Figure 3.7).
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(a)

(b)

Figure 3.7: Conserved locations in (a) AtREF6 and (b) AtELF6 homologs. In
the graphs, peaks correspond to areas with highly conserved nucleotides, signifying
sequence conservation, whereas valleys represent regions with lower conservation. These
conserved peaks are highlighted in purple, often corresponding to regions enriched
with MoRFs and sites of phosphorylation.

For example, in REF6, three distinct peaks, each representing a group

of neighbouring highly conserved amino acids, not associated with any

identified domain coincided with the predicted MoRFs. Similarly, in

ELF6, two peaks were located in close proximity to phosphorylated sites

and MoRFs. These findings suggest that the conserved regions in REF6

and ELF6 may play essential roles in the proteins’ functions and their

interactions with other proteins. The high conservation of these regions
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across different plant species highlights their potential importance in the

histone demethylating activity and other regulatory processes.

To conduct a comprehensive analysis of shared conserved regions, we

combined the alignments of REF6 and ELF6 homologs and assessed the

frequency of conserved amino acids. By pooling these homologs together,

our aim was to gain a better understanding of the common evolutionary

traits and possible functional similarities or differences between these

proteins. This analysis revealed that several other conserved regions exist

among different plant species for both REF6 and ELF6, beside the known

functional domains (JmjN, JmjC, and zinc fingers).

Figure 3.8: Sequence comparison of 62 angiosperm REF6, 59 angiosperm ELF6, 3
gymnosperm REF6, 3 gymnosperm ELF6, and 12 basal plant homologs. The boxed
region emphasises a highly conserved sequence shared among all considered homologs.

Interestingly, we found a highly conserved region in the center of both

proteins (206 amino acids in ELF6 and 189 amino acids in REF6) that

lacked any known annotation or protein interaction features (Figure 3.8).

By examining the predicted structures of REF6 and ELF6 using

AlphaFold2, we discovered that this conserved region formed a structured

domain with high confidence (Figure 3.9). Despite the presence of an

IDR in REF6 that splits the region into two parts, the domains in both

proteins displayed high similarity, comprising six alpha helices and two

beta sheets (Figure 3.10).
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(a) (b)

Figure 3.9: Predicted 3D structure of (a) REF6 and (b) ELF6 proteins using Alphafold2.
The newly identified domain is colored green in both proteins.

These structured domains were found near the Jmj catalytic domain,

leading us to speculate that they may have a conserved function in the

histone demethylating activity. We used different software tools available

for comparing protein domains based on their structure. RCSB PDB

StrucMotif-Search (Bittrich et al., 2020) and Foldseek (van Kempen et al.,

2023) both align the structure of a query protein against a database by

describing tertiary amino acid interactions within proteins as sequences

over a structural alphabet. However, as no similarities were found with

characterised domains, we could not determine their specific function.
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Figure 3.10: Superposition of the AlphaFold2-predicted 3D structure of the newly
identified domain in AtREF6 and AtELF6. Both structures exhibit a high degree of
similarity, with the REF6 domain featuring an additional unstructured region.

We proceeded to investigate the significance of the newly discovered

structured domain in terms of catalytic functionality. If this domain

is crucial for proper enzymatic function, it should be conserved among

other proteins within the Jumonji family. We compared REF6 and

ELF6 sequences with JmjC domain-only H3K27me3 demethylases Jmj30,

Jmj31, and Jmj32 (Figure 3.11a). Apart from the highly conserved JmjN

and JmjC regions, the new domain was not conserved. In addition,

we conducted a comparison between REF6 and ELF6 and the JmjC

H3K4 demethylases Jmj14, Jmj16, and Jmj18 (Figure 3.11b). The latter

enzymes are part of the KDM4/JHDM3 group, which exhibit different

substrate specificities but are evolutionarily related to the KDM5 group

where REF6 and ELF6 are classified.
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(a)

(b)

Figure 3.11: Sequence comparisons between AtREF6 and AtELF6 with other Arabidop-
sis histone demethylases. (a) Comparison between AtREF6 and AtELF6 and other
H3K27 histone demethylases AtJMJ30, AtJMJ31 and AtJMJ32.
(b) Comparison between AtREF6 and AtELF6 and H3K4 histone demethylases
AtJMJ14, AtJMJ16 and AtJMJ18.

In this case too we did not observe conservation of the new domain,

but we did find conservation of 180 amino acids downstream of the JmjC

domain. The reason for the conservation of this region is unknown, as no

annotations or other features were identified. From these results we can

infer that the newly discovered structured domain in REF6 and ELF6 may

not be essential for the catalytic activity of other Jumonji family members,

as it is not conserved in the compared JmjC domain-only H3K27me3

demethylases (Jmj30, Jmj31, and Jmj32) or JmjC H3K4 demethylases

(Jmj14, Jmj16, and Jmj18). However, the conservation of 180 amino acids

downstream of the JmjC domain in the H3K4 demethylases suggests

there might be some functional significance for this region, even though

its specific role remains unclear due to the lack of annotations or other

features.

Lastly we sought to determine whether the divergence of REF6 and

ELF6 could be attributed to the loss of specific domains. This process,

known as functional protein divergence is a common phenomenon in evol-
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ution and often leads to proteins acquiring different specialised functions

(Lopez-Bigas et al., 2008). To investigate this possibility, we examined

regions that were present in basal Jmj proteins but were lost either in

REF6 or ELF6 in angiosperms.

Our analysis revealed that ELF6 proteins had lost the intrinsically

disordered region (IDR) found in the center of REF6, although remnants

of this region were still observed in the early angiosperm Amborella and

in monocots (Figure 3.12). Conversely, REF6 proteins in angiosperms

lacked the IDR between the JmjN and JmjC domains, a feature present in

most of the basal plants we considered. Intriguingly, the loss of this region

is the distinguishing factor between REF6 and ELF6 in Gymnosperms

(Figure 3.12).
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Figure 3.12: Sequence comparison across 62 angiosperm REF6, 59 angiosperm ELF6,
3 gymnosperm REF6, 3 gymnosperm ELF6, and 12 basal plant homologs, illustrating
evolutionary conservation and divergence patterns. The red box highlights a region
conserved in basal plants and REF6 but lost in ELF6; the blue box highlights a region
conserved in basal plants and ELF6 but lost in REF6.

From these observations, we can infer that as REF6 and ELF6 diverged

and their functions became more specialised, they underwent domain loss

events. The specific loss of certain domains in each protein lineage may

have contributed to the functional diversification of REF6 and ELF6,

allowing them to adopt distinct roles in the epigenetic regulation of gene

expression in plants.
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3.3 Discussion

In this study, we aimed to investigate the differences between two histone

demethylases, REF6 and ELF6 and their potential shared ancestry, by

conducting a comparative phylogenetic analysis. Phylogenetic analysis has

long been a valuable tool to reveal the evolutionary relationships among

proteins and their associated functions (Joseph, 2004). Our analysis used

sequences from a diverse range of plant species, providing a comprehensive

dataset to shed light on the evolutionary history of these proteins.

Our findings indicated a clear branching between REF6 and ELF6,

suggesting that these histone demethylases have evolved independently

and may have undergone functional divergence. This observation is

supported by the presence of distinct REF6 and ELF6 genes in Amborella

trichopoda, an early diverging angiosperm, hinting at the early divergence

of these proteins in the evolution of flowering plants (Albert et al., 2013).

The functional diversification of REF6 and ELF6 might be related to

the emergence of novel epigenetic regulatory mechanisms associated with

the rise of angiosperms. This notion aligns with the idea that epigenetic

mechanisms, such as histone modifications, have played a critical role in

the adaptation and diversification of plants (Zhao et al., 2019; Ma et al.,

2022).

The discovery of a separate evolutionary event in gymnosperms seems

to support the theory of parallel functional diversification of REF6 and

ELF6 in these two plant lineages (Wickett et al., 2014). Further investig-

ation into the evolutionary forces driving the independent divergence of

REF6 and ELF6 in gymnosperms and angiosperms is required.

In addition to the phylogenetic analysis, we compared the structures

and domain annotations of REF6 and ELF6, focusing on their zinc-finger

domains, intrinsically disordered regions (IDRs) and other conserved re-

gions. Structural comparisons can be instrumental in revealing functional

similarities and differences among proteins. Our analysis demonstrated

high conservation in the zinc-finger domains of REF6 and ELF6, par-

ticularly in their last three zinc-fingers, which are responsible for DNA

interactions. This finding is consistent with previous studies showing that
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direct binding with the dsDNA strand involves insertion of only the ZnF3

and ZnF4 helices into the major groove (Tian et al., 2020). The ZnF1

domain neighbours the acidic region and its surface is less electropositive

than the other ZnFs. Moreover, the acidic region repels DNA. Taken

together, this explains why the ZnF1 domain is not directly involved in

DNA binding and therefore why its sequence is not as well conserved as

the others.

We also examined the IDRs of REF6 and ELF6, which are known

to be involved in protein-protein interactions and may contribute to the

functional differences between these proteins (Pazos et al., 2013; Wright

and Dyson, 2015). Our analysis identified unique IDR arrangements in

REF6 and ELF6, accompanied by variations in molecular recognition

features (MoRFs), phosphorylation sites, and charged residues in two

exclusive regions, one specific to REF6 and another to ELF6. These differ-

ences could potentially impact protein-protein interactions (Katuwawala

et al., 2019; Bah and Forman-Kay, 2016; Wright and Dyson, 2015) and

subsequently, the genomic targets and functions of REF6 and ELF6. How-

ever, it is important to note that these findings are based on predictions,

and experimental validation is necessary to support these conclusions.

The discovery of a conserved structured domain in REF6 and ELF6,

not found in other Jumonji family members, is intriguing. Although the

specific function of this domain remains unknown, its conservation across

different plant species suggests that it may play an essential role in the

histone demethylating activity of REF6 and ELF6. Further studies are

needed to elucidate the precise function of this domain and its implications

in the catalytic activity of these proteins. For example phenotypic analyses

of mutants of REF6 and ELF6 lacking the unique IDRs or the shared

conserved domain could reveal altered developmental or biochemical

pathways, thereby shedding light on the specific roles these domains play

in ensuring the correct functionality of these proteins.

Our investigation of domain conservation in the evolution of REF6

and ELF6 revealed that both proteins underwent domain loss as they

diverged and specialised in function. This observation is consistent with

the idea that domain loss can drive functional diversification among
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proteins (Nasir et al., 2014). Notably, the regions lost were the same as

those we identified earlier while analysing protein interaction features.

We hypothesise that the loss of these particular domains in each protein

lineage may have played a role in the functional differentiation of REF6

and ELF6, enabling them to assume distinct roles in epigenetic regulation

through varying interactions with different protein sets.

In conclusion, phylogenetic and structural analyses of REF6 and ELF6

conducted provides valuable insights into the evolutionary history and

functional divergence of these histone demethylases in plants. The iden-

tified differences in IDRs, MoRFs, phosphorylation sites, and charged

residues between REF6 and ELF6 suggest that these proteins may have

distinct protein-protein interactions, potentially contributing to differ-

ences in their genomic targets and functions. Moreover, the conserved

regions in REF6 and ELF6, which are not associated with known func-

tional domains or protein interaction features, raise intriguing questions

about their roles in the histone demethylating activity and other regu-

latory processes. The domain loss events observed in REF6 and ELF6

during their divergence and functional specialisation provide additional

evidence for the functional diversification of these proteins.

Future studies should focus on experimentally validating the predicted

protein-protein interactions, elucidating the specific roles of the conserved

regions in the function of REF6, ELF6 and other Jumonji family members,

and determining the precise mechanisms underlying the domain loss

events and their consequences for the functions of REF6 and ELF6. A

better understanding of the evolutionary forces driving the independent

divergence of REF6 and ELF6 in gymnosperms and angiosperms would

also be of great interest.

3.4 Summary

Our comparative analysis of REF6 and ELF6 has revealed several con-

served regions and putative protein interaction features that may contrib-

ute to their distinct and specialised functions in the epigenetic regulation

of gene expression. Further investigation into these features and domains
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will provide a more comprehensive understanding of the evolutionary

divergence and functional diversification of these histone demethylases in

plants.
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4 Investigation on JmjC domain activity

4.1 Introduction

Histone modifications are crucial post-translational modifications that

regulate chromatin structure and transcription. For several decades, his-

tone methylation was thought to be a stable and irreversible modification

(Thomas et al., 1972; Byvoet et al., 1972). This notion persisted due to

the relatively slow turnover rate of methyl groups on histone proteins

compared to other histone modifications such as acetylation (Honda et al.,

1975). The discovery of two families of enzymes capable of demethylating

histones has shifted our understanding of histone modifications. These

two evolutionarily conserved families of histone demethylases employ dis-

tinct reaction mechanisms for demethylation, showcasing the complexity

and diversity of epigenetic regulation.

4.1.0.1 LSD and JmjC demethylases

The first family is called LSD demethylases after LSD1, the first reported

histone demethylase, which catalyses demethylation of H3K4me1 and

H3K4me2 and can also demethylate H3K9me1 and H3K9me2 (Shi et al.,

2004). The other LSD family member, LSD2 (also known as KDM1B) has

so far been shown to only demethylate H3K4me and H3K4me2 (Karytinos

et al., 2009). Both LSD1 and LSD2 use a flavin adenine dinucleotide

(FAD)-dependent amine oxidation reaction to catalyse the demethylation

of their substrate. Owing to the requirement of a free electron pair at

the methylated lysine residue, LSD1 can only demethylate mono- and

dimethylated lysine residues but not tri-methylated lysine residues (Lee

et al., 2007; Stavropoulos et al., 2006).

The identification of the JmjC family of histone demethylases occurred

in 2006, when two distinct research teams independently discovered

JHDM1A (now referred to as KDM2A) and JHDM2A (now referred to as

KDM3A), both of which contain the JmjC domain (Tsukada et al., 2006;

Whetstine et al., 2006). These enzymes were shown to possess the cap-

ability of demethylating lysine residues in a manner reliant on the JmjC
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domain. Within the JmjC family of proteins, demethylases with activity

towards H3K4, H3K9, H3K27, H3K36 and H4K20 have been identified

(Lee et al., 2007; Tsukada et al., 2006; De Santa et al., 2007; Tahiliani

et al., 2007). JmjC histone demethylases employ an α-ketoglutarate- and

Fe(II)-dependent dioxygenase mechanism which allows the JmjC family of

enzymes, in contrast to the LSD family, to demethylate trimethylated lys-

ine residues. The histone demethylases have specific substrate specificities

that can discriminate between different lysine residues and their degree

of methylation. Clues as to what confers their substrate specificities have

come from crystallographic studies (Hopkinson, 2013; Tsai et al., 2014).

4.1.0.2 Structural features of 2-OG enzymes

The JmjC domain features a double-stranded β-helical (DSBH) fold which

consists of eight β-strands forming a β-sandwich structure composed of

two four-stranded antiparallel β-sheets (Clifton et al., 2006). Most 2-OG

oxygenases (the enzyme family to which histone demethylases belong) also

contain extra secondary structure elements surrounding the DSBH, which

define the various subfamilies. These additional elements include extra

β-strands that extend the DSBH, at least one helix on the C-terminal

side of the DSBH, and inserts between the fourth and fifth β-strand.

The DSBH core fold offers a rigid scaffold for the cosubstrates 2-OG and

Fe2+, which are situated in the more open end of the barrel. The iron is

coordinated by two histidine residues along with a glutamate or aspartate

residue in a conserved HxE/DxH motif found among 2-OG oxygenases

(Figure 4.1).
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Figure 4.1: Overview of the canonical structure of 2OG oxygenases. (A) Repres-
entation of the 2OG oxygenase fold. The core distorted double-stranded beta-helix
(DSBH) fold is in pink (b-strand I–VIII). Elements surrounding this core are subfamily
characteristic.(B) Insert showing the coordination of Fe(II) by a conserved triad of
residues and the cosubstrate 2OG. Figure adapted from Walport and Schofield (2018).

4.1.0.3 Substrate specificity

Substrate binding varies significantly among the different demethylase

subfamilies. Crystallographic studies have shown that it often involves

residues from the first and second β-strand, in addition to strands and

loops that extend the DSBH. Other protein domain modules, such as plant

homeodomain (PHD), Tudor, AT-rich interaction domain (ARID), or

CxxC zinc finger motifs, which differ between the various subfamilies, are

typically required for interaction with DNA/RNA or chromatin protein

substrates (Clifton et al., 2006; McDonough et al., 2010).

For example, different members of the JMJD2 family (a subfamily of

the JmjC demethylases) have different substrate preferences. JMJD2D can

demethylate H3K9me2 and H3K9me3 but not H3K36me2 and H3K36me3.

Sequence alignment of JMJD2A and JMJD2D shows that a variable

Ser/Ala position in the binding pocket is responsible for this difference,

and by generating S288A and A291S mutations in JMJD2A and JMJD2D

respectively, it is possible to switch the substrate specificity of the two

enzymes (Couture et al., 2007). Substrate specificity is however, not
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exclusively determined by the structure of the catalytic domain. Within

the PHF2–PHF8–KIAA1718 (also known as JHDM1D) subfamily of JmjC

enzymes, PHF8 targets H3K9me1 and H3K9me2, whereas its close relative

KIAA1718 catalyses demethylation of both mono- and dimethylated H3K9

and H3K27 (Horton et al., 2010; Huang et al., 2010). This difference

in substrate specificity has been ascribed to different distances between

the JmjC and plant homeodomain (PHD) finger domains. Both enzymes

associate with H3K4me3 through their PHD domain, but PHF8 has a

shorter, more flexible linker that assumes a bent conformation, allowing its

JmjC domain to interact with and demethylate H3K9me1 and H3K9me2.

For KIAA1718, the linker is longer and more rigid, resulting in an extended

conformation that renders it inactive towards H3K9me1 and H3K9me2

in the presence of nearby H3K4me3, and leads to selectivity towards

H3K27me1 and H3K27me2 in vitro (Horton et al., 2010).

4.1.0.4 H3K27me3 demethylases in plants

Plant histone demethylases display unique traits and divergent evolution-

ary relationships relative to those found in animals (Lu et al., 2008). A

notable distinction is the absence of the H3K27me3 demethylase KDM6

subfamily in plants. Instead, the two plant H3K27me3 demethylases REF6

and ELF6 show sequence similarities to the human H3K9me3/H3K36me3

bi-specific KDM4 subfamily demethylases (Lu et al., 2008; Mosamma-

parast and Shi, 2010). These two proteins do not yet have crystal struc-

tures, whereas two other Arabidopsis histone demethylases have been

characterised: JMJ13 is an H3K27me3 demethylase belonging to the

KDM4 subfamily and JMJ14 is an H3K4me3 demethylase belonging to

the KDM5 subfamily. Structural analyses of these two plant demethylases

have revealed that the JmjC active site displays characteristics typical of

α-KG-dependent oxygenases observed for other jumonji domain histone

demethylases (Zheng et al., 2019; Yang et al., 2018).

Comparing the structures of H3K27me3 demethylases JMJ13 and

KDM6 provided insight into the factors that determine substrate spe-

cificity. The recognition of the histone residue H3P30 is essential for

differentiating between H3K27me3 and H3K9me3, suggesting that JMJ13
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and KDM6 have independently developed specific stacking interactions

with H3P30 to maintain substrate specificity (Zheng et al., 2019). Compar-

isons between JMJ13 and JMJ14 have identified key residues implicated in

the recognition of H3K4me3 by JMJ14 and H3K27me3 by JMJ13. These

essential residues are not conserved, despite the fact that the JMJ13

and JMJ14 have comparable overall structures. This implies that the

preserved jumonji-helical-zinc finger module could function as a universal

scaffold for histone demethylases, while unique attributes evolve within

individual demethylases to enable differential substrate specificity (Zheng

et al., 2019).

Although the crystal structures of REF6 and ELF6 are unavailable,

molecular and genetic analyses indicate that H3K27me3 is their substrate

(Lu et al., 2011a; Crevillén et al., 2014). Overexpression of REF6 decreases

the H3K27me3 and H3K27me2 signals but not the H3K27me1 signal (Lu

et al., 2011a). The effects of REF6 overexpression on H3K27me3/2

levels were abolished when the histidine at position 246, a conserved

iron-binding amino acid, was replaced by an alanine. It has been reported

that recombinant REF6 can demethylate H3K4me3/2 and H3K36me3/2

(Ko et al., 2010) but the different activities observed may be the result of

the presence of different co-factors, as demonstrated for LSD1 (Lan et al.,

2008). Additionally, ChIP-Seq analysis using H3K27me3 antibodies in

wild-type Col and the ref6-1 mutant revealed an increase in H3K27me3 in

the ref6-1 mutant by more than threefold (Lu et al., 2011a). In the case

of ELF6, an enzymatic activity assay revealed that transient expression

of AtELF6 decreased the levels of H3K27me2 and H3K27me3 in tobacco

(Nicotiniana benthamiana) leaves (Crevillén et al., 2014); no changes were

observed in the levels of H3K27me1, H3K4me3, H3K9me2 and H3K36me3.

In the elf6-5 mutant, an alanine is replaced with a valine (amino acid

424) at the carboxy-terminal end of the JmjC domain. This amino acid

is conserved between ELF6 and the human H3K27me3 demethylases

KDM6. The mutation of this highly conserved residue reduced H3K27

demethylase activity and increased H3K27me3 levels by about twofold to

fourfold in vernalised seedlings (Crevillén et al., 2014).

7373



However, despite widespread agreement that REF6 and ELF6 function

as main erasers of H3K27me2/3, examination of ChIP-seq data, originally

published in a prior study by our laboratory, (Antunez-Sanchez et al.,

2020) on ref6, elf6, and elf6 ref6 double mutants calls into question

the prevailing assumption that ELF6 lacks the ability to demethylate

H3K27me1.

4.1.1 Experimental rationale

The purpose of this chapter was to investigate the differences in catalytic

activity by first analysing the data that we collected from chromatin and

transcriptome analyses, and then by generating chimeric proteins that have

features from both REF6 and ELF6 demethylases and expressing those

proteins in different systems. This was done in order to determine whether

or not the two different proteins exhibited any discernible behavioural

differences.

7474



4.2 Results

We aimed to investigate if REF6 and ELF6 exhibit identical catalytic

effects on their common target, H3K27me3, by examining their respective

profiles of histone modification. To this end, we scrutinised ChIP-seq data

from a prior publication by our research group (Antunez-Sanchez et al.,

2020), focusing on elf6-C, ref6-5, and elf6-C /ref6-5 double mutants, as well

as the wild type, specifically looking at histone modifications H3K27me3

and H3K27me1. According to existing literature, both REF6 and ELF6

can demethylate the repressive H3K27me3 mark while preserving the

expression-permissive H3K27me1 mark in euchromatin (Lu et al., 2011a;

Crevillén et al., 2014). Due to a lack of research on ELF6’s direct targets,

we identified potential indirect targets based on the presence of the

H3K27me3 mark in elf6-C and elf6-C /ref6-5 mutants, which was absent

in the ref6-5 mutant (Figure 4.2). Contrary to current models suggesting

that ELF6 can reduce H3K27me3 no further than H3K27me1 (Crevillén

et al., 2014), we found that most of the putative ELF6 targets displayed

no peaks for H3K27me1.

We next examined genomic locations jointly targeted by REF6 and

ELF6. Targets were identified based on the appearance of the H3K27me3

mark exclusively in the elf6-C/ref6-5 double mutant, whilst being ab-

sent in the individual elf6-C or ref6-5 mutants. Again examining the

H3K27me1 profile, we observe two distinct characteristics. In accord-

ance with the previously described catalytic activity of REF6, there is

a peak for this marker in the elf6-C mutant in which REF6 is active.

Subsequently, we observe that the peak is absent in the ref6-5 mutant,

where ELF6 is active (Figure 4.2). This provides additional evidence

that the catalytic domains of the two demethylases may result in distinct

activities.
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(a)

(b)

Figure 4.2: Genome browser views of background subtracted ChIP-seq signals for
H3K27me3 and H3K27me1 as normalised reads per genomic content (RPGC) in wild-
type (WT) and histone demethylase mutants (elf6-C,ref6-5and elf6-C/ref6-5 ). On
the top (a), shaded boxes show ELF6 target genes which gain H3K27me3 methylation
in elf6 and elf6-C/ref6-5 but not in ref6-5 ; concurrently, these genes do not show
H3K27me1 in WT. On the bottom (b), shaded boxes show shared REF6 and ELF6
target genes which only gain H3K27me3 methylation in elf6-C/ref6-5. The H3K27me1
mark is present only in elf6-C.

We developed two hypotheses that could explain the observed data.

The first hypothesis suggested that ELF6 would remove one of the three

methylations found at H3K27me3, effectively converting the mark from

me3 to me2. Absence of antibodies specific to the H3K27me2 mark

prevented the collection of experimental data to test this hypothesis.

The second hypothesis was that ELF6 is capable of completely removing
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tri-methylation from H3K27. In order to determine the validity of either

of the two hypotheses, we created a predictive model representing what

we would observe in the four distinct backgrounds (elf6-C, ref6-5, elf6-

C/ref6-5 double mutant and wild type) on gene targets of both REF6

and ELF6, based on the two hypotheses described previously (Figure

4.3).

Figure 4.3: Two hypotheses for the histone demethylating activity of ELF6. We show
the varying degrees of histone methylation which can be observed in the different
backgrounds (WT, elf6-C, ref6-5 and elf6-C/ ref6-5). The matrices on the left illustrate
the possible combinations of histone methylation for the first hypothesis. The matrices
on the right are in support of the second hypothesis.

Our results are consistent with the view that ELF6 is a full H3K27

demethylase. It’s important to highlight that the demethylase JMJ13

possesses the capability to remove H3K27me3, which may suggest a

7777



potential influence on our observed results. Nonetheless, existing evidence

demonstrates that in vivo, JMJ13 can only remove a single methylation

(Zheng et al., 2019), indicating it wouldn’t have altered our outcomes.

Furthermore, when examining exclusive ELF6 targets, the absence of

enrichment of H3K27me3 in the elf6-C mutants would be expected if

JMJ13 targeted those sites. As this is not the case, we can confidently

dismiss the idea that JMJ13 had any interference with our findings.

We then sought to determine what will occur at the level of gene

expression in genes targeted by both REF6 and ELF6 in all four conditions

(WT, elf6-C, ref6-5, and elf6-C/ref6-5 double mutant).

We selected a group of target genes common to both REF6 and ELF6

based on the absence of the H3K27me3 mark in the WT and single

mutants, but its presence in the double mutant. We then analysed their

transcriptomic data. There were two replicates for each condition, and

they were clustered accordingly (Figure 4.4). In the WT, where both

demethylases are active, the repressive H3K27me3 mark is removed from

target genes, allowing for higher expression. In contrast, the double

mutant, where the repressive mark isn’t removed, manifests the lowest

expression level. Intriguingly, the ref6-5 mutant clustered with the WT

and has significantly higher expression than the elf6-C mutant. These

observations indicate that the expression levels of genes targeted by both

demethylases are higher when ELF6 is present and REF6 is absent, and

lower when REF6 is present and ELF6 is absent. Following our initial

hypothesis that ELF6 can remove all three methylations from H3K27,

whereas REF6 can only remove two, we can hypothesise that genes

with H3K27me1 are less expressed than genes that have lost all three

methylations from H3K27.
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Figure 4.4: Heatmap showing scaled expression levels of genomic targets of both REF6
and ELF6 in wild-type (col0), elf6, ref6 and ref6/elf6.

We devised a proof-of-concept experiment to test the hypothesised

difference in catalytic activity between REF6 and ELF6. It has been

demonstrated that REF6 has more than 5000 direct targets (Cui et al.,

2016b), whereas ELF6 activity is restricted to a small subset of genes,

most of which can also be targeted by REF6 (Antunez-Sanchez et al.,

2020). We hypothesised that ELF6 could completely remove the three

methyl groups from the H3K27me3 mark. To investigate this, we replaced

the Jmj domain of REF6 with the Jmj domain of ELF6 by creating

a chimeric protein that combined the catalytic activity of ELF6 with

the ability to target REF6’s genomic sites. This would help us study

the impact of targeting ELF6 to a large number of known REF6 target

sites. In order to test our hypothesis, we generated two constructs:

pACT2::ELF6-Jmj::REF6-Znf::GFP (AER), which is the chimeric protein,

and pACT2::REF6-Jmj::REF6-Znf::GFP (ARR), serving as a full-length

REF6 protein and functioning as a positive control (Figure 4.5). All the

constructs were assembled using the Golden Gate cloning system and the

primers used for the assembly are shown in Figure 2.4.

We transformed AER and ARR into a ref6-5 mutant background,

ensuring that the native REF6 demethylase activity at its genomic targets

would not introduce confounding effects. The ref6-5 line employed in our
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study was originally crossed with another line designed to express RKD4

in an inducible manner for a separate, unrelated experiment. RKD4, a

member of the RKD family of transcription factors, known to be involved

in early embryogenesis, was not induced in our experiments. For clarity,

despite the background capability for inducible RKD4 expression, this

feature was not utilised in our study, and thus we will refer to the plant line

simply as ref6-5 throughout our analysis.Moreover, we aimed to examine

whether ELF6 could initiate methylation removal from H3K27me1, based

on our hypothesis. To assess this, we transformed the AER construct

into the wild-type col0 plant, in which the native REF6 protein is active

and its targets would exhibit H3K27me1. Exploring the expression and

chromatin changes in REF6 target genes would provide insights into

ELF6’s enzymatic potential.

Conversely, we sought to investigate whether REF6 would influence

ELF6 targets if its catalytic activity were attenuated. Following the

same rationale, we generated two additional constructs: pACT2::REF6-

Jmj::ELF6-Znf::GFP (ARE), containing the REF6 Jmj domain and the

ELF6 Znf domain, and pACT2::ELF6-Jmj::ELF6-Znf::GFP (AEE), which

is a full-length ELF6 protein serving as a positive control (Figure 4.5).
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Figure 4.5: Construction of the chimeric protein ELF6-Jmj and REF6 protein binding
and Znf. The native domain structure of REF6 and ELF6 and their relative features
are shown at the top. The chimeric protein containing ELF6-Jmj and REF6 protein
binding and Znf is shown at the bottom with its predicted protein structure. The two
separated protein origins are shown in different colours, blue for REF6 and red for
ELF6.

Both of these constructs were transformed into the elf6-C mutant

background. To test our constructs, we infiltrated tobacco leaves with

Agrobacterium tumefaciens carrying the plasmids ARR and AEE, in

addition to positive control (ACT2:GFP) and negative control (mock in-

filtration). As expected, the positive control and our constructs expressed

GFP, whereas the negative control lacked fluorescence (Figure 4.6).

8181



Figure 4.6: Transient expression of GFP-fusion proteins in agroinfiltrated tobacco
leaves. Representative tobacco epidermal cells are shown by confocal microscopy
2 days after the agroinfiltration of Agrobacterium tumefaciens that harbored the
plasmid expressing ACT2::GFP, pACT2::REF6-Jmj::REF6-Znf::GFP, pACT2::ELF6-
Jmj::ELF6-Znf::GFP and col0 as the negative control.

After confirming the functionality of our constructs, we transformed the

vectors into the different Arabidopsis mutant backgrounds, as described

previously. We obtained approximately 20 single transgene copy lines per

construct that were propagated to generate homozygous T3 lines (Figure

4.7).

Figure 4.7: Table of T3 homozygous lines generated in the different Arabidopsis mutant
backgrounds. Lines which have GFP expression in four-day plantlets are highlighted
in green.
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Seeds from these lines were germinated in plates for four days in

1/2 MS media in a controlled conditions growth chamber (see section

2.7 for details) and 10 plantlets per line were analysed using a confocal

microscope to detect GFP expression. At least five lines per construct

resulted positive for GFP expression four days after germination.

As anticipated, fluorescence was detected in the nuclei of all the lines, as

both REF6 and ELF6 nuclear proteins (Figure 4.8). We repeated the GFP

screen seven days after germination and observed a significant decrease in

fluorescence in all of the examined lines (Figure 4.9). This phenomenon

may be explained by the silencing of the transgene, which is frequently

mediated by epigenetic mechanisms including DNA methylation, histone

modifications, and RNA interference. RNA silencing is one of the most

common forms of transgene silencing, which can induce an RNA silencing

response, resulting in the down-regulation or suppression of the transgene.

Regrettably, in the course of this study, it was discovered that images

for the positive control ACT:GFP and the negative control col0 were

not available. This unavailability poses a limitation in our experimental

documentation; however, the results and conclusions drawn are based

on the consistent trends observed in the experimental lines, which were

rigorously validated through our screening process.
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Figure 4.8: Confocal images of four-day old Arabidopsis seedlings expressing ARR
and AER in ref6-5 background and AEE and ARE in elf6-C background. The panels
on top show nuclear GFP expression in cotyledons; the panels on the bottom show
nuclear GFP expression in the primary roots. All the lines were observed in T2
generation. Representative microscopic images were reproducibly observed in more
than 10 different transgenic lines.

Figure 4.9: Confocal images of seven-day old Arabidopsis seedlings expressing ARR
and AER in ref6-5 background and AEE and ARE in elf6-C background. The panels
on top show reduced nuclear GFP expression in cotyledons; the panels on the bottom
show reduced nuclear GFP expression in the primary roots. All the lines were observed
in T2 generation. Representative microscopic images were reproducibly observed in
more than 10 different transgenic lines.
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Using RT-qPCR, we verified the GFP expression at the molecular level

in order to determine the extent of transgene silencing. We designed three

sets of primers (shown in Figure 2.5) targeting the GFP sequence and

selected three T2 lines at two time points, four days after germination

(DAG) and fourteen DAG, for the ARR;ref6-5 and AER;ref6-5 constructs.

Both col0 and ref6-5 served as negative controls. Figure 4.10 illustrates

the GFP expression level for the lines considered relative to GAPDH

(two more primers combinations tested are shown in the Appendix, figure

6.4 and 6.5). For all tested primer combinations, the results indicate

that: Firstly, for all lines considered, the GFP expression levels decrease

significantly (two to fivefold) between the samples at four DAG and

fourteen DAG, confirming the confocal microscope observations. Secondly,

we observed a distinct difference between the two constructs: ARR;ref6-5

GFP expression ranged between 10 and 20 times that of AER;ref6-5.
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Figure 4.10: GFP expression normalised to GAPDH in selected lines. Three independ-
ent lines per genotype (ARR and AER) were screened for GFP expression by qPCR
analysis, with two technical replicates per sample. Col0 and ref6 were used as negative
control for GFP expression. The lines were tested at four days after germination
(DAG) and 14 DAG. The results were normalised using GAPDH as housekeeping gene.
The figure on top shows the GFP expression relative to the ARR lines whereas the
figure at the bottom shows the GFP expression relative to the AER lines.

As both REF6 and ELF6 play a role in the regulation of flowering

time and their mutants exhibit contrasting phenotypes, we sought to

determine whether the expression of our proteins affects flowering time.

We anticipated that the ARR;ref6-5 lines would complement the defects

caused by ref6-5. If AER possessed the same functionality as ARR, we

hypothesised that a flowering phenotype similar to that of ARR would

be observed. Nevertheless, if AER had a different effect than ARR, we

would observe a different reproductive phenotype. RT-qPCR quantitative

data revealed that the expression level of GFP, and by extension our

proteins, decreases four days after germination. However, it is still

detectable fourteen days after germination. Based on these observations,

we assumed for this experiment that our proteins were still active in
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some manner after fourteen days, or at least had downstream effects on

transcription factors affecting the flowering time. This study did not

include a comparison of transgene expression levels with those of the

native protein, a factor that could be addressed in future research for a

more comprehensive understanding.

A total of 20 heterozygous ARR;ref6-5 and 22 AER;ref6-5 lines were

grown under short-day conditions until flowering, with the aim of observing

variations in flowering times and identifying lines that displayed distinct

flowering phenotype compared to the negative control, ref6-5. Three

lines of ARR;ref6-5 and AER;ref6-5 were chosen for propagation to

T2 and subsequent testing and analysis. As for the other constructs

(AER:col0, AEE;elf6-C and ARE;elf6-C ), three lines each were selected

based on the most consistent GFP expression and propagated to T2 After

obtaining homozygous seeds for all of the constructs, we proceeded with

another flower assay, this time employing all obtained lines (ARR;ref6-5,

AER;ref6-5, AER:col0, AEE;elf6-C and ARE;elf6-C ). 15 plants per line

were grown in short day condition. As positive controls, we utilised col0

plants, and as negative controls, ref6-5 and elf6-C were utilised. The

days before bolting and the number of leaves at bolting were measured.

The flowering time of the ARR;ref6-5 and AER;ref6-5 lines compared

to positive control col0 and negative control ref6-5 is shown in Figure

4.11a. The number of leaves at bolting for the specified lines, shown in

Figure 6.6 in the Appendix, is consistent with the observed flowering time

data.
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(a) (b)

Figure 4.11: (a) Flowering time in ARR;ref6-5 and AER;ref6-5 under short day
conditions. Box plots of col0, ref6-5, ARR and AER lines grown in soil until bolting.
The boxplot shows the days before bolting.(b) Tukey test for multiple comparison
between and within lines and controls, relative to days before bolting.

Tukey test statistical analysis was performed to detect the differences

between each line against each other (Figure 4.11b). We observed that

neither ARR;ref6-5 nor AER;ref6-5 were capable of fully complementing

the mutation and displaying the same flowering phenotype as col0. How-

ever, two of the ARR;ref6-5 lines (9 and 13) and one of the AER;ref6-5

lines (9) displayed substantial deviations from their respective background

ref6-5, suggesting a partial complementation.

The flowering times of the AER:col0 lines compared to positive control

col0 and negative control ref6-5 is shown in Figure 4.12a. The number

of leaves at bolting for the mentioned lines is shown in figure 6.7 in the

Appendix.
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(a) (b)

Figure 4.12: (a) Flowering time in AER;col0 under short day conditions. Box plots
of col0, ref6-5 and AER:col0 lines grown in soil until bolting. The boxplot shows
the days before bolting. (b) Tukey test for multiple comparison between and within
AER;col0 lines and WT control, relative to days before bolting.

We noted that the AER:col0 lines generally exhibited a delayed flower-

ing compared to the background, although not as delayed as ref6-5. Our

findings revealed that two AER:col0 lines tested were statistically differ-

ent from the col0 background (Figure 4.12b). In contrast to AER;ref6-5,

AER:col0 lines 7 and 13 exhibited a late flowering phenotype relative to

the WT col0.

The flowering time of the ARE;elf6-C and AEE;elf6-C lines compared

to positive control col0 and negative control elf6-C are shown in Figure

4.13a. The number of leaves at bolting for the mentioned lines are shown

in figure 6.8 in the Appendix.
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(a) (b)

Figure 4.13: (a) Flowering time in ARE;elf6-C and AEE;elf6-C under short day
conditions. Box plots of col0, elf6-C, ARE;elf6-C and AEE;elf6-C lines grown in soil
until bolting. The boxplot shows the days before bolting. (b) Tukey test for multiple
comparison between and within ARE and AEE lines and controls, relative to days
before bolting.

The Tukey test did not reveal any statistically significant differences

between our lines and the elf6 background for these lines (Figure 4.13b),

so the AEE;elf6-C lines did not complement the flowering phenotype of

col0. Only line 4 of ARE;elf6-C demonstrates a significant difference in

flowering time, showing a later flowering time than elf6-C.

The flowering time experiment revealed that two ARR lines and one

AER line showed statistically significant differences from the ref6-5 back-

ground, suggesting that the transgenes may have influenced the induction

of flowering. To confirm these changes at the molecular level, we examined

the expression levels of REF6 target genes in our lines using RT-qPCR.

In order to select the REF6 target that would be most informative for

our analysis, we selected multiple conditions based on ChIP-seq data for

col0 and ref6-5 : low H3K27me3 in col0 and high H3K27me3 in ref6-5 ;

and high H3K27me1 in col0 and low H3K27me1 in ref6-5. As for the

levels of expression in our chosen targets, they should be high in col0 and

low in ref6-5 (Figure 4.14).
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Figure 4.14: Genomic view of a sample REF6 target gene. The first and third
tracks show the presence on a REF6 target gene location (AT1G64380) of chromatin
marks in WT background, H3K27me3 and H3K27me1 respectively. The second and
fourth tracks display the same combination of chromatin marks in ref6-5 background.
The fifth and sixth tracks represent expression data for WT and ref6-5 respectively.
Chromatin marks data were obtained from ChiP-seq analysis on WT and ref6-5 on
the specified histone modifications (Antunez-Sanchez et al., 2020); expression data
were acquired from RNA-seq analysis of WT and ref6-5 (Lu et al., 2011a).

This would allow us to determine if ARR;ref6-5, AER;ref6-5 and

AER;col0 were effectively targeting REF6 targets, as they would increase

gene expression in our lines relative to the negative control ref6-5. We

designed primer pairs to specifically measure the expression of REF6

targets (The primers used are shown inf Figure 2.5). We chose three

T2 lines for the ARR;ref6-5, AER;ref6-5, and AER:col0 constructs at

two time points, four and fourteen DAG. Both col0 and ref6-5 served

as negative controls. Only three of the six combinations of primers we

selected were chosen as they exhibited the expected expression levels for

the ref6-5 negative control and the col0 positive control (AT1G64380,

AT3G51910 and AT5G52310). The relative expression levels of the target

genes in the ARR;ref6-5, AER;ref6-5, and AER:col0 lines relative to

GAPDH is shown in Figures 4.15a, 4.15b and 4.16a. At four and fourteen

DAG, we observed that the expression levels of the ARR and AER lines

were, on average, greater than those of the ref6-5 background. The

expression levels of AER:col0 were on average lower than those of the

col0 background, indicating a distinct behaviour. A further observation
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was that the expression level at fourteen DAG was greater than that at

four DAG for two of the three tested genes, possibly indicating that the

transgene could induce downstream effects even later than the four days

when the silencing is starting to occur.

(a)

(b)

Figure 4.15: Expression analysis of selected lines for two REF6 gene targets: (a)
AT1G64380 and (b)AT3G51910. Five independent AER genotype lines were screened
for each of the two different backgrounds, RKD4 (indicated as col0) and ref6-5. Three
independent lines were tested for the ARR genotype in ref6 background. The lines
were tested at four days after germination (DAG) and fourteen DAG.The results were
normalised using GAPDH as housekeeping gene. The figures show the up-regulation
of the selected lines compared to ref6-5 negative control at both four and fourteen
DAG.
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(a)

Figure 4.16: Expression analysis of selected line for one REF6 gene target: AT5G52310.
Five independent AER genotype lines were screened for each of the two different
backgrounds, RKD4 (indicated as col0) and ref6-5. Three independent lines were
tested for the ARR genotype in ref6 background. The lines were tested at four
days after germination (DAG) and fourteen DAG.The results were normalised using
GAPDH as housekeeping gene. The figure shows the up-regulation of the selected
lines compared to ref6-5 negative control at both four and fourteen DAG.

To acquire a comprehensive understanding of the expression level

changes, an RNA-seq analysis was performed (see section 2.15 for details).

RNA was extracted from four-day-old plantlets. Based on the GFP

expression and on the previous expression assay we selected three lines

each from ARR;ref6-5 and AER;ref6-5 to use as biological replicates and

used three biological replicates each for WT RKD4 and ref6-5 as positive

and negative control, respectively. To evaluate the consistency of gene

expression patterns among biological replicates, we initially examined the

correlations between replicates to confirm their similarity in expression

profiles (see Figure 6.9 in the Appendix). In general, replicates within

each genotype exhibited comparable expression characteristics, with the

exception of the third replicate in the AER;ref6-5 line, which deviated

from the expected trend. A principal component analysis (PCA) was

9393



performed (see section 2.15 for details) to identify potential outliers and

verify if biological replicates clustered together (Figure 4.17).

Figure 4.17: Matrix of Principal components (PCs) for variance stabilised transformed
counts. The PCA shows sample distances between WT (RKD4), ref6-5, ARR;ref6-5
and AER;ref6-5 lines grown for four days and analysed via RNA Seq. Line 3 sample
from AER;ref6-5 genotype was removed due to low RNA quality.

Again the line 3 sample of the AER;ref6-5 did not cluster with the

group to which it belonged, and it also received a low score in the quality

control test so we decided to exclude it from the PCA. In the first

principal component, the WT is observed to cluster separately from the

other categories. ARR and AER clustered more closely with ref6, but

they are still distinct clusters. The second PC distinguished ref6 from

the other groups. ARR and AER clustered more closely with the WT

in this instance, despite the variance explained being significantly less
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than in the first case. For both PCAs, the ARR sample cluster was more

dispersed than the AER sample cluster.

The lists of differentially expressed genes were then analysed (Figure

4.18).

Figure 4.18: Identification of differentially expressed genes (DEGs) by RNA sequencing
analysis. Number of DEGs adjusted p-value (p-adj) < 0.01 for ref6-5 vs WT (RKD4);
AER vs ref6-5 ; ARR vs ref6-5 ; AER vs WT (RKD4) and ARR vs WT (RKD4).

We compared the WT positive control to the ref6 negative control

as a baseline and we found 971 up-regulated genes and 1055 down-

regulated genes. Then we compared the ARR;ref6-5 and AER;ref6-5

to their respective background ref6-5. Few genes were discovered to be

differentially regulated in both cases (84 and 69, respectively). However,

comparing the DEGs between our lines and col0, we found that ARR;ref6-5

had 717 up-regulated and 597 down-regulated genes, whereas AER;ref6-5

had 1142 up-regulated and 965 down-regulated genes (Volcano plots are

shown in the Appendix, Figures 6.10). In this comparison ARR;ref6-5

shows one-third fewer DEGs than AER;ref6-5 indicating that the ARR

lines were at least partially complementing for the ref6 mutation at the
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transcription level. For all comparisons considered, the proportion of up-

and down-regulated genes was roughly equivalent.

We then sought to evaluate the expression levels of identified DEGS

in our lines (Figures 4.19 and 4.20).

Figure 4.19: Heatmap showing scaled expression levels of differentially expressed
genes(DEGs) between ARR;ref6-5 and ref6-5. The heatmap is clustering the log2 fold
change (log2(FC)) of each gene.
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Figure 4.20: Heatmap showing scaled expression levels of differentially expressed genes
(DEGs) between AER;ref6-5 and ref6-5. The heatmap is clustering the log2 fold
change (log2(FC)) of each gene.

We observed 84 DEGs in the comparison between ARR and ref6 and

for these genes, the three samples of the each genotype clustered together.

A cluster of the genes that are highly expressed in ARR relative to

ref6-5 were also overexpressed in WT, suggesting that for a subset of genes

there was a compensatory effect (Figure 4.19). We obtained 69 DEGs in

the comparison between AER and ref6 and for these genes as well, the

three samples of the each genotype clustered together. Surprisingly, the

genes which were up-regulated in AER, were not up-regulated in the WT,
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suggesting that those genes were not associated with the complementation

of the ref6-5 mutant background.

To examine the data from a different perspective, we chose a set of

genes that are down-regulated between ref6-5 and WT and filtered based

on the gain of H3K27me3 in ref6-5. We compiled a list of 142 REF6

targets (see the list in Appendix, Figure 6.11) and analysed the levels of

expression in ARR and AER. Overall both ARR and AER lines exhibited

a higher level of gene expression than the background ref6-5 but markedly

lower than the WT (Figure 4.21). Specifically, the ARR lines appeared

to have a higher level of expression compared to the AER lines, with

line 13 exhibiting the highest level of activation and clustering, together

with the WT. The other ARR lines cluster together with the AER lines

(apart from the outlier line 3) which cluster separately from the ref6-5

background. As previously observed both ARR and AER are not fully

capable of complementing the WT, but they are partially effective at

activating the REF6 targets.

The fact that AER seems to be less able to activate REF6 targets

could be explained by the fact that the fusion of the Jmj catalytic domain

of ELF6 with the rest of the REF6 protein might have affected the proper

folding or function of the chimeric protein. This could have lead to

reduced or altered activity, resulting in only partial complementation of

the ref6-5 mutant. Also the lower expression level of AER detected in

the qPCR assay compared to ARR could have affected the extent of the

complementation.
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Figure 4.21: Heatmap showing scaled expression levels of differentially expressed genes
(DEGs) H3K27me3-methylated in ref6-5. Z-score, on the left. For those genes Z-scores
are computed and showed on the matrix on the right.

To assess the differential activity of the H3K27me3 demethylases, we

took a distinct approach as we sought to examine the behaviour of the

JmjC catalytic domain of REF6, ELF6 and JMJ13 in a mammalian system.

As previously described, in humans there are two H3K27me3 demethylases,

KDM6A and KDM6B, which have distinct characteristics and functions,

despite both containing the JmjC domain responsible for their demethylase

activity. At the C-terminal of both proteins there is a GATA-like zinc

finger domain which is found to have a DNA binding function and plays an

important role in the regulatory regions of genes. This form of zinc finger is

also found in plants. Hence we sought to investigate the effects of fusing a

plant Jmj catalytic domain to the zinc finger domain of human H3K27me3

demethylases, specifically exploring whether plant demethylases could
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exert functional influence in a heterologous organism, such as humans.

Furthermore, we aimed to determine if these chimeric proteins, derived

from the three distinct plant demethylases REF6, ELF6 and JMJ13,

would induce different alterations at the transcriptional level. We decided

to use the zinc finger domain of KDM6B instead of KDM6A one. Our

choice was motivated by the fact that unlike KDM6B, KDM6A contains

on the N-terminal region, seven Tetratricopeptide repeat (TPR) domains

which mediate interactions with other proteins and allosterically regulate

its enzymatic activity. KDM6B lacks the TPR motifs, which simplifies the

structure of the resulting chimeric proteins and minimises the possibility

of undesired interactions or allosteric effect which can potentially hinder

the functionality of the plant JmjC domains. Following this rationale

three constructs containing the plant Jmj demethylase domains followed

by the KDM6B DNA zinc finger were assembled: REF6-Jmj:KDM6B-Znf;

ELF6-Jmj:KDM6B-Znf; JMJ13-Jmj:KDM6B-Znf (Figure 4.22). All the

constructs had a mCherry tag at the C-terminal.

Figure 4.22: Schematic representation of the human KDM6B gene with its functional
domains (on top). Below the schematic representation of ELF6, REF6 and JMJ13
Jmj domains fused to the KDM6B Znf domain.

Our constructs REF6-Jmj:KDM6B-Znf; ELF6-Jmj:KDM6B-Znf; JMJ13-

Jmj:KDM6B-Znf were transduced into replicative human cells (see section

2.24 for details). FACS was used to select cells with high expression of
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mCherry (Figure 6.12 in the Appendix)(see section 2.28 for details), RNA

was extracted at three and six hours after induction with doxycycline and

sequenced. Cells transduced with an empty vector were used as a negative

control. The first PCA (Figure 4.23) demonstrates, as expected, that

the WT at distinct time points clusters separately from the experiments.

REF6 and JMJ13 cluster together, even at various time periods, whereas

ELF6 clusters independently. Specifically the ELF6 with 6h induction

clusters in each PC individually.

Figure 4.23: Principal component analysis of WT, REF6, ELF6 and JMJ13 expressed
in mammalian cell lines. Principal component analysis (PCA) plot visualising sample
distances between WT, REF6, ELF6 and JMJ13 in mammalian cells before induction,
3 hours after induction and 6 hours after induction.

The number of DEGS of the three demethylases relative to the WT at

3h and 6h following induction are shown in Figure 4.24 (Volcano plots

are shown in the Appendix, Figure 6.13, 6.14 and 6.15). At the three
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hour time point, we observed that both JMJ13 and REF6 exhibited a

comparable number of DEGs, approximately 200, whereas ELF6 displayed

a three-fold higher count, with 614 DEGs. At this time point, the number

of down-regulated genes for all three demethylases was slightly greater

than that of up-regulated genes, representing between 30 and 40% of the

total. Upon reaching the six hour time point, the DEGs for JMJ13 and

REF6 more than doubled compared to the three hour mark, with JMJ13

displaying 718 DEGs and REF6 showing 482 DEGs. In contrast, ELF6

experienced a more substantial increase, with its DEGs surging more than

three-fold compared to the 3-hour mark, reaching a total of 1,728 DEGs.

Notably, at the six hour time point, the number of down-regulated genes

significantly exceeded the number of up-regulated genes across all three

demethylases, accounting for 80% of the total DEGs in JMJ13, REF6,

and ELF6.

Figure 4.24: Identification of differentially expressed genes (DEGs) by RNA sequencing
analysis. Number of DEGs in the RNA-seq data, adjusted p-value (p-adj) < 0.01 for
JMJ13-KDM6, REF6-KDM6 and ELF6-KDM6 at 3h and 6h.
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Figure 4.25: Heatmap of differentially expressed genes (DEGs) from RNA-seq data
for JMJ13-KDM6. The heatmap displays the hierarchical clustering of DEGs (rows)
and samples (columns) based on their normalised, log2-transformed gene expression
levels. Each cell represents the expression level of DEGS between JMJ13-KDM6 and
WT at 6h from induction, with colours indicating relative expression: high expression
(red), average expression (white), and low expression (blue). DEGs were identified
using a log2 fold change threshold of > 1 and an adjusted p-value (FDR) < 0.05.
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Figure 4.26: Heatmap of differentially expressed genes (DEGs) from RNA-seq data
for REF6-KDM6. The heatmap displays the hierarchical clustering of DEGs (rows)
and samples (columns) based on their normalised, log2-transformed gene expression
levels. Each cell represents the expression level of DEGS between REF6-KDM6 and
WT at 6h from induction, with colours indicating relative expression: high expression
(red), average expression (white), and low expression (blue). DEGs were identified
using a log2 fold change threshold of >1 and an adjusted p-value (FDR) < 0.05.
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Figure 4.27: Heatmap of differentially expressed genes (DEGs) from RNA-seq data
for ELF6-KDM6. The heatmap displays the hierarchical clustering of DEGs (rows)
and samples (columns) based on their normalised, log2-transformed gene expression
levels. Each cell represents the expression level of DEGS between ELF6-KDM6 and
WT at 6h from induction, with colours indicating relative expression: high expression
(red), average expression (white), and low expression (blue). DEGs were identified
using a log2 fold change threshold of >1 and an adjusted p-value (FDR) < 0.05.

We focused our analysis on the six hour time point, where a greater

number of DEGs were identified (heatmaps for the three hour time point

are shown in the Appendix, figure 6.16, 6.17 and 6.18). Upon comparing

the expression of DEGs for JMJ13, we observed that these same DEGs

displayed either increased up-regulation or reduced down-regulation in

ELF6 at both three hour and six hour time points (Figure 4.25). A

more pronounced example of this trend was observed with REF6 DEGs,
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where ELF6 again exhibited stronger expression in up-regulated genes and

weaker expression in down-regulated genes at both time points (Figure

4.26). However, when we examined the ELF6 DEGs, we found that their

expression levels in REF6 and JMJ13 were not substantially different from

those in the wild-type control (Figure 4.27). This observation suggests

that while JMJ13 and REF6 DEGs at the six hour time point share

commonalities with ELF6, which displays a more pronounced variation

in expression compared to the other two demethylases, the DEGs unique

to ELF6 are not shared with JMJ13 and REF6 and appear to be more

specific to ELF6.

In this study, we generated chimeric proteins by fusing plant Jmj

domains from JMJ13, REF6, and ELF6 to the human KDM6B zinc

finger domain and introduced them into a human cell line. Surprisingly,

these plant Jmj domains were active in human cells, resulting in distinct

gene expression patterns. The chimeric proteins demonstrated unique

regulatory profiles, potentially due to differences in enzymatic activity,

protein-protein interactions, or allosteric effects.
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4.3 Discussion

JmjC domain-containing proteins are a diverse family of enzymes that

play a critical role in epigenetic regulation of gene expression by removing

specific chemical modifications from histones. Different JmjC domain-

containing proteins have been shown to have specific preferences for

certain histone modifications. In animals, high-resolution crystal struc-

tures of several JmjC-containing demethylases helped to elucidate the

substrate specificity and demethylation mechanism, which has implica-

tions for chromatin function and gene regulation (Kooistra and Helin,

2012). However, the mechanisms that determine substrate specificity

and enable these enzymes to discriminate between differential degrees of

methylation on the same lysine residue remain largely unclear.

In plants in particular the knowledge about how plant demethylases

interact with their peptide substrates is limited. So far only two JmjC

proteins have been characterised structurally in plants, so for the majority

of them the mechanisms underlying substrate specificity are still poorly

understood.

In the course of our investigation into the substrate specificity of REF6

and ELF6, evidence from chromatin data has led to the hypothesis that

ELF6 can remove the H3K27me1 mark. This hypothesis contradicts

the current consensus on ELF6 substrate specificity, as investigations on

ELF6 have shown that it can remove H3K27me3 and H3K27me2, but not

H3K27me1 (Crevillén et al., 2014). In general, demethylases belonging to

the same family are implicated in targeting similar histone modifications,

most likely because they share a conserved catalytic domain and may

interact with the same cofactors and other components of the histone

modification machinery. However, there are instances in which proteins

from the same group can target distinct targets. The KDM4 family

of JmjC domain-containing proteins for instance, consists of KDM4A,

KDM4B, KDM4C and KDM4D. While all four members of this family

have been shown to demethylate H3K9me3, KDM4A and KDM4C have

also been shown to demethylate H3K23me1 and H3K23me2 (Berry and

Janknecht, 2013). A similar situation occurs in the KDM5 family, which
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consists of KDM5A, KDM5B, KDM5C, and KDM5D. While all four

family members have been shown to demethylate H3K4me3, KDM5A and

KDM5B also demethylate H3K36me3 (Lan and Shi, 2009). There are

also instances of substrate specificity related to the number of targetable

methylations on the same histone residue. In Arabidopsis, one example is

the KDM4/JHDM3 subfamily demethylase JMJ13, a relative of REF6

and ELF6. As a result of the resolution of its crystal structure (Zheng

et al., 2019) we have a clear understanding of its substrate specificity and

peptide binding mechanisms. JMJ13 can demethylate H3K27me3, but

it is unable to remove H3K27me2 or H3K27me1. This behaviour within

the same subfamily demonstrates that even closely related proteins can

have distinct substrate specificities. However, it should be noted that

the structures of REF6 and ELF6 are extremely similar, whereas JMJ13

is quite dissimilar. In our research, we generated transgenic plant lines

with exchanged Jmj domains between REF6 and ELF6 to investigate

potential phenotypic and molecular differences resulting from this domain

swap. We measured flowering time for AER;ref6-5 and found that it only

partially compensated for the ref6-5 mutation, which was similar to what

we observed in the ARR;ref6-5 positive control. Interestingly, when AER

was transformed into the col0 background, a delayed flowering phenotype

was observed compared to the wild type (WT). It has been demonstrated

that REF6 overexpression accelerates flowering in Arabidopsis seedlings

due to the upregulation of FT, SOC1, and floral homeotic genes (Lu et al.,

2011a). If ELF6 possessed the same catalytic activity as REF6 an early

flowering phenotype was to be anticipated. In light of the possibility that

ELF6 demethylates H3K27me1, the additional demethylation of REF6

targets may have resulted in overcompensation by the mechanism that

controls flowering time. Another hypothesis can be that as REF6 acts

on floral development at several levels, the expression of our chimeric

protein may have perturbed the regular dynamics of the native REF6,

either by competing for its role in the many complexes REF6 is involved

in or by acting directly on its targets with an unknown effect. This may

have resulted in an effective down-regulation and consequently a delay in

flowering time.
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RNA-seq analysis revealed minor differences in gene expression between

AER;ref6-5 and ARR;ref6-5 and their respective ref6-5 backgrounds.

However, ARR;ref6-5 exhibited a smaller difference in the number of

DEGs compared to WT, suggesting a higher level of complementation,

compared to AER;ref6-5 which had DEGs had a similar number to ref6-5.

This was further supported by the expression patterns of ARR;ref6-5,

which appeared to partially restore the WT expression profile. In contrast,

differentially expressed genes in AER;ref6-5 did not show differential

expression between the WT and the ref6-5 mutant, indicating the presence

of novel targets. Additionally, when examining the expression levels of

ARR;ref6-5 and AER;ref6-5 on REF6 targets, we found that ARR;ref6-5

lines were able to partially demethylate these targets while AER;ref6-5

only achieved this to a lesser extent.

The observed partial complementation for both ARR and AER might

be attributable to the potential lethality of these constructs when ex-

pressed at high levels, given that we employed the constitutive Actin2

promoter. T2 generation seed propagation may have selected lines with

weaker expression. Specifically, in the case of AER which displayed lower

complementation compared to ARR, qPCR assays revealed that AER

expression was 20 times lower than ARR. This suggests that overex-

pression of REF6 with an ELF6-Jmj domain may be more detrimental,

possibly due to differences in catalytic activity. Future experiments should

explore the use of alternative promoters to circumvent the emergence

of gene silencing or selection for weak gene expression lines in order to

further elucidate the effects of exchanging Jmj domains between REF6

and ELF6.

The overexpression of exogenous plant demethylases in human cells has

demonstrated that plant demethylases can influence their expression levels.

In addition, our studies demonstrated that distinct plant demethylases

have distinct effects on human cells, as evidenced by their different

expression patterns. Interestingly, ELF6 had a notable effect on KDM6B-

target down-regulation, compared to JMJ13 and REF6.

Several factors could account for the observed differences in gene

expression patterns. Firstly, intrinsic differences in enzymatic activity or
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substrate specificities among the Jmj domains may lead to variations in

their ability to modulate H3K27me3 levels at target loci, which in turn

results in differential gene expression patterns. Secondly, the plant Jmj

domains may have different affinities for interacting with human proteins

when fused to the zinc finger domain of KDM6B. These interactions

can influence the recruitment of the chimeric proteins to target loci or

their association with other chromatin modifiers, thereby impacting gene

expression regulation. Additionally, allosteric effects resulting from fusing

the plant Jmj domains to the human zinc finger domains could lead to

structural changes that affect the catalytic activity, substrate specificity,

or protein-protein interactions of the chimeric proteins, ultimately leading

to differential gene expression profiles.

The observation that the majority of the differentially expressed genes

(DEGs) found for JMJ13, REF6 and ELF6 are down-regulated could be

attributed to a combination of factors. One possible explanation is that

the chimeric proteins containing the plant Jmj domains preferentially

target specific genomic loci, leading to a reduction in H3K27me3 levels

primarily at genes that are negatively regulated by this histone modific-

ation (Margueron and Reinberg, 2011). As a result, the removal of the

repressive mark would yield a higher proportion of down-regulated genes.

Another possibility is that the chimeric proteins indirectly influence

the expression of transcriptional repressors, either by modulating their

activity or by altering their expression levels, which in turn results in a

higher proportion of down-regulated genes among the DEGs (Blackledge

et al., 2014). The human cell line used in the study may also contribute

to this observation, as its specific transcriptional landscape and endogen-

ous factors, chromatin structure, or interactions with other regulatory

elements may lead to the chimeric proteins predominantly affecting the

down-regulation of genes (Bannister and Kouzarides, 2011).

Lastly, the chimeric proteins might exert indirect effects on gene expres-

sion by altering the activity or expression of other chromatin modifiers

or transcription factors, consequently resulting in a higher proportion of

down-regulated genes (Sims III et al., 2003).
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To better comprehend the underlying causes of these observations,

further experiments could be conducted, including ChIP-seq analysis of

H3K27me3 marks, can be conducted to pinpoint the genomic loci targeted

by the chimeric proteins and evaluate the modification levels at these

sites..

4.4 Summary

In this study, the activity of the catalytic domain of the histone demethy-

lases REF6 and ELF6 was investigated. To gain insight into the enzyme

activity of the two proteins, we created chimeric constructs and expressed

them both in plant and human cell systems. Transgene silencing had a

significant impact on results in plants, so we were unable to confirm the

validity of our hypothesis. However, the expression of our constructs in

human cells revealed disparities in REF6 and ELF6 expression. Addi-

tional research is necessary to clarify the enzymatic activity of the two

demethylases.
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5 Potential role of chromatin modifications in

somatic embryogenesis

5.1 Introduction

Somatic embryogenesis (SE) is an artificial process by which an embryo

or a plant is developed from single somatic cells. Different kinds of stress

such as wounding, high concentrations of plant growth regulators (PGRs)

and specific culture media conditions are able to induce SE in cultured

explants (Fehér, 2015). These stresses can cause mature plant cells to

activate transcriptional cascades which promote cell fate reprogramming

and can initiate new developmental programs (Ikeda-Iwai et al., 2003). By

undergoing these processes adult cells can de-differentiate into a stem cell-

like state that is fundamental for the acquisition of embryogenic potential

(Yang and Zhang, 2010). The capacity of inducing the formation of

embryos starting from vegetative tissue has great value for both academic

and industrial laboratories and the advantages as a plant propagation

tool are many (Pais, 2019; Egertsdotter et al., 2019). For example, in

vitro SE notably shortens the process of clonal propagation over other

techniques such as shoot and root regeneration because it allows plantlets

to be harvested continuously instead of waiting for new organs to develop.

In doing so, SE preserves both the genotype and the ploidy of the selected

plants. It is also very effective for regenerating genetically modified

plants after transformation. Greater production efficiency and germplasm

uniformity conservation have made this technique widely used (Lelu-

Walter et al., 2013).

5.1.1 TFs involved in SE

Understanding the physiological and molecular mechanisms by which the

induction of SE occurs is therefore a crucial step for its manipulation.

Over the past few decades numerous experimental systems have been

developed to study various modes of regeneration in Arabidopsis. Crucial

to this is a knowledge of how cells perceive and respond to inductive

cues, as well as how these stimuli modify developmental programs to
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reform tissues and organs. Although much progress has been made

to understand the molecular basis of SE, the mechanisms underlying

early somatic embryo development remain largely mysterious. However,

a number of studies on the analysis of proteomes and transcriptomes

have led to the molecular identification and functional characterisation

of many genes involved in the initiation and development of somatic

embryos (Horstman et al., 2017). Most of these genes belong to one of the

following four categories: proteins that act in the cell cycle, biosynthesis

of PGRs, proteins involved in the signalling pathway, or transcription

factors (TFs). Transcription factors in particular play critical roles in

regulating the process of somatic embryogenesis. Ectopic expression of

specific single TFs can trigger somatic embryogenesis. Representative

transcription factors include AP2-domain PLETHORA (PLT) TFs, NF-Y

(nuclear factor of the Y box) TF LEAFY COTYLEDON1 (LEC1), B3

TF LEC2, RWP-RK DOMAIN-CONTAINING4 (RKD4)/GROUNDED

(GRD), AT-HOOK MOTIF CONTAINING NUCLEAR LOCALIZED15

(AHL15), and WUSCHEL (WUS). All of these TFs can be classified as

totipotency-related given their ability to induce SE. Among those, one of

the most characterised TFs is LEAFY COTYLEDON 2 (LEC2).

LEC2 is a plant-specific transcription factor belonging to the B3 DNA-

binding domain family. LEC2 plays a crucial role in regulating the

processes of embryogenesis and seed maturation, as well as the transition

from embryonic to post-embryonic development (Lotan et al., 1998). The

LEC2 gene is predominantly expressed during embryogenesis, with expres-

sion decreasing significantly after germination (Lotan et al., 1998). LEC2

has been shown to regulate various aspects of embryonic development,

including embryo patterning, cotyledon identity, and maturation (Stone

et al., 2001). In addition, LEC2 controls the accumulation of storage

compounds, such as lipids and proteins in seeds (Mendoza et al., 2005).

LEC2 acts together with other key regulators of embryogenesis, such

as LEAFY COTYLEDON 1 (LEC1), FUSCA3 (FUS3), and ABSCISIC

ACID INSENSITIVE 3 (ABI3), to form a complex regulatory network

governing the process (Braybrook and Harada, 2008). LEC2 has been

found to directly activate the expression of FUS3 and indirectly influence
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ABI3 expression (Kroj et al., 2003). Regarding its role in the induction of

SE, LEC2 over-expression in various plant species, including Arabidopsis

and tobacco, has been shown to induce somatic embryo formation, even

in the absence of exogenous auxin (Stone et al., 2001; Guo et al., 2013).

Another important TF that has been identified to play a role in so-

matic embryogenesis in Arabidopsis is RWP-RK DOMAIN-CONTAINING

PROTEIN 4 (RKD4). RKD4 is a transcription factor belonging to the

RWP-RK family, which is involved in the regulation of nitrogen (N)-

responsive genes and nitrogen signalling in plants (Guan et al., 2017).

RKD4, specifically, has been implicated in playing a role in plant embryo-

genesis (Waki et al., 2011) and is conserved in plant evolution (Koi et al.,

2016).

While much less is known about RKD4 compared to LEC2, it has

been reported that overexpression of RKD4 in Arabidopsis can induce

somatic embryogenesis, similar to LEC2. Moreover, the RKD4 gene is

expressed in the egg cell, zygote and early embryos, suggesting its role in

early embryonic development (Waki et al., 2011).

Those researchers have also shown that RKD4 overexpression can

promote cell proliferation in certain regions of the plant, such as the

root meristem and young leaf primordia. In the root, the proliferation

induced by RKD4 overexpression occurs in most cell types, differing from

the response to hormones, which is confined to the pericycle. However,

compared to LEC2, RKD4 appears to act differently in that progression

of SE only occurs once transient RKD4 overexpression has been released,

whereas continuous overexpression locks the cells into an early embryonic

state.

5.1.2 Histone modifications and regeneration

Another layer of regulation has recently emerged as a critical factor in SE

is chromatin remodelling. Epigenetic modifications are an essential part

of the signalling pathway that leads to changes in the genetic program of

the cells and the development of somatic embryos. For instance, some

chromatin-modifying enzymes, such as histone deacetylases (HDACs) and

histone methyltransferases (HMTs), have been shown to influence somatic
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embryogenesis in plants (Tanaka et al., 2008; Gan et al., 2015). Increasing

evidence indicates that the deposition of the repressive H3K27me3 marker

by PRC2 is one of the epigenetic barriers to the auxin-induced acquisi-

tion of embryogenic competence in differentiated somatic cells (Ikeuchi

et al., 2015; Mozgová et al., 2017). Interference with this process in

Arabidopsis results in the formation of callus on the shoot apex or somatic

embryos on root hairs. Chemical perturbation or genetic disruption of

H3K27me3 deposition is likely to induce somatic embryo formation by

de-repressing totipotency-related TF gene loci at the molecular level. In

fact, mutations in these PRC2 components have been shown to affect

somatic embryogenesis.

For example, CURLY LEAF (CLF) and SWINGER (SWN) mutants

exhibit ectopic activation of embryonic genes in seedlings, leading to

somatic embryo formation on the shoot apical meristem in the absence

of exogenous hormones (Chanvivattana et al., 2004; Bouyer et al., 2011).

Similarly, mutations in EMF2 result in the ectopic expression of embryonic

genes and the formation of somatic embryos on the shoot apex (Yoshida

et al., 2001). These observations suggest that PRC2-mediated gene

silencing is crucial for suppressing embryonic traits during post-embryonic

development.

Moreover, PRC2 has been implicated in the regulation of genes involved

in hormone biosynthesis and signalling pathways which are essential for

somatic embryogenesis. For instance, PRC2 components CLF and SWN

have been shown to repress the expression of YUCCA genes which are

involved in auxin biosynthesis, and auxin-responsive genes, such as PLTs,

during post-embryonic development (Wang et al., 2016b).

Researchers have recently proposed, based on joint profiling of chro-

matin accessibility and gene expression, that the loss of regenerative

competence for SE during seed germination is likely to be due to the

developmentally regulated removal of the permissive chromatin signa-

ture at totipotency-related TF gene loci (Wang et al., 2020b). These

transcription factors are more readily re-induced by 2,4-D (a synthetic

auxin used in tissue culture to induce SE) in immature zygotic embryos

than in post-embryonic explants. This finding explains why immature

115115



zygotic embryos are frequently used as explants for SE. The deeper un-

derstanding of the chromatin state dynamics during seed germination

and early plant development offers novel perspectives for future research

aimed at enhancing somatic embryogenesis induction. By identifying and

manipulating key chromatin regulators or epigenetic marks involved in

the establishment and maintenance of totipotency, it may be possible

to modulate the regenerative competence of plant cells and improve the

efficiency of somatic embryogenesis. Furthermore, this knowledge could

also facilitate the development of targeted strategies for reprogramming

the chromatin state of post-embryonic explants, allowing them to regain

totipotency and increase their responsiveness to SE-inducing conditions.

5.1.3 Experiment rationale

The ectopic expression of specific TFs is sufficient to stimulate SE, but the

formation of new embryos is restricted to regions in close proximity to the

root and shoot meristems. To convert an explant into a somatic embryo,

more reprogramming is required the further away the explant is from the

zygotic embryo stage. As cells mature, the chromatin associated with

embryogenesis-related genes becomes more compact and their expression is

strongly repressed. This occurs as a result of chromatin-modifying factors

that regulate epigenetic reprogramming and alter gene chromatin states.

As mentioned in the previous section, histone methylation on H3K27me3

is primarily responsible for chromatin modifications that inhibit embryo

gene expression.

We hypothesised that demethylating H3K27me3 repressed embryonic

targets with specific H3K27me3 demethylases would relax the chromatin

structure as a result of the removal of the H3K27me3 mark, thereby

allowing the transcription of SE-related transcripts. To realise this hy-

pothesis, we proposed a strategy wherein the catalytic domains of three

specific H3K27me3 histone demethylases — JMJ13, REF6, and ELF6

— would be fused to embryonic transcription factors. This fusion is an-

ticipated to guide these demethylases directly to the embryonic genes,

potentially facilitating their transcription by targeting and relaxing the

chromatin structure. In the context of cell reprogramming, histone de-
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methylation and transcription factor binding are complex processes that

can be interactive and simultaneous (Benveniste et al., 2014; Miyajima

et al., 2022). For example, TFs like Oct4 and Sox2, which are important

for pluripotency and reprogramming in humans, can bind together to a

regulatory element in a cooperative way (Sinha et al., 2023). While our

understanding of the synergistic action between histone demethylation

and transcription factor binding has advanced significantly in mammalian

systems, it remains largely uncharted territory in plants. Nevertheless, the

fundamental principles governing gene regulation and chromatin dynamics

may well be conserved across kingdoms. Thus, by drawing parallels from

human systems, we anticipate that similar mechanisms could be at play

in plants, providing a compelling rationale for our experimental approach

in this chapter.
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5.2 Results

From preceding chapters, we posited that ELF6 and REF6 might exhibit

distinct catalytic activities, though both can evidently remove at least

two methyl groups. Literature suggests that JMJ13 removes only one

methylation (Zheng et al., 2019). Our aim was to assess the influence of

these three H3K27me3 demethylases when directed to embryonic gene

targets, leveraging the guidance of specific TFs related to embryogen-

esis. We wished to discern potential phenotypic variations across these

demethylation events. For this purpose, we selected two TFs known to

stimulate somatic embryogenesis upon overexpression.

For this purpose we fused the Jmj domains of H3K27me3 demethy-

lases REF6, ELF6, and JMJ13 with the coding domains of SE-inducing

transcription factors LEC2 and RKD4. We created six fusion constructs

containing all possible combinations of Jmj domains and TFs. In con-

structing our fusion proteins we opted for a long flexible linker to ensure

spatial freedom and minimise steric hindrance, thereby preserving the

independent functionality of both proteins. Long linkers rich in small and

polar amino acids like Glycine and Serine have been shown to provide

the necessary flexibility without encouraging aggregation (Klein et al.,

2014; Li et al., 2016). As a negative control, we also generated constructs

containing only TFs. These constructs were designed with a nuclear

localisation signal at the N-terminus for protein import into the nucleus

and three HA-tags at the C-terminus for protein detection. All the fusion

proteins were under a β-estradiol inducible system. The sequences em-

ployed in these experiments were codon-optimised for Arabidopsis (Figure

5.1). All the constructs were assembled using the Gateway cloning system

and the primers used for the assembly are shown in Figure 2.6.
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Figure 5.1: Schematic representation of the construct design. The Jmj domains of
histone demethylases REF6, ELF6 and JMJ13 were fused with SE-related TFs LEC2
and RKD4 in all combinations. The two domains were connected via a short linker.
Constructs containing only the domain of the SE-related TFs were created as controls.

We anticipated that the expression of a single TF (LEC2 or RKD4)

would induce callus formation and SE in plant tissue closer to meristems

(both apical and root) (Stone et al., 2001; Waki et al., 2011). We hy-

pothesised that when plants express chimeric proteins, even maturely

differentiated cells will be able to de-differentiate and form callus. As the

activity of the demethylase loosens the severe chromatin repression of

SE-related genes, the TFs will strongly promote the transcription of the

aforementioned genes (Figure 5.2).
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Figure 5.2: Outcomes anticipated for the expression of our fusion constructs (Jmj
domain + TF) versus the expression of the TFs alone. (a) illustrates our hypothesis
at the DNA level in mature, differentiated cells under both conditions (overexpression
of TFs alone on the left and overexpression of Jmj + TF on the right). (b) depicts the
expected phenotype of plants under both the above-mentioned conditions. The over-
expression of a single SE-TF promotes callus formation and somatic embryogenesis in
plant tissue near meristems. When the TF is fused to the demethylase, this phenotype
would extend to more mature tissue.

To evaluate the validity of the experimental design, we transfected

our constructs into Arabidopsis leaf mesophyll protoplasts (see sections

2.18 and 2.19 for details). All of the constructs used for protoplast

transfection contained a Ubi-1 constitutive promoter with a high level

of expression. The protoplasts were derived from a transgenic line of

Arabidopsis expressing YFP under the control of the LEC1 promoter

(Figure 5.3).
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Figure 5.3: Diagram illustrating the experimental method used to examine the expres-
sion of our constructs in Arabidopsis protoplasts. pLEC1::Transgenic YFP plants were
used to obtain protoplasts, which were then transfected with experiment and negative
control constructs. With a confocal microscope YFP expression was examined. The
expression of YFP was examined using a confocal microscope.

LEC1 is a key regulator of the genes involved in seed development

during embryogenesis. Overexpression of LEC2 and RKD4 would activate

the network of genes implicated in embryogenesis, including the expression

of LEC1 (Boulard et al., 2018; Waki et al., 2011). As a preliminary test

to determine the validity of this method, we transfected protoplasts with

LEC2 and RKD4 simultaneously. Theoretically, this would result in a high

level of LEC1 protein and reporter gene expression. As a control to confirm

the efficacy of the protoplast transfection, we transfected the protoplast

with a red fluorescent protein-expressing mCherry vector. Confocal

microscopy observations detected a fluorescent signal from protoplasts for

mCherry expression, but not for YFP. (Figure 5.4). We evaluated each

construct and observed similar expression patterns, but no YFP signal

was detected.
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Figure 5.4: Confocal microscope images of protoplasts obtained from Arabidopsis leaf
mesophyll pLEC1::YFP transgenic line. On the left, protoplasts transfected with
mCherry exhibit red fluorescence, demonstrating successful transfection. The mCherry
fluorescence serves as a marker to assess the efficiency of the transfection process.
On the right, protoplasts transfected with LEC2 and RKD4 do not exhibit YFP
fluorescence, suggesting that these conditions do not induce the expression of the
LEC1::YFP reporter gene.

Although the preliminary experiment on protoplasts did not produce

the expected results—indicative of our transgenes having cascade effects on

the embryogenesis network TFs— we proceeded to test the fusion proteins

in plants to observe the eventual induction of somatic embryogenesis at

the phenotypic level. All the previously obtained construct combinations

(fusion proteins and TFs) were introduced into binary vectors, transformed

in Arabidopsis col0, and propagated across generations (Figure 6.19 in

the Appendix).

122122



Figure 5.5: Experimental design to examine the impact of our in-planta-based con-
structs. After obtaining homozygous lines for all constructs, each line was tested in
sterile plates with 5 ul of estradiol induction along with a col0 negative control.

Before testing our lines, we tested col0 plants with different concentra-

tions of ß-estradiol on 1/2 MS agar plates and determined that 5 µM was

the highest concentration at which the wild-type could develop normally.

20 homozygous lines per construct (LEC2, JMJ13-LEC2, REF6-LEC2,

ELF6-LEC2, RKD4, JMJ13-RKD4, REF6-RKD4, and ELF6-RKD4) were

then tested. For each line, 10 plants were grown alongside 10 plants of

col0 as negative controls on the same plate. The plants were cultivated

for seven days in growth chambers under controlled conditions in media

containing 5 µm of ß-estradiol (Figure 5.5). We did not observe callus

formation or other indications of dedifferentiation in any of the tested

lines following transgene induction. However, differences in root length

were observed between some of our lines and their respective controls.

To determine whether the observed differences were the result of the

induction of the constructs, we analysed the expression levels of our

transgenes. We designed two sets of primers for LEC2 and performed

RT-PCR on three samples for the LEC2, JMJ13-LEC2, REF6-LEC2, and

ELF6-LEC2 constructs (see section 2.2 for details). At least one line per

construct expressed the transgene, with ELF6 lines having the highest

expression among the samples considered (Figure 5.6). In order to avoid

confounding effects from the native LEC2, our primers were designed

for the codon-optimised version of LEC2 that we used in our construct,

confirming the expression of our transgenes.

123123



Figure 5.6: Gene expression by RT-PCR assay for LEC2(L); REF6-LEC2 (RL); JMJ13-
LEC2 (JL) and ELF6-LEC2 (EL).

We then measured the root length of all the examined plants (exper-

iments and controls) at two time intervals (three and seven days). A

comparison of the REF6-RKD4 lines with the WT control at day three

is shown in Figure 5.7 (Barplots for all the tested lines are shown in the

Appendix, figures 6.20 to 6.27).
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Figure 5.7: The barplot illustrates a comparison of the root length at day three for
the REF6-RKD4 lines versus the control col0. On the x-axis, the numbers signify
individual lines. For each plate, 10 plants of the test line and 10 of the control col0
were grown Bars in orange represent the respective lines, while those in grey depict the
negative control col0. Beneath the plot, p-values are displayed for lines that exhibit a
statistically significant difference from the control, as determined by a T-test with a
threshold of p-value < 0.05.

A T-test was conducted to identify differences between the experimental

and control groups on day three after germination and P-values were

determined for each line. REF6-RKD4 was the only RKD4 construct

(among JMJ13-RKD4, REF6-RKD4, and ELF6-RKD4) that differed

significantly from the TF alone RKD4. In contrast, in the LEC2 constructs

(JMJ13-LEC2, REF6-LEC2, and ELF6-LEC2), JMJ13-LEC2 and ELF6-

LEC2 had a greater number of lines with a significant p-value (Figure

5.8). Surprisingly, within the RKD4 constructs (RKD4, JMJ13-RKD4,

REF6-RKD4, and ELF6-RKD4), the lines that differed significantly from

the WT had longer roots than the transcription factor alone. With the

LEC2 lines (LEC2, JMJ13-LEC2, REF6-LEC2, and ELF6-LEC2), the

root length of the lines with significant p-values was typically shorter than

that of the WT. It’s worth noting that there was no observed correlation

between the root phenotype and the expression level of the transgene.
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Figure 5.8: The chart shows the percentages of significantly different lines over the
total number of lines per construct. LEC2 and RKD4 served as controls against their
relative fusion proteins. T-test statistics were used with p-value < 0.05.

After confirming that our transgenes were being expressed, we hypo-

thesised that the quantity of inducer was insufficient to induce SE. The

ß-estradiol induction was then repeated in 10 selected lines per construct,

with the concentration increased to 30um. We observed that within

the RKD4 constructs, the lines that had longer roots than the negative

control in a previous assay with an inducer concentration of 5 um now

had significantly shorter roots than the WT (Figures 6.20 to 6.23 in

the Appendix). Within LEC2 constructs, the p-values of significantly

different lines were substantially lower, indicating that the higher inducer

concentration exacerbated the short root phenotype (Figures 6.24 to

6.27 in the Appendix). Despite not observing callus formation nor cell

de-differentiation in our experiment, we were able to confirm that our

constructs had a dose-dependent effect on the phenotypes of the plants, as

different concentrations of the inducer contributed to opposite phenotypes

in the case of the RKD4 lines and to the accentuation of the phenotype

in the case of the LEC2 lines.
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5.3 Discussion

Somatic embryogenesis, the process of asexual embryonic development

from somatic cells, has garnered significant interest in plant biotech-

nology due to its potential applications in plant propagation, genetic

transformation and germplasm conservation. Somatic embryogenesis has

several advantages over other plant propagation methods, such as its

high efficiency, rapid clonal multiplication, and the potential to produce

genetically uniform populations. These advantages have made somatic

embryogenesis an attractive tool for plant biotechnology and agricultural

research.

A major breakthrough for somatic embryogenesis would be the develop-

ment of a reliable and efficient method for inducing somatic embryogenesis

in a wide range of plant species and tissues. This would allow for the

production of genetically stable clonal plantlets, including those that are

currently recalcitrant to somatic embryogenesis.

In recent years Arabidopsis protoplasts have been found to be a useful

tool for studying the effects of various histone modifications on gene

expression in the light of somatic embryogenesis. Despite the fact that we

were unable to obtain significant results from our experiment on histone

demethylases on protoplasts, other laboratories have used this system to

investigate the effects of other histone modifications on cell reprogramming.

In a recent study, Sakamoto (Sakamoto et al., 2022) demonstrated that

inhibiting the activity of histone acetyltransferases results in a significant

decrease in the formation of calluses from Arabidopsis leaf mesophyll

protoplasts. Histone acetylation enables the transcriptional activation of

PLETHORAs, resulting in the induction of their downstream YUCCA1

gene encoding an auxin biosynthesis enzyme. Through the activation of

G2/M phase genes mediated by MYB DOMAIN PROTEIN 3-RELATED

PROTEINS, Auxin biosynthesis is in turn required for initial cell division.

Using a similar approach, Choi (Choi et al., 2023) tested the effects of

HDAC inhibitors on cell division and callus proliferation from mesophyll

protoplasts of lettuce and tobacco. They speculate that genes that should

be blocked by histone deacetylation during the early stage of cell division

127127



are likely to help in later callus formation and shoot regeneration and

they suggest that the key mechanism for promoting callus formation and

plant regeneration is facilitation of cell division.

Expressing fusion proteins of H3K27me3 demethylase and transcription

factors related to somatic embryogenesis we expected various alterations

in the regulation of somatic embryogenesis, as both the transcription

factors and the demethylase have roles in modulating gene expression and

chromatin structure. We anticipated that that the fusion of the H3K27me3

demethylase domain to LEC2 and RKD4 might change the target gene

specificity of these transcription factors, potentially affecting the activation

of different sets of target genes involved in somatic embryogenesis. In our

study, unfortunately we were unsuccessful in stimulating dedifferentiation

of the cells expressing the fusion proteins or the transcription factors

used on their own. It is plausible that the problem was caused by the

ß-estradiol-inducible promoter. Estradiol concentrations between 5 and

10 µM appear to be optimal for inducing gene expression in Arabidopsis,

according to previous research (Lau et al., 2014; Zuo et al., 2000). As

suggested by other studies (Ohira et al., 2017) we also tested a higher

concentration of estradiol increased to 30 µM, but we did not observe de-

differentiation in our cell lines. We did not, however, test concentrations

below 5 µM. A study on the overexpression of the AGAMOUS (AG)

gene (Itoh et al., 2000) observed that estradiol concentrations as low as

1 µM induced gene expression. It is conceivable that excessive inducer

concentrations inhibited cell de-differentiation. Furthermore, there might

have been complexities related to the fusion protein itself. Issues with

protein structure, interference between domains, the potential requirement

for a linker, or even the need to swap the order of domains could have

influenced the results. Further research could investigate the use of lower

estradiol concentrations, delve into these protein-related challenges, or

explore the use of alternative promoters to improve the efficacy.

Even though we did not observe cell dedifferentiation, we did observe

a root length phenotype. The RKD4 constructs (RKD4, JMJ13-RKD4,

REF6-RKD4, and ELF6-RKD4) that significantly diverged from the WT

had longer roots than the negative control. The root length of the LEC2
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lines with significant p-values (LEC2, JMJ13-LEC2, REF6-LEC2, and

ELF6-LEC2) was typically shorter than that of the WT. These results

indicate that the RKD4 and LEC2 constructs have distinct effects on root

length, possibly due to their distinct roles in regulating gene expression.

Overexpression of LEC2 and RKD4 transcription factors can influence

root development in plants due to their involvement in various aspects of

plant growth and embryogenesis.

LEC2 has been shown to modulate auxin and gibberellin biosynthesis

and signalling pathways which play crucial roles in root development

(Stone et al., 2001). Overexpression of LEC2 may lead to alterations

in the balance of hormone signalling, ultimately affecting root growth

and development. For instance, overexpressing LEC2 in Arabidopsis

can cause an increase in auxin levels leading to pleiotropic phenotypes,

including changes in root architecture (Braybrook and Harada, 2008). As

we observed in our experiments, LEC2 ectopic expression in Arabidopsis

causes seedlings to have short hypocotyls and unextended roots according

to a 2001 study (Stone et al., 2001). In that study they also observed

callus-like growth on the cotyledon surfaces of seedlings in that study,

which we did not observe.

In another study examining the effects of overexpression of LEC2 in

tobacco plants (Guo et al., 2013), it was observed that the transgenic

seedlings had significantly longer roots compared to those of the wild

type control in contrast to the results of our own study. However, these

measurements were taken after a period of 20 days after sowing. The re-

searchers also observed that transgenic plants demonstrated a diminished

hypocotyl length. Some studies also observed that LEC2 is involved in

lateral root formation by activating the expression of the auxin biosyn-

thesis gene YUCCA4 (YUC4), which in turn promotes the generation of

lateral roots in Arabidopsis (Tang et al., 2017). However, in our study we

had not observed significant difference in lateral roots compared to the

wild type control.

In contrast, RKD4 is involved in various developmental processes,

including embryogenesis and meristem maintenance. Overexpression of

RKD4 has been reported to promote cell differentiation and embryo
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development in Arabidopsis (Waki et al., 2011). Notably, it has been

demonstrated that seedlings overexpressing RKD4 exhibit enhanced cell

proliferation in regions typically rich in cycling cells, such as the root

meristem and young leaf primordia. In the root, proliferation in response

to RKD4-overexpression occurs in most cell types, which differs from

the proliferation response to hormones that is confined to the pericycle

(Waki et al., 2011). These findings suggest that RKD4 overexpression

can directly impact root development by stimulating cell proliferation in

the root meristem and other proliferative regions.

In summary, overexpression of LEC2 and RKD4 transcription factors

can potentially influence root development through their roles in em-

bryogenesis and plant growth regulation. While LEC2 overexpression

has been shown to affect root development in a species-specific manner,

as demonstrated in transgenic tobacco plants (Guo et al., 2013), and

influence lateral root formation in Arabidopsis (Tang et al., 2017), RKD4

overexpression has been shown to promote cell proliferation in the root

meristem and other proliferative regions thus affecting root growth.

While the effects of overexpressing the LEC2 and RKD4 transcription

factors on root development are evident from our study and the literature,

it’s noteworthy to mention the limited or absent observable influence of

the histone demethylase domains in our fusion constructs. One would

anticipate that coupling these demethylases with the transcription factors

might enhance or modify the resulting phenotypes, owing to the potential

chromatin accessibility changes brought about by demethylation. However,

our observations suggest either that the histone demethylase domains

might not have been functionally active in our constructs, or that the

targets of the transcription factors were already accessible, rendering the

demethylase action redundant. Further investigations could be directed

towards validating the functionality of the demethylase domains in these

constructs and understanding the intricacies of chromatin dynamics in

this context.
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5.4 Summary

Somatic embryogenesis is an attractive tool for plant biotechnology due

to its high efficiency, rapid clonal multiplication and potential to produce

genetically uniform populations. In our study, ectopic expression of

somatic embryogenesis-related transcription factors fused to H3K27me3

histone demethylases in Arabidopsis had not lead to tissue dedifferentation

but had had distinct effects on root length, possibly due to their roles

in regulating gene expression. LEC2 and RKD4 transcription factors

in combination with H3K27me3 histone demethylases, can influence

root development through their roles in embryogenesis and plant growth

regulation.
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6 General Discussion

In this thesis, we have investigated the roles of histone demethylases REL-

ATIVE OF EARLY FLOWERING 6 (REF6) and EARLY FLOWERING

6 (ELF6) in plant development and their contribution to the regulation of

gene expression through chromatin modifications. Histone demethylases

are enzymes that remove methyl groups from histone proteins, thereby

modulating chromatin structure and influencing gene expression. REF6

and ELF6 are two Jumonji C (JmjC) domain-containing histone demethy-

lases in plants which specifically target the repressive histone modification

H3K27me3 and play crucial roles in diverse developmental processes.

Although REF6 and ELF6 possess remarkably similar protein structures

they display contrasting flowering phenotypes upon mutation (Noh et al.,

2004). The primary aim of this thesis has been to conduct an in-depth

comparative analysis of these two proteins, examining both their struc-

tural and functional attributes to elucidate the molecular basis for their

phenotypic differences.

In our analysis we observed that the evolution of REF6 and ELF6

diverged at the emergence of flowering plants. It is possible that ELF6

has evolved to acquire a specific function in the regulation of flowering,

a key aspect in the diversification and success of angiosperms (Irish,

2010; Theißen and Melzer, 2007). Histone modifications, including those

mediated by histone demethylases like REF6 and ELF6, have been shown

to play crucial roles in plant development and the regulation of gene

expression (Berr et al., 2011; Zhang et al., 2015). This suggests that the

diversification of histone modifiers could have contributed to the evolution

of plants.

Differences in the zinc-finger domains of REF6 and ELF6 may af-

fect their target recognition, leading to distinct genomic targets and

regulatory roles (Cui et al., 2016a). Moreover, differences in the in-

trinsically disordered regions (IDRs) and their molecular features could

impact protein-protein interactions, further contributing to functional

diversification (Wright and Dyson, 2015; Katuwawala et al., 2019).
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Our study also identified a shared conserved domain between REF6 and

ELF6 which might play a fundamental role in their common functions.

Additionally, we observed domain loss in both proteins which could

have led to functional diversification during their evolution (Nasir et al.,

2014). Future studies should validate the predicted protein interactions

experimentally using techniques such as co-immunoprecipitation, yeast

two-hybrid assays, or bimolecular fluorescence complementation (Fields

and Song, 1989; Kerppola, 2006; Tang et al., 2010).

Furthermore, it would be interesting to investigate the roles of the

conserved domains shared between REF6 and ELF6 and understand the

functions of the lost domains. This information could provide valuable

insights into the molecular mechanisms driving the diversification of these

histone demethylases and their functional roles in plant development and

evolution.

We also explored the functional roles of REF6 and ELF6 catalytic

activity in our study. Current literature supports the notion that their

enzymatic activities are similar as both proteins are known to demethylate

H3K27me3 and H3K27me2 but not H3K27me1 (Lu et al., 2011a; Crevillén

et al., 2014). However, our chromatin data suggested a possible divergence

between ELF6 and REF6, with the former potentially capable of removing

H3K27me1 as well. To investigate this hypothesis we designed chimeric

proteins by shuffling the catalytic JmjC domain of REF6 and ELF6,

aiming to reveal any differences in their activity within a plant system.

Despite the limitations encountered in our study, our results indic-

ated notable differences in REF6 and ELF6 transgene expression. The

expression level of the REF6 transgene was found to be 10 to 20 times

higher than that of the ELF6 chimeric protein. This observation suggests

that ELF6 overexpression in REF6 target genes could be detrimental

to plants resulting in the survival of only those transgenic plants with

low transgene expression. This could be due to ELF6 triggering a more

robust gene expression compared to REF6.

Correspondingly, in the flowering time experiments, the REF6 con-

struct showed a stronger complementation effect than ELF6 (Figure 4.12).

Specifically, two REF6 lines presented statistically significant differences
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from the negative control ref6-5, whereas only one ELF6 line showed

such a deviation. Additionally, RNA-seq analysis revealed that the gene

expression profile in the REF6 lines more closely resembled that of the

WT (Figures 4.19, 4.20, and 4.21). This evidence suggests that the

higher expression levels of REF6 may have contributed to its superior

complementation efficacy compared to ELF6.

Another challenge we faced was the silencing of transgenes, potentially

due to excessive transgene expression which might be related to the

use of the Actin2 promoter. Future studies could address this issue by

utilising alternative promoters that are either weaker or feature inducible

expression (Guihur et al., 2023) or by employing silencing-free lines

as backgrounds, such as rdr6-11 (Schwach et al., 2005). The rdr6-11

Arabidopsis mutant exhibits a deficiency in post-transcriptional gene

silencing of sense transgenes. This means that in these mutants, the

mechanism that typically “silences” or reduces the expression of certain

genes is impaired.

Our findings also shed light on the potential interaction between plant

demethylases and human cells. We demonstrated that the overexpression

of exogenous plant demethylases in human cells can influence their gene

expression levels, with distinct plant demethylases exhibiting unique ef-

fects on human cells. Notably, ELF6 appeared to have a significant impact

on gene down-regulation. This observation raises intriguing questions

about the evolutionary conservation of histone demethylase functions

across species and the potential for cross-species applications in future

research.

Overall, this study challenges the current understanding of the roles

of histone catalytic domains in REF6 and ELF6. However, further

investigation is warranted to elucidate the precise enzymatic activity

of these demethylases using techniques such as in vitro histone peptide

demethylation assays to assess enzyme activity in living cells.

Additionally, our findings open up new avenues for exploring the

potential applications of plant demethylases in human cells which may

contribute to advancements in both plant biology and human health

research.
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We also aimed to investigate the potential impact of expressing fusion

proteins of H3K27me3 demethylases and transcription factors related to

somatic embryogenesis, such as LEC2 and RKD4. Several constructs

featuring the demethylase domain fused to transcription factors exhibited

a greater number of lines with notable differences compared to the wild

type than lines expressing only the transcription factor. This observation

was especially notable in constructs like ELF6-LEC2 and REF6-RKD4,

which showed a difference in lines diverging from the TF-only negative

control by 5% and 30%, respectively. This suggests that the presence of

the demethylase domain in these fusion proteins may enhance or alter

their regulatory functions, leading to more pronounced phenotypic dif-

ferences compared to the transcription factors alone. One limitation of

this study could be the use of the ß-estradiol-inducible promoter as it

may have affected the dedifferentiation of cells expressing fusion proteins

or transcription factors. Future research could explore the use of lower

estradiol concentrations or alternative promoters to improve efficacy. Fur-

ther studies are needed to better understand the molecular mechanisms

behind these observations and to optimise the expression of these fusion

proteins for somatic embryogenesis applications. Overexpressing these

demethylases in combination with embryogenesis-related transcription

factors could result in a synergistic effect on target gene activation, enhan-

cing the efficiency of somatic embryogenesis induction. This could lead to

more efficient methods for plant propagation, genetic transformation, and

germplasm conservation, especially for species like cereals and grapevine

that are currently recalcitrant to somatic embryogenesis.

In summary, our thesis has shed light on the complexity of histone

demethylase functions and their roles in plant development, evolution, and

somatic embryogenesis. We hope that our work will serve as a foundation

for future research in this area and inspire new strategies for advancing

plant biotechnology and agricultural research.
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Pazos, F., Pietrosemoli, N., Garćıa-Mart́ın, J. A., and Solano, R. (2013).

Protein intrinsic disorder in plants. Frontiers in plant science, 4:363.

Pu, L., Liu, M.-S., Kim, S. Y., Chen, L.-F. O., Fletcher, J. C., and Sung,

Z. R. (2013). Embryonic flower1 and ultrapetala1 act antagonistically

on arabidopsis development and stress response. Plant Physiology,

162(2):812–830.
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Appendix

Figure 6.1: List of AtREF6 homologs obtained from BLAST. The selected sequences
have an e-value lower than e-50 and a bit score higher than 40.
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Figure 6.2: List of AtELF6 homologs obtained from BLAST. The selected sequences
have an e-value lower than e-50 and a bit score higher than 40.
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Figure 6.3: List of homologs of REF6 and ELF6 from basal plants obtained from
BLAST. The selected sequences have an e-value lower than e-50 and a bit score higher
than 40.
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Figure 6.4: GFP expression normalised to GAPDH in selected lines with primer couple
2. Three independent lines per genotype (ARR and AER) were screened for GFP
expression by qPCR analysis. ref6 and col-0 were used as negative control for GFP
expression. The lines were tested at four days after germination (DAG) and fourteen
DAG. The results were normalised using GAPDH as housekeeping gene. The figure
on top shows the GFP expression relative to the ARR lines whereas the figure at the
bottom shows the GFP expression relative to the AER lines
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Figure 6.5: GFP expression normalised to GAPDH in selected lines with primer couple
3. Three independent lines per genotype (ARR and AER) were screened for GFP
expression by qPCR analysis. ref6 and col-0 were used as negative control for GFP
expression. The lines were tested at four days after germination (DAG) and fourteen
DAG. The results were normalised using GAPDH as housekeeping gene. The figure
on top shows the GFP expression relative to the ARR lines whereas the figure at the
bottom shows the GFP expression relative to the AER lines
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Figure 6.6: Number of leaves at bolting in ARR;ref6-5 and AER;ref6-5 under short
day conditions. Box plots of col0, ref6-5, ARR;ref6-5 and AER;ref6-5 lines grown in
soil until bolting.
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Figure 6.7: Number of leaves at bolting in AER;col0 under short day conditions. Box
plots of col0, ref6-5, AER;col0 lines grown in soil until bolting.
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Figure 6.8: Number of leaves at bolting in AARE;elf6-C and AEE;elf6-C under short
day conditions. Box plots of col0, elf6-C, ARE;elf6-C and AEE;elf6-C lines grown in
soil until bolting.
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Figure 6.9: Scatterplot of RNA-seq gene expression data. Scatter plots of transcript
expression data for replicates Arabidopsis RKD4 wildtype (a), mutant ref6-5 (b),
ARR;ref6-5 (c), and AER;ref6-5 (d) showing a high degree of correlation. Transcripts
with ≥ 1 FPKM and minimum of 10 mapped reads were used. The plot is on a
log-transformed scale.
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Figure 6.10: Volcano plots of RNA-seq differential gene expression analysis for the
comparisons between (a) ref6-5 vs RKD4, (b) ARR;ref6-5 vs ref6-5 and (c) AER;ref6-5
vs ref6-5. The volcano plots illustrate the relationship between the log2 fold change
(x-axis) and the -log10 adjusted p-value (y-axis) for each gene. Each point represents a
single gene, with upregulated and and downregulated genes shown in red. Differentially
expressed genes (DEGs) were determined using a log2 fold change threshold of > 1
and an adjusted p-value (FDR) < 0.05.
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Figure 6.11: Set of downregulated genes between ref6 and WT and filtered based on
H3K27me3 gain in ref6.
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Figure 6.12: mCherry expression in HEK293 cells transfected with REF6-KDM6
48h after DOX induction. The figures show the expression at different lentivirus
concentrations: 0.5ml, 1ml and 2ml.
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Figure 6.13: Volcano plots of RNA-seq differential gene expression analysis for the
comparisons between JMJ13-KDM6 at (a) 3h and (b) 6h. The volcano plots illustrate
the relationship between the log2 fold change (x-axis) and the -log10 adjusted p-value
(y-axis) for each gene. Each point represents a single gene, with upregulated and
and downregulated genes shown in red. Differentially expressed genes (DEGs) were
determined using a log2 fold change threshold of > 1 and an adjusted p-value (FDR)
< 0.05. A total of 75 upregulated and 192 downregulated genes were identified as
significant DEGs between samples at 3h and a total of 129 upregulated and 589
downregulated genes at 6h.
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Figure 6.14: Volcano plots of RNA-seq differential gene expression analysis for the
comparisons between REF6-KDM6 at (a) 3h and (b) 6h. The volcano plots illustrate
the relationship between the log2 fold change (x-axis) and the -log10 adjusted p-value
(y-axis) for each gene. Each point represents a single gene, with upregulated and
and downregulated genes shown in red. Differentially expressed genes (DEGs) were
determined using a log2 fold change threshold of > 1 and an adjusted p-value (FDR)
< 0.05. A total of 103 upregulated and 120 downregulated genes were identified
as significant DEGs between samples at 3h and a total of 93 upregulated and 389
downregulated genes at 6h.
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Figure 6.15: Volcano plots of RNA-seq differential gene expression analysis for the
comparisons between ELF6-KDM6 at (a) 3h and (b) 6h. The volcano plots illustrate
the relationship between the log2 fold change (x-axis) and the -log10 adjusted p-value
(y-axis) for each gene. Each point represents a single gene, with upregulated and
and downregulated genes shown in red. Differentially expressed genes (DEGs) were
determined using a log2 fold change threshold of > 1 and an adjusted p-value (FDR)
< 0.05. A total of 287 upregulated and 327 downregulated genes were identified as
significant DEGs between samples at 3h and a total of 333 upregulated and 1395
downregulated genes at 6h.
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Figure 6.16: Heatmap of differentially expressed genes (DEGs) from RNA-seq data
for JMJ13-KDM6. The heatmap displays the hierarchical clustering of DEGs (rows)
and samples (columns) based on their normalized, log2-transformed gene expression
levels. Each cell represents the expression level of DEGS between JMJ13-KDM6 and
WT at 3h from induction, with colors indicating relative expression: high expression
(red), average expression (white), and low expression (blue). DEGs were identified
using a log2 fold change threshold of >1 and an adjusted p-value (FDR) < 0.05
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Figure 6.17: Heatmap of differentially expressed genes (DEGs) from RNA-seq data
for REF6-KDM6. The heatmap displays the hierarchical clustering of DEGs (rows)
and samples (columns) based on their normalized, log2-transformed gene expression
levels. Each cell represents the expression level of DEGS between REF6-KDM6 and
WT at 3h from induction, with colors indicating relative expression: high expression
(red), average expression (white), and low expression (blue). DEGs were identified
using a log2 fold change threshold of >1 and an adjusted p-value (FDR) < 0.05
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Figure 6.18: Heatmap of differentially expressed genes (DEGs) from RNA-seq data
for ELF6-KDM6. The heatmap displays the hierarchical clustering of DEGs (rows)
and samples (columns) based on their normalized, log2-transformed gene expression
levels. Each cell represents the expression level of DEGS between ELF6-KDM6 and
WT at 3h from induction, with colors indicating relative expression: high expression
(red), average expression (white), and low expression (blue). DEGs were identified
using a log2 fold change threshold of >1 and an adjusted p-value (FDR) < 0.05

179179



Figure 6.19: Table of T2 homozygous lines generated in Arabidopsis col0 background:
RKD4, JMJ13-RKD4, REF6-RKD4, ELF6-RKD4, LEC2, JMJ13-LEC2, REF6-LEC2
and ELF6-LEC2.

Figure 6.20: Barplot representing the comparison between the root length at day three
for RKD4 lines and the control col0. Below the barplot are shown the lines which
have significative difference from the control from T-test; p-value <0.05.
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Figure 6.21: Barplot representing the comparison between the root length at day three
for JMJ13-RKD4 lines and the control col0. Below the barplot are shown the lines
which have significative difference from the control from T-test; p-value <0.05.
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Figure 6.22: Barplot representing the comparison between the root length at day three
for REF6-RKD4 lines and the control col0. Below the barplot are shown the lines
which have significative difference from the control from T-test; p-value <0.05.
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Figure 6.23: Barplot representing the comparison between the root length at day three
for ELF6-RKD4 lines and the control col0. Below the barplot are shown the lines
which have significative difference from the control from T-test; p-value <0.05.
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Figure 6.24: Barplot representing the comparison between the root length at day three
for LEC2 lines and the control col0. Below the barplot are shown the lines which have
significative difference from the control from T-test; p-value <0.05.
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Figure 6.25: Barplot representing the comparison between the root length at day three
for JMJ13-LEC2 lines and the control col0. Below the barplot are shown the lines
which have significative difference from the control from T-test; p-value <0.05.
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Figure 6.26: Barplot representing the comparison between the root length at day three
for REF6-LEC2 lines and the control col0. Below the barplot are shown the lines
which have significative difference from the control from T-test; p-value <0.05.
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Figure 6.27: Barplot representing the comparison between the root length at day three
for ELF6-LEC2 lines and the control col0. Below the barplot are shown the lines
which have significative difference from the control from T-test; p-value <0.05.
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