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Annotation

The primary objective of this thesis is to enhance our understanding of chromatin contribution to light
signalling by screening for the gun (genomes-uncoupled) phenotype in transgenic plant lines carrying
impaired chromatin modifiers. To achieve this, the study used RT-gPCR to analyse gene expression in
mutant plants under chloroplast-damaging conditions. These expression profiles were then compared

with those of wild-type plants under similar conditions.
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1. Introduction

Being sessile organisms, plants face various environmental stresses, including unpredictable
fluctuations in sunlight intensity, which can exert both positive and negative effects on their
growth and survival. To cope with light and other abiotic factors, plants have evolved a range
of sophisticated sensing and response mechanisms at different levels, enabling them to fine-
tune their photosynthetic processes and other physiological responses in an adaptive manner
(Szymanska et al., 2017). One example of these adaptations is the regulation of stomatal
movement. Stomata are microscopic pores on the leaf surface that control transpiration and gas
exchange. By opening and closing their stomata, plants balance their water loss and carbon

uptake.

Plants are among the life forms capable of synthesizing their own food utilizing energy from
sunlight through a process called photosynthesis. Plants possess the green pigment chlorophyll,
primarily located within the leaves, which facilitates energy harvesting to fuel the conversion
of water and carbon dioxide into organic molecules. Plants also store excess carbon and energy
in the form of starch, proteins or lipids in various parts of their body, including leaves, stems,
roots, fruits, or seeds, which serve as a primary source of energy and carbon for humans and
other animals. Moreover, plants play a critical role in maintaining the delicate balance of an
ecosystem by releasing oxygen, recycling carbon dioxide, contributing to the mitigation of the
greenhouse effect and climate change, and purifying the air, water, and soil in their immediate
environment. Therefore, plants are indispensable for sustaining most of the biological

processes that underpin life on Earth.

Arabidopsis thaliana (further Arabidopsis) emerged as a suitable model organism in plant
research in the 1980s, supplanting previously used species such as maize, soybean, petunia,
tomato, pea, and snapdragon (Koornneef & Meinke, 2010). The main rationale for choosing
Arabidopsis as a model organism was its suitability for genetic experiments, due to its short
life cycle, small size that conserves space, and abundant seed production through self-
pollination (Koornneef & Meinke, 2010).

Plants exemplify primary endosymbiosis, which is characterised by the incorporation of an
endosymbiotic prokaryote into a host cells, establishing a symbiotic relationship (Stadnichuk

& Kusnetsov, 2021). During this evolutionary process, the internalised prokaryote undergoes


https://www.zotero.org/google-docs/?BUkjU1
https://www.zotero.org/google-docs/?t0qPzj

extensive evolutionary modifications and by losing a subset of genes that are transferred to the
nucleus partially loses its autonomy, eventually transforming into an organelle that confers
novel functional capabilities and advantages on the host eukaryotic cell (Archibald, 2015). This
phenomenon explains the origin of two critical organelles in eukaryotic organisms:
mitochondria and chloroplasts (Gray et al., 1999; Margulis, 1975). Mitochondria, commonly
recognised as the 'powerhouse’ of the cell, are responsible for the catabolism of fuel molecules
and the generation of energy through a process called cellular respiration (Alberts et al., 2002).
Chloroplasts serve as photosynthetic machinery in plants and algae, capturing light energy to
synthesise sugars (Van Dingenen et al., 2016). Beyond their primary functions, both organelles
are intricately involved in various cellular processes, including signaling pathways, stress
response mechanisms, and the biosynthesis of a wide range of compounds (Jarvis & Lopez-
Juez, 2013). A key organelle in the plant cell is the nucleus, responsible for storing the DNA,
representing majority of genetic material of the cell , and for regulating gene expression or
coordinating a multitude of cellular activities (Zidovska, 2020). Nuclear DNA is assembled in
a highly organised but dynamic structure known as chromatin, which controls DNA
accessibility and expression of genes (Zidovska, 2020). Within chromatin, DNA is wrapped
around octamers of basic proteins called histones, forming the nucleosome, or basic unit of
chromatin. The openness or compaction of chromatin structure dictates the accessibility of
DNA to the transcriptional apparatus, thereby regulating the expression of genes involved in a
wide range of cellular processes, including genes that contribute to chloroplast functionality
(Gibney & Nolan, 2010). Changes to chromatin structure rely on chemical modifications to
DNA and histones that are read by chromatin remodelling proteins. These then alter DNA
accessibility and thereby change, gene expression, without changing the underlying DNA
sequence. This mode of gene transcription regulation is called “epigenetic” as it does not

involve a change to genetic information.

Endosymbiosis has given rise to chloroplasts and mitochondria with semi-autonomous
genomes that are remnants of the original genomes of the engulfed prokaryotic cell (Archibald,
2015). The chloroplast genome encodes for many proteins that are involved in photosynthesis
as well as proteins that participate in the biosynthesis of many compounds (Song et al., 2021).
However, the majority of proteins involved in photosynthesis and those that regulate plastid
genome transcription are encoded by the nuclear genome and subsequently transported as
proteins into the chloroplast (Sun & Zerges, 2015; Dobrogojski et al., 2020). This dual

encoding of proteins necessitates a high level of coordination in gene expression between the
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nuclear and plastid genomes (Wu & Bock, 2021). For instance, damage to chloroplasts often
leads to a reduction in the transcription of photosynthesis-associated nuclear genes (PhANGS),
demonstrating the intricate communication between these organelles (Inaba et al., 2011; Chi et
al., 2013; Hills et al., 2015). Signals transmitted from the chloroplast to regulate the expression
of nuclear genes within this communication loop are called retrograde signals (Richter et al.,
2023). Conversely, signals emanating from the nucleus to regulate plastid gene expression
(PGE) are referred to as anterograde signals (Woodson & Chory, 2008; Wu & Bock, 2021; Jan
etal., 2022).

Despite advancements, the precise mechanisms underpinning this coordination remain
enigmatic. Major progress in understanding the coordination of gene expression between
nuclear and plastid genomes have been achieved through the identification of genome-
uncoupled (gun) mutants. The seminal study by Susek et al. (1993) in Arabidopsis thaliana
identified six gun mutants that disrupt the retrograde signaling pathway. Unlike wild-type
plants, these mutants did not suppress the transcription of the nuclear-encoded gene LIGHT-
HARVESTING CHLOROPHYLL B-BINDING 1.2 (LHCB1.2) following chloroplast damage,
typifying the gun phenotype (Mochizuki et al., 1996; Susek et al., 1993; Wu & Bock, 2021;
Richter et al., 2023). Five of the six identified mutations affected genes involved in tetrapyrrole
metabolism, leading to a proposed role of tetrapyrroles in mediating the retrograde signal
(Richter et al., 2023; Wu & Bock, 2021). How gene response is regulated in the nucleus, at the

level of chromatin structure and transcriptional regulation, is even less understood.

Therefore, this thesis aims to extend our understanding of retrograde signaling by screening for
the gun phenotype in plant lines carrying defective chromatin modifiers. This approach may
uncover new mechanisms by which plants adjust to varying light conditions, further elucidating
the complex interplay between nuclear and plastid genomes.
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2. Literature review

2.1. Chloroplast development

Chloroplasts probably evolved from cyanobacterial endosymbionts that were engulfed by
phagocytosis by a eukaryotic cell 1.5 billion years ago (Sabater, 2018; Yoon et al., 2004). Over
time, most of its DNA was lost and only a small fraction of the original cyanobacterial genes
remained in modern chloroplasts (Archibald, 2015). Chloroplasts enable plants to perform
photosynthesis, the process of converting light energy into chemical energy. In addition to this
primary role, chloroplasts are also involved in various metabolic pathways that produce or
modify amino acids, pigments, fatty acids, plant hormones and other molecules (Cackett et al.,
2022). Moreover, chloroplasts play a key role in plant adaptation to environmental stress by
regulating the expression of stress-responsive genes and modulating the redox state of the cell
(Littlejohn et al., 2021; Mamaeva et al., 2020; Spetea et al., 2014; Witte & Herde, 2020)

2.2. Chloroplast biogenesis
Plastids are not formed from scratch, but are inherited from parental progenitor cells (Pyke,
2007). Chloroplasts develop from small undifferentiated proplastids that subsequently undergo
multiple rounds of division (chloroplast biogenesis). Other types of plastids are chromoplasts,
amyloplasts, and etioplasts, which develop from the same proplastid that is inherited between
parental and progeny cells and through generations. Based on condition and cell type, plastids
can convert into other types. For instance. amyloplasts store starch and are especially found in

starch accumulating tissues/organs, such as storage roots or tubers.
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Figure 1: Chloroplast development in cotyledons and true leaves. (a) Despite all cells of the
leaf receiving light, the chloroplast compartment varies between cell types. Mesophyll cells
(M) contain many large chloroplasts whilst chloroplast occupancy of the bundle sheath (BS)
and mestome sheath (MS) is lower. Image of transverse section of a rice leaf taken with
transmission electron microscopy. Green, purple, and yellow colours indicate the M, BS and
MS, respectively. (b) Schematic of skotomorphogenesis and photomorphogenesis in
dicotyledons (with epigeal germination) and monocotyledons with representative images
illustrating differentiation of plastids to chloroplasts during these processes in Arabidopsis.
Adapted from “Chloroplast development in green plant tissueS: the interplay between light,
hormone, and transcriptional regulation” by Lee Cackett, 2021, New Phytologist, Volume:
233, Issue: 5, Pages: 2000-2016.

Skotomorphogenesis or etiolation is a developmental program that is activated when seeds
begin to germinate in the dark and is characterized by rapid elongation of the hypocotyl
(Cackett et al., 2022; Pipitone et al., n.d.). During skotomorphogenesis, proplastids undergo
proliferation and differentiation to etioplasts within cotyledon cells. The inner membrane of
the etioplast has a paracrystalline lattice (prolamellar body) and disk-shaped membranes, called
prothylakoids (Floris & Kihlbrandt, 2021). The prolamellar body is the precursor structure of
the photosynthetic machinery and consists of regular arrangements of NADPH,
protochlorophyllide-oxido-reductase, chlorophyll precursor protochlorophyllide, thylakoid



membrane lipids digalactosyl-diacylglycerol (DGDG), and monogalactosyl-diacylglycerol
(Bastien et al., 2016).

Photomorphogenesis begins when the seedling emerges from the soil and encounters light,
causing rapid transformation of the etioplasts of the cotyledons into functional chloroplasts
(Jarvis & Lopez-Juez, 2013; Solymosi & Schoefs, 2010). The initiation of photomorphogenesis
is regulated by a network of photoreceptors, mainly phytochromes, which activate the
transcription of numerous nuclear genes encoding chloroplast proteins (Arsovski et al., 2012).
Thylakoid biogenesis is a crucial step in chloroplast development since these internal
membranes harbor the photosynthetic electron transport chain. The formation of thylakoids
and the initiation of photosynthetic activity depend on the simultaneous production and orderly
integration of chlorophylls, lipids, and proteins across different compartments (Jarvis & Lopez-
Juez, 2013). The import of nuclear-encoded preproteins is mediated by chaperones that
recognize chloroplast signals and by multimeric complexes of translocons of the outer and
inner chloroplast membranes (TOC and TIC, respectively), which constitute the general
chloroplast protein import machinery, allowing selective import by specifically recognizing
transit peptide sequences through TOC receptors (Day & Theg, 2018; Richardson & Schnell,
2020). Subsequently, imported chlorophyll-binding proteins need to be assembled with the
light-absorbing cofactor chlorophyll. Final steps of chlorophyll biosynthesis and greening
involve light-dependent activation of protochlorophyllide oxidoreductase, an enzyme that
mediates the transformation of protochlorophyllide into chlorophyllides a and b, which is
finally converted to chlorophyll a and b (Liebers et al., 2017). Therefore, finally, the fully
assembled thylakoid membrane consists of Photosystem II, the cytochrome bgf complex,
Photosystem | and ATP synthase (Cackett et al., 2022).

2.3. Nuclear- and chloroplast-encoded proteins control chloroplast development
Modern plastids have a compact genome consisting of 50-200 protein-coding genes, although
the exact number varies between species (Martin et al., 1998; Ponce-Toledo et al., 2019; Wu
& Bock, 2021). However, the majority of plastid proteins, approximately 3000, are encoded by
the nuclear genome (Christian et al., 2020; Richly et al., 2003). Therefore, proper development
of chloroplasts and thus photosynthetic machinery depends on close coordination between the
nuclear and chloroplast genomes, achieved by anterograde and retrograde signaling between
the two organelles (Koussevitzky et al., 2007; Shimizu et al., 2019; Wu & Bock, 2021). PGE

is regulated by anterograde signals originating from the nucleus (Jan et al., 2022; Jarvis &



Lopez-Juez, 2013; Shimizu et al., 2019). In turn, chloroplast development can affect nuclear
gene expression through retrograde signaling (Chan et al., 2016; de Souza et al., 2017; GlaRer
et al., 2014; Woodson & Chory, 2008).

Nuclear-encoded proteins are involved in a wide range of functions, including import
processes, thylakoid development, protein maturation and degradation, plastid gene
expression, chlorophyll synthesis, RNA processing, metabolite transport, and photosystem
assembly (Waters & Langdale, 2009). The bulk of nuclear-encoded chloroplast-targeted
proteins are initially synthesized by ribosomes in the cytosol as preproteins and are
subsequently imported into the chloroplast. In most cases, pre-proteins possess transit peptides
at their N-terminus, which facilitate their translocation into the chloroplast via interactions with
TOC and TIC (Sjuts et al., 2017). The import process is facilitated by chloroplast heat shock
proteins, which provide the necessary energy, and the subsequent processing of pre-proteins

occurs through the action of a stromal processing peptidase (Sjuts et al., 2017).

The small chloroplast genome encodes mostly proteins involve in photosynthesis, transcription
and translation (Daniell et al., 2016). Plastid transcription involves two types of polymerases:
nuclear-encoded polymerases (NEPs) and plastid-encoded polymerases (PEPSs) (Borner et al.,
2015; Hedtke et al., 1997). The initiation of PEP-mediated transcription of chloroplast genes
is regulated by a group of plastidic SIGMA (SIGs) factors (Chi et al., 2015). The transcription
and translation of these chloroplast genes are crucial for the development of chloroplasts. For
instance, mutant alleles associated with the PEP complexes exhibit an albino phenotype (Yuan
et al., 2019). Similarly, sigé mutants, due to their inability to produce adequate chloroplast-
encoded proteins, show deficiencies in chloroplast biogenesis (Chi et al., 2010). Moreover,
mutants that are completely defective in NEP result in embryo lethality (Cackett et al., 2022;
Hricova et al., 2006).

2.4. Retrograde signalling controls chloroplast and PhANG transcription
To date, five distinct classes of retrograde signals have been identified:1) plastid pigments or
their precursors (tetrapyrroles, apocarotenoids, and carotenoids); 2) signals originating from
plastid gene expression (PGE); 3) reactive oxygen species (ROS); 4) redox signals related to
photosynthesis; and 5) changes in metabolite pools or fluxes (Chan et al., 2016; de Souza et
al., 2017; Hernandez-Verdeja & Strand, 2018). These signals manifest at different times and in
different developmental contexts, and certain signals can exhibit varied effects under different
conditions (Liebers et al., 2022). Therefore, identified retrograde signals can be further grouped
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into two classes: “biogenic control” signals that informs the nucleus of the developmental status
of the plastid and protein demand during early chloroplast formation, germination, and seedling
growth (Liebers et al., 2022; Richter et al., 2023), and “operational control” signals generated
by mature chloroplasts in response to environmental stimuli that changes the demand for
nuclear-encoded proteins in plastids (Barajas-Lopez et al., 2013; Herndndez-Verdeja & Strand,
2018).

2.4.1. Biogenic retrograding signaling
Chloroplast biogenesis requires the precise integration of photosynthetic complexes that
mediate electron transfer reactions during photosynthesis (Jarvis & Lépez-Juez, 2013). This
process involves the coordinated expression and assembly of protein subunits encoded by both
plastid and nuclear genomes as well as the simultaneous incorporation of photosynthetic
pigments (chlorophylls and carotenoids) and redox-active cofactors (e.g. hemes and iron—sulfur
clusters) (Wu & Bock, 2021).

by Susek The pioneering study et al. (1993), which identified the gun (genome-uncoupled)
mutants, marked the beginning of efforts to unravel the mechanisms of retrograde signaling in
plants. The screening conducted by Susek et al. (1993) was based on the observation that the
application of specific chemicals, such as the herbicide norflurazon (NF), which impairs
chloroplast carotenoid biosynthesis, or inhibitors of organellar protein synthesis, such as
lincomycin (LIN), lead to reduced levels of transcripts derived from photosynthesis-associated
nuclear genes (PhANGs), particularly the LHCB marker gene encoding light-harvesting
chlorophyll a/b-binding proteins of photosystem Il (Mulo et al., 2003a; Oelmuller et al., 1986).
A gun phenotype arises when seedlings continue to express PhANGs despite blockage of

plastid development by NF.
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Figure 2: The tetrapyrrole pathway transforms glutamate into 5-aminolevulinic acid, a rate-
limiting step that requires eight 5-aminolevulinic acid molecules to generate porphyrins.
Protoporphyrin IX serves as a substrate for the two metal-chelating chelatases, Mg chelatase
(MgCh) and ferrochelatase (FC), which branch at the point of chlorophyll and heme synthesis.
The MgCh complex is composed of the subunits CHLH/GUN5, CHLI1, CHLI2, and CHLD,
with GUN4 acting as a regulator. The isoforms PPO1 and FC2 are presumed to supply the
heme used in plastids, which is further converted into phytochromobilin by the heme
oxygenases HO1/GUNZ2, HO3, and HO4 and phytochromobilin synthase (HY2/GUN3). PPO2
and FC1/GUNG are believed to produce the heme necessary for heme-dependent proteins
outside of the plastids, with the heme pool speculated to function as a retrograde signal. A
heme transporter is hypothesized to export heme into the cytoplasm. Notably, in A. thaliana,
mitochondrial localization of PPO and FC can be ruled out, indicating that heme is exclusively
produced in chloroplasts. Adapted from “Retrograde signaling in plants: A critical review
focusing on the GUN pathway and beyond” by S. Richter, 2023, Plant communications,

Volume 4, Issue: 1.

In the initial screen, five mutants (gun 1-gun 5) were isolated (Susek et al., 1993), and
subsequent studies revealed that overexpression of plastid FERROCHELATASE 1 (FC1) in
gun 6-1D mutants also leads to a gun phenotype (Woodson et al., 2011). It should be noted
that, except for GUNL, all the identified GUN proteins (GUN2 - GUNG) are directly involved
in the biosynthesis of tetrapyrroles (TPB), either as enzymes or regulatory proteins within the
pathway (Figure 2). GUNZ2, which is identical to HY1, functions as a heme oxygenase that
converts heme to biliverdin iXa (Mochizuki et al., 2001). In contrast, GUN3 (or HY2), acts as



a phytochromobilin synthase, reducing biliverdin iXa to phytochromobilin (Kohchi et al.,
2001; Mochizuki et al., 2001). GUN4 binds porphyrins and the ChlH subunit of Mg chelatase,
thereby stimulating chlorophyll biosynthesis by activating Mg chelatase (Adhikari et al., 2011).
GUNS5, the ChlIH subunit of Mg chelatase, is a key enzyme in the tetrapyrrole biosynthesis
pathway involved in chlorophyll production (Mochizuki et al., 2001). Finally, the gun6-1D
mutant, also known as OeFC, overexpresses plastid FC1, although not all FC1 overexpression
lines are considered gun mutants (Page et al., 2020; Woodson et al., 2011). These findings
strongly indicate the crucial involvement of TPB-derived metabolites, and in particular heme,
as retrograde signals in chloroplast biogenesis, (Z.-W. Zhang et al., 2015; Wu & Bock, 2021,
A. S. Richter et al., 2023).

2.4.1.1. GUNL1: A Central Regulator of Plastid Retrograde Signalling
GUNL1, the pentatricopeptide repeat (PPR) protein with a small MutS-related (SMR) domain
has emerged as a central node in multiple plastid retrograde signaling pathways, coordinating
the expression of plastid genome-encoded genes and integrating signals from various
retrograde signaling pathways (Koussevitzky et al., 2007; Woodson et al., 2013; Wu, Meyer,
Richter, et al., 2019).

The initiation of chloroplast gene transcription mediated by PEPs is controlled by SIGMA
(SIGs) factors (Fu et al., 2021). Angiosperms have six groups of sigma factor genes (SIG1-
SIG6) that are involved in chloroplast development and chlorophyll biosynthesis by regulating
the transcription of photosynthetic genes and tRNAs (Chi et al., 2015; Zhang et al., 2015).
SIG2 and SIG6 regulate PhANGs via a partially redundant but distinct pathway and are
complemented by gunl (Woodson et al., 2013).

The molecular function of GUN1 has remained elusive because of its low protein levels (Y. Jia
et al., 2019; Wu & Bock, 2021). Recent studies have revealed that GUN1 accumulates during
active chloroplast biogenesis and is highly expressed in tissues undergoing active chloroplast
development (Wu et al., 2018). Post-transcriptional mechanisms regulate GUN1 protein
accumulation, with rapid degradation mediated by stromal Clp protease and an involvement of
chloroplast chaperone CIpC1. GUNL1 contains PPR tracts and an SMR domain, suggesting that
it is involved in organellar gene expression and nucleic acid binding (Koussevitzky et al., 2007;
Pesaresi & Kim, 2019; Wu et al., 2018). However, subsequent studies have shown that GUN1

interacts with proteins rather than with nucleic acids (Tadini et al., 2016; Wu et al., 2019).

10



GUNL1 interacts with various proteins involved in plastid retrograde signalling, including

enzymes of the tetrapyrrole biosynthesis (TPB) pathway and chaperones (L. Liu et al., 2014).

It has also been found recently, that GUN1 facilitates protein import under stress conditions,
thereby maintaining plastid protein homeostasis (Wu, et al., 2019). Loss of GUNL1 function
leads to accumulation of unimported precursor proteins in the cytosol. This perturbation
triggers the accumulation of cytosolic chaperones, particularly HSP90, which participate in
both the TPB and PGE pathways of retrograde signalling (Wu et al., 2019; Wu & Bock, 2021).
The binding of Mg-ProtolX to HSP90 inhibits its ATPase activity, suggesting a negative signal
from the stressed plastids (Kindgren et al., 2011; Wu et al., 2019). Proteomic analyses have
revealed significant differences in the abundance of proteins between wild-type and gunl
mutant plants, particularly under stressful conditions (Wu & Bock, 2021). GUNL1 has therefore
been implicated in regulating plastid proteostasis, facilitating the import of chaperones, and

ensuring balanced plastid protein homeostasis under stressful conditions (Wu et al., 2019).

Overall, GUNL plays a pivotal role in plastid retrograde signaling, protein import, and plastid
proteostasis. Its function is conditional, as it acts as a modulator of protein import and
proteostasis only when plastid homeostasis is disturbed. Disruptions in PGE and protein import
processes contribute to the gunl mutant phenotype and hypersensitivity to stress. Further
investigation is needed to fully elucidate the molecular mechanisms underlying the function of

GUNL in biogenic retrograde signaling and plastid protein homeostasis.

2.4.2. Retrograde signaling in mature chloroplast
Retrograde signaling in mature chloroplasts differs from biogenic signaling in that it aims to
maintain chloroplast and cellular homeostasis under various environmental and developmental

conditions that affect plastid function.

2.4.2.1.  Tetrapyrrole biosynthesis pathway
Plants synthesize four major tetrapyrroles—chlorophyll, heme, siroheme, and
phytochromobilin—via a common branched pathway in the plastids. The pathway originates
from glutamate and splits into two branches that use either M g2* (for chlorophyll) or Fe?*
(for heme and bilins) as cofactors. It is regulated at multiple levels to prevent the accumulation
of excess tetrapyrroles, which can generate harmful radicals when exposed to light (Kobayashi
& Masuda, 2016). Changes in the pathway reflect developmental and environmental changes

and can affect the expression of nuclear genes related to photosynthesis in both green algae and

11



plants. Thus, the tetrapyrrole biosynthesis pathway is linked to both biogenic and operational

control.

The TBP flux is influenced by environmental changes, leading to reactive oxygen species
(ROS) and specific intermediate metabolites accumulation. gun5 mutants are more vulnerable
to abiotic stresses such as low temperature exposure (Kindgren et al., 2015). The aerobic
cyclase reaction, which is very sensitive to oxidative stress and ROS, was found to result in the
accumulation of upstream intermediates such as MgProtolX/MgProtolX-methylester in
Arabidopsis (Stenbaek et al., 2008). These intermediates may exit the chloroplast through an
unknown transporter, interact with and inhibit the ATPase activity of an HSP90 chaperone
complex in the cytosol, and then regulate specific nuclear gene expression through transcription
factors HY5 and PSEUDO RESPONSE REGULATOR 5 (PRR5) via ZEITLUPE (ZTL)
(Crawford et al., 2018; Kindgren et al., 2011; Norén et al., 2016).

2.4.2.2.  Methylerythritol cyclodiphosphate

Methylerythritol cyclodiphosphate (MECPP) is a metabolite that originates from plastids and
acts as an operational retrograde signal to modulate nuclear gene expression (Xiao etal., 2012).
MECPP plays a pivotal role in influencing hypocotyl length under red light conditions by
regulating phyB protein levels through a calcium-mediated pathway involving the transcription
factor CALMODULIN-BINDING TRANSCRIPTIONAL ACTIVATOR 3 (CAMTAZ3) (Jiang
et al., 2019). Studies indicate that MECPP triggers the expression of stress-responsive genes
located in the nucleus, including chloroplast-localized and endoplasmic reticulum (ER) stress-
related proteins (de Souza et al., 2017). Furthermore, MECPP functions as a retrograde signal,
activating nuclear genes associated with stress response and biotic defense, such as the JA-
related enzyme-encoding HYDROPEROXIDE LYASE (HPL) (Xiao et al., 2012). Excessive
MECPP accumulation in stressed plants hampers growth and induces early flowering via the
involvement of B-BOX DOMAIN PROTEIN 19 (BBX19) (de Souza et al., 2017).

Recent research highlights that MECPP serves as a retrograde signal, inducing the unfolded
protein response (UPR) upon ER stress caused by misfolded proteins (J.-X. Liu & Howell,
2016). This UPR involves pathways mediated by INISITOL REQUIRING 1 (IRE1), basic
leucine zipper 60 (bZIP60), binding immunoglobulin proteins (BiPs), and the TFs bZIP28, and
bZIP17 (Bao & Howell, 2017). MECPP activates UPR by directly prompting the expression of
bZIP60, IREla, bZIP28, and BiP3 through the nuclear transcription factor CAMTAS in a
calcium-dependent manner (Crawford et al., 2018; Walley et al., 2015).
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2.5. Role of transcription factors in chloroplast development
The differentiation and function of plastids during plant development are controlled by
transcription factors from two families, GOLDEN2-LIKE (GLK1&2) and GATA (GNC and
CGAL), which regulate the transcription of chloroplast-related genes (Bastakis et al., 2018).

GOLDENZ2-LIKE (GLK1 and 2) was first discovered in maize (Langdale & Kidner, 1994; Hall
et al., 1998). The GLK1 and GLK2 transcription factor genes are functionally redundant in
Arabidopsis, and their mutants exhibit smaller chloroplasts with incorrectly formed thylakoids
in bundle-sheath cells and reduced chlorophyll content. The expression of nuclear genes
involved in light harvesting and chlorophyll biosynthesis was reduced in these mutants. These
genes include the LIGHT HARVESTING COMPLEX (LHC) PROTEIN family and
tetrapyrrole synthesis genes Glutamyl-tRNA reductase family protein (HEMA1), GUN4,
GUNS/CHLH, and CAO (Fitter et al., 2002; Rossini et al., 2001; Waters et al., 2009). The
molecular mechanisms underlying the pale green appearance (reduced chlorophyll content) of
the glk1 glk2 mutants are probably the impaired function of the light harvesting complex and
reduced chlorophyll synthesis (Bastakis et al., 2018). Elevated expression of GLK transcription
factors enhances chlorophyll synthesis and increases chloroplast production. This upregulation
of GLKs has been associated with the promotion of chloroplast development, even in tissues
that typically exhibit lower chloroplast content (Wang et al., 2017). Furthermore,
overexpression of GLK1 or GLK2 has been observed to display gun phenotypes, indicating a
disruption of the nuclear response to chloroplast-initiated retrograde signaling (Leister &
Kleine, 2016).

The GATA transcription factor family comprises GNC and CGAL/GNL transcription factors,
which were identified based on their robust induction in response to various environmental
disturbances such as light and nitrate (Hudson et al., 2013). CGA1/GNL also appeared to have
a broad influence on several developmental processes, such as germination, stomatal
development, flowering and senescence, as evidenced by its modification (R. Richter et al.,
2013; Zubo et al., 2018). Arabidopsis mutants lacking the GNC and CGA1/GNL genes exhibit
a decrease in chloroplast size and a reduction in chlorophyll content of approximately 10-15%
compared to their wild-type counterparts (Cackett et al., 2022). The pronounced phenotypic
defects in the double mutants suggest that the two transcription factors have overlapping
functions in controlling chlorophyll synthesis and chloroplast formation (R. Richter et al.,
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2010). Overexpression of GNC or CGA1/GNL in Arabidopsis, as well as CGA1/GNL in rice,
accelerates the process of greening during photomorphogenesis, raises chlorophyll levels in
mature leaves, and triggers activation of chloroplast development in non-green tissues such as
the leaf epidermis and root cells (Richter et al., 2010, 2013; Zubo et al., 2018).

2.6. Convergence of plastid retrograde signaling and photomorphogenesis

During the transition from skotomorphogenesis to photomorphogenesis, plants need to rapidly
produce chloroplasts to enable photosynthesis and support autotrophic growth. However, they
also need to avoid oxidative damage caused by incompletely assembled photosynthetic
machinery. The coordination of plastid-derived retrograde signals and light signals is essential
for this process (Pogson et al., 2015). Among the five GUN loci that are involved in retrograde
signaling, GUN2 (HY1) and GUN3 (HY2) have a dual role in both retrograde and light
signaling. HY1 and HY2 are responsible for the synthesis of the bilin-type chromophore of
phytochrome, the red and far-red light photoreceptor (Bae & Choi, 2008; J. Li et al., 2011).
HY1 and HY2 were initially identified as components of light signaling pathways (Chory et al.,
1989; Parks & Quail, 1991), but the same genes were later found to underlie gun mutations as
well, indicating their involvement in retrograde signaling (Larkin, 2014; Ruckle et al., 2012;
Ruckle & Larkin, 2009, p. 1).

ABSCISIC ACID INSENSITIVE 4 (ABI4) is a nucleus-encoded transcription factor that is
involved in mediating downstream transcriptional responses to plastid retrograde signals
(Pesaresi & Kim, 2019). It was suggested that ABI4 binds to the CCAC cis-element. This cis-
element is often found near another cis-element called the G-box (ACGT), which is the binding
site for other transcription factors that regulate gene expression in response to light, such as
ELONGATED HYPOCOTYL 5 (HY5). This model proposes that ABI4 competes with these
light-regulated transcription factors for binding to the G-box. Consequently, ABI4 can suppress
the expression of PhRANGSs, which are typically induced by light (Koussevitzky et al., 2007;
Lee et al., 2007). However, subsequent studies showed that the abi4 mutant does not show a
gun phenotype (Gray et al., 2003; Kacprzak et al., 2019). A second genetic screen identified
CRYPTOCHROME 1 (CRY1) mutations as gun mutants, suggesting that loss of cryptochrome
function represses PhANG expression by altering the regulatory role of HY5 (Ruckle et al.,
2007; Ruckle & Larkin, 2009, p. 1).

Previous studies have reported that gun1 mutants have impaired chloroplast development when
exposed to light after being grown in the dark (Mochizuki et al., 1996; Wu, Meyer, Wu, et al.,
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2019 a). This implies that plastid signals and light signals interact during the transition from
skoto- to photomorphogenesis. A model was suggested to explain this interaction, involving
GUN1, PHD-TYPE TRANSCRIPTION FACTOR WITH TRANSMEMBRANE DOMAINS
(PTM) and ABI4 as regulators of light signaling mediated by CONSTITUTIVE
PHOTOMORPHOGENIC1 (COP1) and HY5 (Xu et al., 2016). According to this model, a
retrograde signal is transmitted by the GUNL in conjunction with the PTM and ABI4. This
signal subsequently modulates the light signal that is transduced by COP1 and HY5. However,
this model has been challenged by other experiments that show that ptm and abi4 mutants do
not exhibit the gun phenotype (Kacprzak et al., 2019; Page et al., 2017). An alternative
hypothesis is that gunl mutants have reduced protein import into plastids, which affects

chloroplast biogenesis (Wu, Meyer, Richter, et al., 2019b).

The transcriptional regulator GLK1 plays a crucial role in photomorphogenesis and serves as
a significant mediator of retrograde signals from plastids (Kakizaki et al., 2009). The
PHYTOCHROME-INTERACTING FACTOR 4 (PIF4), a key repressor of
photomorphogenesis, directly targets the GLK1 gene (Oh et al., 2012). During
photomorphogenesis,  phytochrome-mediated  degradation of PHYTOCHROME-
INTERACTING FACTORSs (PIFs) leads to increased GLK1 expression and upregulation of
photosynthesis-related genes (Martin et al., 2016). However, under stress or when plastids are
dysfunctional, GLK1 expression is repressed through a GUN1-dependent mechanism,
counteracting the phytochrome signal and slowing down photomorphogenesis (Martin et al.,
2016).

The perception of red and far-red light involves retrograde signaling mechanisms (Wu & Bock,
2021). One of them is the regulation of the nuclear localization of phytochrome B (phyB).
phyB transport to the nucleus to activate light-responsive genes is facilitated by binding to
HEMERA (HMR), a protein that is a part of the PEP complex. HMR also interacts with other
PEP-related proteins and regulates plastid gene expression (Nevarez et al., 2017). HMR and
other PEP-related proteins, such as REGULATOR OF CHLOROPLAST BIOGENESIS
(RCB), NUCLEAR CONTROL OF PEP ACTIVITY (NCP), and PAPS8, are found in both
plastids and the nucleus, suggesting a connection between the plastid genome expression
pathway and phyB-mediated light signaling (Liebers et al., 2020; Nevarez et al., 2017).
Another example of dual localization is the transcription factor HYCMF7 in barley and its
Arabidopsis homolog CIA2, which affect chloroplast development, possibly by regulating
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plastid ribosome formation (Gawronski et al., 2021; M. Li et al., 2019). These findings indicate
that many transcriptional regulators may act as key mediators of intercellular communication

by being present in both chloroplasts and the nucleus (Wu & Bock, 2021).

In summary, the convergence of retrograde plastid signaling with light signaling during
photomorphogenesis is intricately demonstrated through the dual roles of GUN2 (HY1) and
GUN3 (HY2). These loci are instrumental in the biosynthesis of the chromophore for
phytochrome and are also integral to retrograde signaling. These components highlight the
complex interplay between different signaling pathways. The involvement of ABI4, CRY1,
and HY5 further emphasises this complexity. Despite previous hypotheses about ABI4's role
in retrograde signaling, new studies bring these assumptions into question, illustrating the
dynamic and evolving understanding in this field. The interaction between CRY1 and HY?5,
particularly in regulating PRANG expression, underscores the nuanced regulatory mechanisms
at play. Traditional accepted models involving GUN1, PTM, and their regulatory influence
through COP1 and HY5 are being reevaluated in light of emerging experimental data. This
intricate scenario is further complicated by the discovery of transcription factors such as
HVCMF7 / CIA2, which exhibit dual localisation, indicating their multifunctional roles in both
chloroplast and nuclear regulatory processes, and highlighting the complex network of

interactions that govern plant photomorphogenesis.

2.7. Epigenetic regulation of gene transcription

At the heart of nuclear gene transcription, the role of epigenetic mechanisms such as DNA
methylation and histone modification is of paramount importance (Hemenway & Gehring,
2023). Central to these mechanisms is the structure and modification of chromatin, which plays
a crucial role in the regulation of gene expression. Chromatin, primarily composed of DNA
wound around histone proteins, forms the structural basis of the eukaryotic genome. The basic
unit of chromatin is the nucleosome, which consists of a segment of DNA wrapped around an
octamer of histone proteins. This octamer is typically made up of pairs of four core histone
proteins: H2A, H2B, H3, and H4 (Samo et al., 2021). Each histone protein is characterized by
a structured C-terminal core and an unstructured N-terminal tail domain. The N-terminal tails,
known for their flexibility, are often subject to a variety of posttranslational modifications.
These include acetylation, methylation, ubiquitination of lysine residues, citrullination of
arginine residues, phosphorylation of serine, threonine, and tyrosine residues (Yamaguchi,
2021).
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Embedded in the complexity of chromatin structure is the histone H1, often referred to as the
linker histone. H1 lies outside the nucleosome core, binding the DNA between nucleosomes
and helping to compact the chromatin into higher-order structures (Fyodorov et al., 2018). This
compaction is vital for the dense packing of DNA in the nucleus and has significant
implications for gene regulation. The presence and post-translational modifications of histone
H1, along with core histones, are key in controlling the accessibility of transcriptional

machinery to the underlying DNA (Rutowicz et al., 2019)

Histone modifications play a pivotal role in this regulation, coordinated by a diverse group of
enzymes known as ‘writers’, such as histone methyltransferases (HMTs) or histone
acetyltransferases (HATs). HMTs modify specific residues on histones, affecting gene
expression patterns, while HATS facilitate transcription by loosening chromatin structure (Fang
et al., 2023). Conversely, ‘erasers’ like histone demethylases, including JUMONJI DOMAIN-
CONTANING PROTEIN (JMJ) domain-containing proteins, and histone deacetylases
(HDACSs), reverse these modifications, highlighting the dynamic nature of chromatin
regulation (Morera et al., 2016). Complementing these are ‘readers’ - proteins that recognize
specific histone modifications and translate them into biological outcomes. Chromodomains
and bromodomains, which bind to methylated and acetylated lysine residues respectively, are

prime examples of such ‘readers’, thus influencing gene expression patterns (Jain et al., 2020).

Chromatin remodelers such as BRAHMA (BRM) and PICKLE (PKL) are crucial in
repositioning and restructuring nucleosomes, thereby modulating the access of transcription
machinery to DNA. These remodelers, while not altering histone modifications directly, affect
the overall architecture of chromatin, playing a vital role in gene regulation (Liu et al., 2022).
They are part of a complex network of epigenetic regulation, working synergistically with the

‘writers’, ‘erasers’, and ‘readers’ to ensure precise control over gene expression.

The intricate organization of chromatin and its modifications constitute a fundamental layer of
epigenetic regulation. This regulation is a dynamic process, influencing gene expression
patterns without altering the underlying DNA sequence, thereby playing a pivotal role in
cellular differentiation, development, and response to environmental cues (Berger et al., 2009).

2.7.1. Polycomb Repressive Complexes (PRC): PRC2 and PRCL1
Polycomb Group (PcG) proteins play a crucial role in epigenetic regulation by maintaining

developmental gene repression (Baile et al., 2022). These proteins are organized into two
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distinct and important multi-protein complexes known as Polycomb Repressive Complex 1
(PRC1) and Polycomb Repressive Complex 2 (PRC2) (Margueron & Reinberg, 2011), which
are responsible for establishing and preserving transcriptional repression by catalysing
repressive histone post-translational modifications.

PRC2, found in various multicellular organisms, catalyzes the trimethylation of histone H3 at
lysine 27 (H3K27me3), an essential epigenetic mark associated with gene repression (Mozgova
et al., 2015). Loss of core PRC2 subunits in plants and animals leads to developmental defects
due to the disruption of H3K27me3 levels in PRC2 target genes (Deevy & Bracken, 2019;
Mozgova et al., 2015).

While the subunits of PRC2 are conserved across multicellular organisms, the number of genes
encoding each subunit varies among species (Mozgova et al., 2015). For instance, Drosophila
PRC2 comprises four main components: Enhancer of zeste (E(z)), Suppressor of zeste 12
(Su(z)12), Extra sex comb (Esc), and p55 (Margueron & Reinberg, 2011). In humans, two
copies of E(z2—EZH1 and EZH2—exist (Ciferri et al., 2012). Arabidopsis possesses three
homologous genes for the E(z) subunit: CURLY LEAF (CLF), SWINGER (SWN), and
MEDEA (MEA); three for Su(z)12: EMBRYONIC FLOWER 2 (EMF2), VERNALIZATION
2 (VRN2), and FERTILIZATION INDEPENDENT SEED 2 (FIS2); one gene for Esc:
FERTILIZATION INDEPENDENT ENDOSPERM (FIE); and five genes for p55:
MULTICOPY SUPRESSOR OF IRA 1-5 (MSI1-5) (Hennig et al., 2005; Kenzior & Folk,
1998).

In Arabidopsis, CURLY LEAF (CLF) and SWINGER (SWN) function as catalytic subunits of
the PRC2 complex in the sporophyte. The third catalytic subunit MEDEA (MEA), contributes
to H3K27me3 deposition but is predominantly expressed during female gametophyte and early
seed development (Chanvivattana et al., 2004; Shu et al., 2019, simonini et al 2021). In
particular, MEA's functions are distinct from CLF and SWN, which are primarily active during
vegetative growth and inflorescence development (Y. Liu et al., 2022). FERTILIZATION
INDEPENDENT SEED2 (FIS2)-associated PRC2 has a pivotal role in seed development
(Kohler et al., 2003). The VERNALIZATION2 (VRN2)-PRC2 complex contributes to
vernalization-triggered flowering through its regulation of FLOWERING LOCUS C (FLC) (De
Lucia et al., 2008). Furthermore, EMBRYONIC FLOWER2 (EMF2)-PRC2 is indispensable
for sustaining the vegetative phase by suppressing the developmental MADS box genes
including AGAMOUS (AG), APETALA3 (AP3) or PISTILLATA (PI), and its disruption leads
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to various aberrant phenotypes such as early flowering, leaf curling, terminal flowers, and
anomalous floral organs, attributed to widespread misregulation of multiple flower homeotic
genes (Pu et al., 2013).

Previous research has demonstrated the significant roles of PRC2 proteins in numerous growth
and developmental processes (C. Li et al., 2015; Shu et al., 2019). For example, CLF has been
linked to the regulation of leaf and flower morphology by repressing AGAMOUS (AG) and
SHOOT MERISTEMLESS (STM) (Schubert et al., 2006). Additionally, CLF is involved in the
epigenetic repression of the major flowering repressor FLOWERING LOCUS C (FLC), whose

repression is triggered by vernalization (Heo and Sung, 2011).

PRC2 lacks DNA-binding domain and among other mechanisms mainly relies on interaction
with various transcription factors that interact with PRC2 subunits to recruit the complex to
DNA target genes in a sequence-specific manner (Xiao et al., 2017). For instance, CLF and
SWN are recruited to target genes by TELOMERE-REPEAT-BINDING FACTORS (TRBS)
through telobox-related motifs (Zhou et al., 2018). In addition, VIVIPAROUS1/ABI3-LIKE1
(VAL1) and VALZ2 are transcription factors required for PRC2 recruitment during the seed-to-
seedling transition (N. Chen et al., 2018; H. Jia et al., 2013; Yuan et al., 2020).

Polycomb repressive complex 1 (PRC1) mediates histone H2A ubiquitination (H2Aub) (Beisel
& Paro, 2011; Simon & Kingston, 2009). Alone or in combination with H3K27me3, deposition
of H2Aub compacts chromatin and restricts gene accessibility, particularly crucial during
development (Francis et al., 2004). The composition of plant PRC1 complexes is not well
determined yet. Nevertheless, the catalytic components appear to be RING domain proteins
(RING1, BMI1). TERMINAL FLOWER 2/LIKE HETEROCHROMATIN PROTEIN 1
(TFL2/LHP1), EMBRYONIC FLOWER 1 (EMF1), and VERNALIZATION 1 (VRN1) have
been proposed to also comprise the PRC1 (Calonje, 2014). In Arabidopsis, RING1-like
(AtRING1A, AtRING1B) and BMIl-like proteins (AtBMI1A, AtBMI1B, AtBMI1C)
collaborate with PRC2 for post-embryonic repression, atalysing H2A monoubiquitination
(Bratzel et al., 2010). LHP1/TFL2, a versatile PcG protein, interacts with diverse partners to
reach chromatin targets, impacting leaf morphogenesis, flowering, and stress responses in loss-
of-function mutants (Parihar et al., 2019). EMFL1, lacking conserved motifs, interacts with
RING1A-B and BMI1A-C, is crucial for H2Aub, and mutations lead to developmental

transition within the growth meristems. VRN1, involved in vernalization, could be another
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PRC1 subunit, but its function and interactions remain unknown (Berke & Snel, 2015; Pu et
al., 2013).

Overall, PRCs have been mainly associated with developmental gene repression. Recently
emerging reports indicate involvement of PRCs in the regulation of environmental and defence
response genes (Ramirez-Prado et al., 2019). There is very little evidence and understanding
of PRCs function during repression of genes whose transcriptional level dynamically responds

to environmental cues, including light availability.

2.7.2. Chromatin modifiers associated with Polycomb and/or light signalling

PcG repression is counteracted by Trithorax-group (TrxG) protein complexes that serve as
activators of PcG-repressed genes (Kuroda et al., 2020; Schuettengruber et al., 2017). This
group of protein complexes includes activating histone methyltransferases (depositing e.g.
H3K3me3, H3K36me3 etc.), histone acetyltransferases and multiple ATP-dependent
nucleosome remodellers, which use ATP hydrolysis to alter, displace or reposition
nucleosomes and create an open chromatin state that allows the access of transcriptional factors
or other regulators (Clapier & Cairns, 2009; Saha et al., 2006).

Interplays between PcG and other TrxG histone methyltransferases have been explored. For
example, CLF physically interacts with ARABIDOPSIS HOMOLOG OF TRITHORAX 1
(ATX1), a histone methyltransferase catalyzing H3K4me3, to regulate the AG silent state in
young seedlings (Saleh et al., 2007; Shu et al., 2020). CLF also collaborates with SET
DOMAIN GROUP 8 (SDG8) (Bian et al., 2016; Tang et al., 2012), a histone methyltransferase
(HMT) that targets histone H3 lysine 36 (H3K36) in plants (X. Wang et al., 2014). SDG8
catalyzes the di- and trimethylation (H3K36me2 and H3K36me3) and inhibits the
monomethylation (H3K36me1l) of this residue, thereby altering the chromatin structure and
gene expression (Guo et al., 2010). SDG8 plays a crucial role in regulating various biological
processes in plants, such as flowering time, shoot branching, reproductive development,
carotenoid metabolism, seed gene expression, fungal defense, and innate immunity (Y. Li et
al., 2015). BRAHMA (BRM) and SPLAYED (SYD) are two SWItch/Sucrose Non-
Fermentable (SWI/SNF)-type ATPases of the TrxG. BRM and SYD counteract CLF activity
function at AGAMOUS (AG) and APETALA 3 (AP3) during flower development (Shu et al.,
2020). BRM restricts CLF/SWN occupancy and activity at the SHORT VEGETATIVE
PHASE (SVP) gene during vegetative development (C. Li et al., 2015, 2016; Shu et al., 2020).
Recent evidence also suggests that SYD, similar to BRM, exhibits both antagonistic and

20


https://www.zotero.org/google-docs/?rA9BEU

collaborative roles with PRC2 in mediating H3K27me3 deposition in Arabidopsis seedlings
(Shu et al., 2021). The chromatin SWI/SNF ATP-dependent (CHD)-type remodeller protein
PICKLE (PKL) is required for root meristem growth, acting antagonistically to CLF in the
determination of root meristem activity (Aichinger et al., 2011). Recent findings indicate that
PKL and CLF also function together at a common set of genes and are both necessary for

maintaining genome-wide H3K27me3 levels (Aichinger et al., 2011; Shu et al., 2020).

H3K27me3 deposition by PRC2 is counteracted by catalytic complexes that mediate removal
(demethylation) of the repressive marks (Crevillén, 2020). Among these are the JMJ-domain
demethylases such as EARLY FLOWERING 6 (ELF6), RELATIVE OF ELF6 (REF®6),
JMJ13, and JMJ30 (Crevillén et al., 2014; He et al., 2021; Lu et al., 2011; Zheng et al., 2019).
Antagonistic interactions are frequently facilitated by competitive binding at identical
chromatin sites (Zhu et al., 2020). However, PRC2 shows a preference for distinct motifs, such
as the telobox and GAGA motifs, indicating that competitive antagonism between JMJ proteins
(specifically REF6) and PRC2 is improbable as they do not share overlapping binding patterns
(Yamaguchi, 2021). Notably, REF®6 is found at the periphery of H3K27me3 regions, which are
occupied by PRC2 (Yan et al., 2018). The spread of H3K27me3 observed in ref6 elfé jmj13
triple mutants implies that REF6 binding acts to inhibit the extension of H3K27me3. However,
the specific mechanisms through which ELF6 and JMJ13 contribute to preventing this
spreading are yet to be fully understood (Yamaguchi, 2021).

PRC2 repression and H3K27me3 deposition has been connected to the presence of the linker
histone H1. Plants carrying mutations in the three H1 genes present in Arabidopsis display
some developmental phenotypes resembling PRC2 depletion mutants (Rutowicz et al. 2019,

Celia Baroux and Kinga Rutowicz, University of Zurich, personal communication).

Histone acetylation and deacetylation are reversible modifications that affect gene regulation
by altering the chromatin structure. The balance between histone acetylation and deacetylation
is maintained by the antagonistic activities of histone acetyltransferases (HAT) and
deacetylases (HDAC), which catalyze the addition or removal of acetyl groups to lysine
residues on the N-terminal tails of histone H3 and H4 (Pandey et al., 2002). In Arabidopsis
thaliana, several lysine sites on histone H3 (K9, K14, K18, K23, and K27) and H4 (K5, K8,
K12, K16, and K20) have been reported as targets of acetylation and deacetylation (Benhamed
et al., 2006; Servet et al., 2010). GENERAL CONTROL NON-REPRESSIBLE 5 (GCN5) or
HISTONE ACETYLTRANSFERASE OF THE GENERAL CONTROL NON-
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REPRESSIBLE 5 (HAG1) (AtGCN5/HAG1) is a key HAT that modulates gene expression in
various plant developmental pathways and environmental responses (Servet et al., 2010).
Mutations in AtGCN5/HAG1 cause several phenotypic defects, such as reduced plant height,
impaired meristem activity, abnormal root and leaf morphology, defective floral organ
specification, and diminished responsiveness to light and cold stimuli (Bertrand et al., 2003;
Kornet & Scheres, 2009; Servet et al., 2010; Long et al., 2006; Vlachonasios et al., 2003).
Moreover, GCN5, HD1, and TAF1/HAF2 interact to regulate histone acetylation required for
light-responsive gene expression (Benhamed et al., 2006). These findings suggest that
AtGCN5/HAG1 plays a role in diverse developmental and environmental processes in

Arabidopsis.

There are 12 RPD3-like HDACs, among which HDAS5, HDAG6, HDA9, and HDA19 have been
extensively studied (Peng et al., 2017) in Arabidopsis thaliana. HDAG plays a key role in DNA
methylation, heterochromatin formation, and various signaling pathways involving
phytohormones, circadian rhythms, stress responses, and flowering time (Ning et al., 2019).
HDA19 also participates in many developmental processes, such as embryogenesis,
germination, floral development, phytohormone signaling, and stress responses, either
redundantly or independently of HDA6 (L.-T. Chen & Wu, 2010; Krogan et al., 2012).
According to (Ning et al., 2019), the HDA19 histone deacetylase complex also plays a role in

regulating the timing of flowering in a manner that is dependent on photoperiod.

Altogether, a multitude of chromatin-modifying proteins complexes are known to act
synergistically or antagonistically to PRCs and to also regulate environmental responses. It
however remains unknown whether and how these mechanisms contribute to the regulation of
photosynthesis-associated nuclear gene (PhANG) expression This thesis extends previous
preliminary results of the lab that identified gun phenotype in PRC2 mutants. The aim of this
work is to screen for the presence of gun phenotype in mutants affected in light and/or PRC2-

related pathways to determine the extent of their involvement in PhRANG regulation.
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3. Material and Methods

3.1 Chemicals
GeneRuler 1kb RNA ladder (#SM0311, Thermo Fisher Scientific); DNA Gel Loading Dye 6x
(#R0611,Thermo Scientific; #B87024S, BioLabs); Ethanol 96% (#70390, Penta); Murashige &
Skoog medium including vitamins (= MS) (#M0255, Duchefa); sucrose; LB Broth with agar
(#L2897, Sigma Aldrich); Dithiothreitol (DTT); Lincomycin; DNase | (lyophilized, Thermo
Fisher Scientific); RNA Binding Beads (Thermo Fisher Scientific); DNase | Reconstitution
Buffer (Thermo Fisher Scientific); 2X DNase | Buffer (Thermo Fisher Scientific); Lysis Buffer
(Thermo Fisher Scientific); Wash Solution 1 Concentrate (Thermo Fisher Scientific); Wash
Solution 2 Concentrate (Thermo Fisher Scientific); Manganese Chloride Solution (Thermo
Fisher Scientific); RNA Rebinding Buffer (Thermo Fisher Scientific); Water,Nuclease-free
(Thermo Fisher Scientific); RevertAid RT (200 U/uL, Thermo Scientific, #K1622), RiboLock
RNase Inhibitor (20 U/uL, Thermo Fisher Scientific, #K1622), 5X Reaction Buffer (250 mM
Tris-HCI (pH 8.3), 250 mM KCI, 20 mM MgCI2, 50 mM DTT; Thermo Fisher Scientific), 10
mM dNTP Mix, Oligo(dT),g Primer, 100 uM (Thermo Fisher Scientific), Random Hexamer
Primer, 100 pM, (Thermo Fisher Scientific), Forward GAPDH Primer, 10 uM (Thermo Fisher
Scientific), Reverse GAPDH Primer, 10 UM (Thermo Fisher Scientific), Control GAPDH
RNA, 0.05 pg/pL (Thermo Fisher Scientific); Dentist machine (ivoclar vivadent, SILAMAT)

3.2 Kits
The listed buffers in 2.1 are included in the following Kkits:

e MagMAX Plant RNA Isolation Kit (A33784, Thermo Fisher Scientific)
e Thermo Scientific RevertAid First Strand cDNA Synthesis Kit (#K1622)

3.3 Prepared buffers and media
To prepare RNA wash solutions from concentrates, 110 mL of 96% ethanol was added to each
bottle of wash solution 1 concentrate (MagMAX Plant RNA Isolation Kit), mixed and stored
at room temperature. Subsequently, 96% ethanol was added to each bottle of Wash Solution 2
Concentrate (MagMAX Plant RNA lIsolation Kit), mixed and stored at room temperature.
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DNase | solution: 440 uL of DNase | Reconstitution Buffer was added to each vial of DNase |

(lyophilized). Followed by an incubation for 5 minutes and stored in aliquots at —20°C.

3.4 Devices

GFPCam FC 800-C/1010GFP (Photon Systems Instruments, PSI, Czech Republic); Laminar
hood (SCS 1-5, MERCI; HB2448, Holten LaminAir; OSN-5, MERCI); Thermo-Shaker (TS
100C, BioSan); microwave (SAMSUNG); electrophoresis tanks (Cleaver Scientist);
electrophoresis power supply (Power Pac Basic, BIO RAD); ChemidDoc™MP Imaging
System (BIO RAD); Spectrophotometer (NanoDrop™ ND-1000, Thermo Scientific);
minicentrifuge (M-6, BOECO), Eppendorf tubes (1.5 ml; 2 ml); tweezers; stratification box;
Petri plates; glass beads; Pipettes [(2 ul, 10 pl, 20 pl, 200 pl, 1000 ul), Eppendorf Research
Plus; 10 ul, DISCOVERY Comfort]; centrifuge (Z 216 MK, HERMLE; UNIVERSAL 320 R,
Hettich ZENTRIFUGEN); gPCR cyler (CFX Connect Real-Time PCR Detection System
#1855201)

3.5 Plant material
Arabidopsis thaliana, ecotype Colombia (Col-0) was used as control. gunl-1 mutant plants
were used as positive controls indicating gun phenotype. Additionally, mutant plants carrying
mutations in various chromatin-related proteins as specified in Table 1 were analysed. A
preliminary study was conducted to validate the assay’s efficacy. This study was confined to
mutants in set 1. The assay focused on four photosynthetic-associated nuclear genes: CHLH,
GUN4, PHOTOSYSTEM | LIGHT HARVESTING COMPLEX GENE 1 (LHCA1), LIGHT
HARVESTING COMPLEX OF PHOTOSYSTEM I1 5 (LHCB5), and Glutamyl-tRNA reductase
1 (HEMALI). Based on the initial findings, the optimized assay was used to analyse all mutants,
separated into three experimental groups (set 2 to set 4: Table 2) that were tested in three

independent experiments to enable the processing of the samples.

Table 1: Arabidopsis thaliana mutants with references employed in the Study

Gene Gene ID (TAIR) Alelle name Public database
affected ID
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GUN1

CLF
SWN
FIE
MSI1

EMF2
VRN2
LHP1
PKL PKR2

HSI2/VAL1
HSL1/VAL2
H1.1, H1.2,
H1.3

H1.3

H1.1, H1.2

SWN H1.1,
H1.2, H1.3

CLF
H1.2
CLF H11,
H1.2, H1.3

H1.1,

BRM
SDG8
JMJ20

AT2G31400

AT2G23380
AT4G02020
AT3G20740
AT5G58230

AT5G51230
AT4G16845
AT5G17690

AT2G25170, AT4G31900

AT2G30470
AT4G32010

AT1G06760 (H1.1),
AT2G30620 (H1.2)
AT2G18050 (H1.3)
AT1G06760 (H1.1),
AT2G30620 (H1.2)
AT4G02020,  AT1G06760

(H1.1), AT2G30620 (H1.2),

AT2G18050 (H1.3)
AT2G23380,

AT1G06760

(H1.1), AT2G30620 (H1.2)

AT2G23380,

AT1G06760

(H1.1), AT2G30620 (H1.2),

AT2G18050 (H1.3)
AT2G46020
AT1G77300
AT5G63080
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gunl-1

clf-29

swn-3

fie/+

msil-1 (co-suppresion)
- msilcs

emf2

vrn2

Ihp1-6

pkl-1 pkr2

vall-2

val2-3

3hl (h1.1 h1.2 hl.3)
hl.3

h1.1hl1.2

swn-7 3hl

clf-29 h1.1 h1.2

clf-29 h1.1 h1.2 h1.3

brm-1
sdg8-1M2

jmj20-1M1

Susek et al., 1993,
Cell: donated by
Dr. Terry

SALK 021003
SALK 050195
GABI KAT
Hennig et al 2003

SALK_011550C
SALK 201153
SALK 011762
pkr2-1:SALK
109423 and pkr2-
2: SALK 115303
SALK _088606C
SALK_059568C
Dr. Rutowicz, Dr.
Baroux

Dr. Rutowicz, Dr.
Baroux

Dr. Rutowicz, Dr.
Baroux

Dr. Rutowicz, Dr.

Baroux

Dr. Rutowicz, Dr.
Baroux
Dr. Rutowicz, Dr.

Baroux

SALK_030046
SALK_026442
SALK_202511C



GCN5 AT3G54610
TAF1=HAF1 AT1G32750

HDAG AT5G63110
HDAG AT5G63110
HDA19 = AT4G38130
HD1

GUN2 AT2G15360
CLF AT2G7340

gcns-1M1 SALK 150784
tafl-3=hafl-3 SALK 110848
axel-5, hda6-6 CS66153
had6-IM1 SALK 201895C
hdal9-3 SALK 139445
gunl-2 Susek et al., 1993,
Cell: donated by
Dr. Terry
clf-30 SALK 079387

The experiment was conducted once for each set of mutant plants, where each mutant was

analysed in three technical replicates. However, due to the extensive array of mutants and the

time constraints imposed by the thesis timeline, biological replicates were not incorporated.

Therefore, statistical analysis was not performed.

Table 2: Experimental setup for the gun phenotype assessment

Set1 Set 2

col-0 col-0
gunl-1 gunl-1
clf-29 swn-3
swn-3 swn-3-/gunl
pkl pkr2 emf2

ringla bmila vrn2

ringla bmilc lhpl
vall-2
val2-3
fie/+

msil-1

Set 3
col-0
gunl-1
brml
sdg8
gcnb/hatl
hda6-6
taf1-3
hda6-1
hdal9-3
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Set4

col-0

gunl-1

3h1

h1.3

h1.1hl.2

swn-7 3h1l

clf-29 h1.1 h1.2
clf-29 h1.1 h1.2 h1.3



3.6  Surface sterilization of seeds
The germination of Arabidopsis seeds on Petri plates containing artificial growth medium
requires a sterile environment to avoid or reduce the risk of microbial contamination. In this
study, ethanol sterilization was used due to its simplicity and efficacy. The seeds were
immersed in 1 ml of 70% ethanol for a duration of 11 minutes. Subsequently, the ethanol
solution was substituted with 1 ml of 90% ethanol for an additional 3 minutes. The seeds were
subjected to a drying process inside the open microtube, placed in laminar flow box, for a
period of 50 minutes. This procedure resulted in minimal contamination and a high germination

rate of Arabidopsis seeds.

3.7 Seed sowing on Petri plates containing mineral growth medium
Each set (genotype) of mutant seeds was cultivated on three plates without and three plates
with lincomycin (0.5 mM) in the growth medium. The seeds were stratified in a dark cold room
at 4 °C for three days to synchronize germination. After stratification, the seeds were
transferred to growth chambers (Photon Systems Instruments) and grown under medium light
(125 pmol.m-2.s-1) for seven days. To avoid the confounding effects of different sowing times,
all genotypes in the same set were germinated simultaneously.

3.8 Chlorophyll fluorescence

Photosynthetic-related parameters were determined analysing seedlings grown for 7 days. A
closed GFPCam FC 800-C/1010GFP (Photon Systems Instruments, PSI, Czech Republic) was
used to determine the various parameters based on chlorophyll fluorescence. Seedlings were
acclimated to darkness for 20 min. The minimal fluorescence level (Fo) was measured by
estimating the modulated light (0.1 umol m? s?). The intensities of the actinic light and
saturating light settings were 280 pumol mol-2 s—1 and 2500 pmol mol—-2 s—1 PAR,
respectively. The maximum quantum yield of PSII (Fv/Fm) were measured. The Fv/Fm ratio,
a key parameter obtained through chlorophyll fluorescence analysis, reflects the efficiency of
light energy utilization for photosynthesis and the parameter decreases under stress conditions,
indicating photoinhibition and reduced PSII activity. Consequently, fluorescence analysis can
serve as a reliable measure of the effectiveness of lincomycin treatment. Chlorophyll
fluorescence was exclusively conducted on the seedlings in Set 1, as the efficacy of lincomycin
can be extrapolated from the phenotypic observation of the seedlings at seven days old (Figure
3).
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3.9 Total RNA isolation
The shoots of the seedlings in the preliminary study, as well as those from Sets 1 through 4,
were collected after 7 in the growth chambers. Approximately 50 mg of shoot tissue was
harvested from each plant at 10-11 am (Zeitgeber Time ZT 4-5) and placed in an autoclaved
microtube containing glass beads. The tubes containing plant material were immediately frozen
in liquid nitrogen. Plant material was homogenised. Thermo Scientific MagMAX™ Plant RNA
Isolation Kit was used to isolate total RNA from the plant tissue according to the manufacturer's

instructions.

3.9.1. Disruption of plant tissue
The plant tissue, approximately 50 mg, was homogenized with a bead beater (ivoclar vivadent,
SILAMAT) in the presence of glass beads for 20 seconds until it was completely pulverized.
Next, 600 pL of lysis buffer (pH 8.0) containing 12 pL of 2 M DTT was added to each tube
and briefly vortexed to mix. The samples were then incubated at 56 °C for 5 minutes and
centrifuged for 10 minutes at maximum speed (20,000 x g) to remove the plant lysates. 400 pL
of the supernatant was then transferred to a new 1.5 ml microcentrifuge tube for manual

purification.

4.9.2. RNA Purification
RNA was isolated from plant lysates using RNA-binding beads as follows. First, 25 yL of
RNA binding beads were added to 400 pL of plant lysate in a microcentrifuge tube. Next, 400
ML of 96-100% ethanol was added to the mixture and vortexed for 10 seconds at a high setting
to ensure homogeneity. The samples were then briefly centrifuged to collect the liquid at the
bottom. After that, the samples were placed on a magnetic stand for 2 minutes until the solution
cleared and the beads were collected on the magnet. The supernatant was then carefully
discarded without removing the tubes from the magnetic stand. Finally, to wash the RNA in
the beads, 700 pL of washing solution 1 (Table 3) was added to the samples and vortexed for

10 seconds at high setting.

Table 3: Wash Solutions

Wash Solution 1 Wash Solution 2
Concentrated buffer 110 mL 50 mL
Ethanol (96-100%0) 110 mL 200 mL
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Total volume: 220 mL 250 mL

3.9.3. DNase I treatment
Any contaminating genomic DNA was removed from the RNA-bound beads by adding 200
ML of DNase | Master Mix (Table 4) to each sample and mixing well by pipetting. The samples
were then incubated in a thermomixer at 37 © C and 350 rpm for 15 minutes to allow the DNase
| enzyme to digest the DNA. After incubation, 150 pL of rebinding buffer was added to each
sample to restore the optimal binding conditions for RNA. Next, 400 uL of 96-100% ethanol
was added to each sample to precipitate the RNA on the beads. The samples were then washed
with 700 pL of wash solution 1 and twice with wash solution 2, following the same procedure
as before. Finally, the samples were dried on the magnetic stand with the lid open for 5 minutes

to evaporate any residual ethanol.

Table 4: DNase 1 master mix

Component Volume per sample
2X DNase | buffer 100 pL

DNase | solution 4 uL

Manganese chloride solution 20 pL
Nuclease-Free Water 76 puL

Total DNase | Master Mix 200 uL

3.9.4. Elution of RNA
The beads were resuspended in 30 pL of nuclease-free water and vortexed at high speed for 10
seconds to ensure thorough mixing. The sample was then placed on a magnetic stand and
incubated for 2 minutes until the beads were magnetically separated and the supernatant was
clear. The supernatant containing the RNA was carefully transferred to a new tube and stored
at -80 ° C until further analysis. The quantity and quality of RNA were assessed by measuring
the absorbance at 260 nm and 280 nm using a NanoDrop spectrophotometer (NanoDrop™ ND-

1000, Thermo Scientific) and integrity was estimated using 1% agarose gel electrophoresis.
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3.10 Agarose gel electrophoresis
A 1% agarose gel was prepared from a mixture of agarose and 1xTris-acetate-EDTA (TAE)
buffer. One drop of ethidium bromide was subsequently added for every 50 mL of agarose
solution (final concentration 2.5ul EtBr/50 ml buffer). 1 pl of the RNA was mixed with 1 pl of
DNA 6x Gel Loading Dye and 4 ul nuclease free water, loaded into the wells of the agarose
gel placed in an electrophoresis tank (Cleaver Scientific, n.d.) and separated at 6 VV/cm for 40
minutes. The GeneRuler 1kb RNA Ladder was used as an RNA fragment size marker. The
result was documented using the bottom UV illumination mode on the ChemiDoc gel

documenting system (Bio-Rad).

3.11 cDNA synthesis

cDNA was synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, #K1622) with 1 pg of total RNA as template. The cDNA first strand synthesis was
performed usig a mix of 0.5 puL of random hexamer and 0.5 pL oligo-dT primer to synthesize
polyA-containing transcripts as well as transcripts that do not carry polyA, such as organellar
transcripts. Nuclease-free water was added to the solution to add up to a total volume of 12
pL. 8 pL of master mix (5) was added to each sample, gently mixed, briefly centrifuged, and
incubated for 5 min at 25 °C, followed by 60 min at 42 °C. The reaction was terminated by
incubating at 70 °C for 5 min. Finally, the reverse transcription reaction products were diluted
10 times and stored at -20 °C for real-time PCR.

Table 5: Master mix for cDNA synthesis

5X reaction buffer 4 uL
RiboLock RNase Inhibitor (20 U/uL) 1puL
10 mM dNTP Mix 2 uL
RevertAid M-MuLV RT (200 U/pL 1L
Total volume 8 uL

3.12 Real-time PCR
EvaGreenMM-5x (SolisBiodyne, 08-33-0000S) was used as a fluorescent dye-contaning
master mix that enabled amplification while monitoring the amount of amplified target in real
time using quantitative PCR (QPCR). The gPCR reaction mixture (Table 6) consisted of 2 pL
of diluted cDNA template, 4 uL of EvaGreenMM-5x, 13.2 L of nuclease-free water, and 0.4
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ML of each forward and reverse primer specific for each target gene (Table 7). The total reaction

volume was 20 pL per sample. A melting curve analysis was performed after the amplification

cycle to verify the specificity of the primers and presence of a single amplicon type.

Table 6: PCR-SolisBiodyne (EvaGreenMM-5X)

1 reaction components

water

Primer-each

MM
Template
Total

20ul reaction

13.2
0.4
4

2

20

Table 7: primers for each gene

GENE Gene ID Primer | F/R | Sequence (5°-3) Length | Annealing
ID (nt) T(°C)
PP2A AT1G13320 | AT_001 | F ATTCCGATAGTCGACCAAGC 20 54
(reference)
AT 002 | R AACATCAACATCTGGGTCTTCA 22 54
LHCB2.1 | AT2G05100 | AT 068 | F CTCCGCAAGGTTGGTGTATC 20 55
AT 069 | R CGGTTAGGTAGGACGGTGTAT 21 55
HEMA1 AT1G58290 | AT 076 | F GCTTCTTCTGATTCTGCGTC 20 54
AT 077 | R GCTGTGTGAATACTAAGTCCAATC | 24 54
CHLH AT5G13630 | AT 220 | F AGTGGAGCAACTCTGCATCA 20 56
(GUN5)
AT 221 |R AAAACAGTGATTGCCAGCTTC 21 54
GUN4 AT3G59400 | AT 072 | F CAATCTCACTTCGGACCAAC 20 53
AT 073 | R TTGAAACGGCAGATACGG 18 52
LHCAl At3G54890 | AT 125 | F CCGGGAATGTTGGTCGTAT 19 54
AT 126 |R GGTCAAACCCAAAGTCACCA 20 55

31




5. Results

4.1 Seedling growth phenotypes
The initial stage of screening for the gun phenotype in selected mutant seeds involved
cultivating the seeds in MS medium. This was performed in controlled growth chambers under
a continuous medium light intensity (125 pmol.m™. s) for 7 days.

col-0 clf-29 swn-3 gunl pkl pkr2 ringlabmila  ringlabmilc

Figure 3: phenotypic comparison of mutants in set 1 of the experimental setup. The seedlings

in the first row are the control, while the seedlings in the second row were treated with

lincomycin.

Lincomycin treatment has previously been shown to inhibit plastid gene translation and induce
retrograde signalling in Arabidopsis (Mulo et al., 2003b). The mutants (Figure 3) were
compared to the wild type in terms of plant growth, chlorophyll levels, and cotyledon size. As
shown in Figure 3 and in line with expectation, the cotyledons of plant lines exposed to
lincomycin did not expand and accumulate chlorophyll (Martin et al., 2016). Chlorophyll
fluorescence analysis was performed to assess the effects of lincomycin treatment. The Fv/Fm
ratio, a key parameter derived from this technique, was used to evaluate the efficiency of
photosystem 11 (PSII) in converting light energy into chemical energy through photosynthesis
(Lichtenthaler et al., 2005). The experiment involved only mutants in set 1. In mature
Arabidopsis, an Fv/Fm ratio of 0.81 or higher is considered to mark optimal state in non-
stressed mature plants (Zienkiewicz et al., 2015). Plant lines exhibited Fv/Fm ratios between
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0.65 and 0.74 ug/ul in control and between 0.095 and 0.313 ug/ul in lincomycin-grown plants
(Figure 4).
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Figure 4: PSII quantum yield in Arabidopsis in set 1 grown under control conditions and in
the presence of lincomycin. The analysis was based on three biological replicates and error

bars indicate standard deviation.

4.2 Total RNA isolation
RNA isolation using the Thermo Scientific MagMAXTM Plant RNA Isolation Kit led to a
successful extraction of total RNA from seedlings . The average RNA yield from 50 mg leaves
was between 185.7 and 654.6 ug/ul in the control samples and between 114.7 and 447.4 ug/ul
in plants grown in the presence of lincomycin. The purity of isolated RNA was assessed using
a NanoDrop spectrophotometer by measuring the absorbance ratio at 260/280 and 260/230 nm
(Figure 5).

The integrity of the isolated RNA samples was evaluated by 1% agarose gel electrophoresis.
Although the overall RNA bands were distinct indicating intact RNA, some issues were
observed. Some of the RNA bands were thicker and not fully separated from the 185 RNA
band.
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Plant ID Name RNA Conc. (ng/ul) 260/280 260/230 T e e S R SR ol oW o v

1 Coko | 6546 227 181

2 clf-29 263.4 227 1.65

Coniyol 3 swn-3 416.8 221 217
4 gunl 503.4 2.26 2.09

5 pklpkr2 185.7 2.28 1.81

6 ringla bmila 387.1 2.25 2.16

7 ringla bmilc 298.1 2.16 1.52

8 Col-0 114.7 2.22 2:25

9 clf-29 220.8 222 2.33

10 swn-3 347.3 2.19 232

Treatment 11  gunil 447.4 221 2.09
12 pkl pkr2 216.3 2.25 254

13  ringla bmila 152.3 2.29 2.60

14 ringla bmilc 281.6 2.23 2.28

Figure 5: Left panel shows a summary of all samples - amount of isolated total RNA and
indication of quality based on the A260/280 and A260/230 ratios. Right image shows results
of agarose gel electrophoresis showing RNA bands with different intensities and smearing. The
wells on the agarose gel were labelled from 'Marker (M) 1 kb' to 'Well number 14,’
corresponding to the plant ID and name. Wells numbered 1 to 7 represent control plant lines
that did not receive lincomycin treatment, whereas wells numbered 8 to 14 represent plant lines

that cultivated in the presence of lincomycin.

4.3 Analysis of gene transcription using real-time PCR
Reverse transcription quantitative PCR (RT-qPCR) analysis was performed to assess the
relative gene transcription levels of the photosynthesis-associated nuclear genes in sets 1 to 4

of control and mutant plants.
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4.3.1 Relative gene expression in set 1 of mutant plants
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Figure 6: relative gene expression levels of PhANGs under control conditions. Bars indicate
relative transcription level, related to the transcription of the marker gene PP2A. Error bars
indicate standard deviation of three technical replicates.

Under control conditions, the expression of several PhANGs appeared to be changed in several of the
mutant lines. Based on their expression pattern, they seemed to be separated into three groups: 1. CHLH
and HEMA downregulated in pkl pkr2 and ringla bmilc compared to Col-0 (WT); 2. LHCAL and

LHCB2.1 that tend to be downregulated in gunl-1, swn-3, pkl pkr2 and ringla bmilc and 3. GUN4
downregulated in clf-29 and pkl pkr2.

Next, we asked whether the gene transcription is reduced upon chloroplast damage by lincomycin, as
would be expected in wild-type plants (Figure 7). In line with expectation, the expression of the
PhANGs decreased in wild type (Col-0) to 5% (GUN4) — 20% (CHLH) of the transcription level in
mock-treated plants. In contrast, the reduction of transcription level reached only ca 25% (LHCB2.1) to
60% (GUN4) of mock-treated level in gunl-1. This indicated that the experimental system works as
expected — i.e. gunl-1 mutants are characterised by less efficient downregulation of PhANGs upon
lincomycin treatment. Having established the experimental system, we next asked about the presence

of gun phenotype in the chromatin mutants. In line with the lab’s preliminary results, PRC2 clf-29 and
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especially swn-3 displayed gun phenotype at least for some genes —namely CHLH and GUN4. A weak
phenotype was observed in the PRC1 mutants ringla bmila and ringla bmilc for the CHLH gene.
Since the strongest effect was observed when testing the transcription of CHLH and GUN4, these genes
were next selected as marker genes for gun phenotype for the other tested chromatin mutants.
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Figure 7: relative gene expression levels of selected PhANGs in plants of set 1 under
lincomycin treatment. Bars represent relative transcription values related to control plants (set
as 1). Error bars indicate standard deviation of three technical replicates.
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4.3.2. Relative gene expression in sets 2, 3 and 4 of mutant plants
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Figure 8: relative gene expression levels of CHLH under control conditions. Bars indicate
relative transcription level, related to the transcription of the marker gene PP2A. Error bars

indicate standard deviation of three technical replicates.

Under control conditions, the expression of CHLH appeared to vary between mutant lines
(Figure 8). CHLH expression pattern revealed a downregulation in the swn-3, emf2, gunl-1,
and 3h1 lines, while an upregulation was observed in the h1,1h1,2 line when compared to the

Col-0 control.
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GUN4
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Figure 9: relative gene expression levels of GUN4 under control conditions. Bars indicate relative
transcription level, related to the transcription of the marker gene PP2A. Error bars indicate standard
deviation of three technical replicates.

Similarly, for GUN4, changes in expression levels under control conditions were apparent in
several mutant lines. Based on the observed expression patterns, the swn-3, vrn2, vall-2, vall-
3, fie -/+, msil-1, taf1-3, and gunl-1 lines appeared to be upregulated in comparison to the
Col-0. On the contrary, the gcn5, hdal9-3, and clf-29 h1,1 hl1,2 h1,3 lines exhibited

downregulation (Figure 9).

While wild-type (Col-0) plants responded to lincomycin treatment by downregulating the
expression of GUN4, gunl-1 mutant plants failed to reach similar level of downregulation
(Figure 10). Therefore, control experiments in sets 2 and 3 gave expected results, allowing the

interpretation of the GUN4 transcription level in other tested mutants.
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Figure 10: Relative gene expression levels of GUN4 in set 2 to set 4 of chromatin mutants
treated with lincomycin. Bars indicate transcription level related to lincomycin-grown plants;
error bars indicate standard deviation of three technical replicates. Col-0 (WT) and gunl

served as negative and positive controls, respectively.

While wild-type (Col-0) plants responded to lincomycin treatment by downregulating the
expression of GUN4, gunl-1 mutant plants failed to reach similar level of downregulation.
Therefore, control experiments in sets 2 and 3 gave expected results, allowing the interpretation
of the GUN4 transcription level in other tested mutants. One exception was set 4, where the
difference of GUNA4 transcription after lincomycin treatment between Col-0 and gunl1-1 was in
the expected direction (i.e. lower in Col-0), but it was relatively low compared to other sets,
although in expected direction. Thus, care must be taken when interpreting the results of set 4.
Several mutants in sets 2 and 3 exhibited upregulation of GUN4 expression in response to
lincomycin treatment (Figure 10). In addition to already mentioned mutants in set 1, including
both PRC2 mutants (clf-29 and swn-3), and the PRC1 double mutant (ringla bmilc), the double
mutant swn-3 gunl and lhpl from set 2, and gcn5, hda6-6 and hdal9-3 from set 3, showed
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increased transcription levels of GUN4 compared to the wild-type control. Notably, none of

the mutants in set 4 showed GUN4 upregulation.
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Figure 11: Relative gene expression levels of CHLH in lincomycin treated seedlings of set 2 to
set 4 of chromatin mutant plants. Bars indicate transcription level related to lincomycin-grown
plants; error bars indicate standard deviation of three technical replicates. Col-0 (WT) and

gunl served as negative and positive controls, respectively.

As for GUN4, the transcription of CHLH in Col-0 and gunl-1 followed the expected trend but
milder extent of difference was observed in plants of set 4. Both PRC2 mutants (clf-29 and
swn-3), and the PRC1 double mutant (ringla bmilc) demonstrated upregulation of CHLH
transcription compared to the wild-type control under lincomycin treatment (set 1, Figure 7).
Only the double mutant swn gunl and emf2 mutants (set 2) showed a substantial increase in
CHLH transcription relative to the wild type under lincomycin treatment. In set 3, only the

hda6-6 mutant displayed significant upregulation of CHLH transcription compared to the wild-
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type under lincomycin treatment. None of the mutants in Set 4 showed upregulated CHLH

transcription compared to the wild-type control under lincomycin treatment.

Overall, the relative gene expression analysis of GUN4 and CHLH in different mutant sets
under lincomycin treatment revealed distinct patterns of upregulation. In set 1, PRC2 mutants
(clf-29 and swn-3), and the PRC1 double mutant (ringla bmilc) displayed significant
upregulation of both GUN4 and CHLH compared with the wild type (control). Set 2 showed
the upregulation of both genes in swn gunl (double mutant), whereas only CHLH showed
increased transcription in the emf2 mutant. In set 3, the HISTONE DEACETYLASE family
mutant hda6-6 exhibited upregulated expression of both GUN4 and CHLH. However, none of
the mutants in set 4 showed upregulated gene transcription of either GUN4 or CHLH compared

with the wild-type control under lincomycin treatment.
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6. Discussion

5.1 Phenotype of seedlings treated with or without lincomycin.
Lincomycin treatment inhibits the translation of plastid genes and alters chloroplast
development, resulting in a distinct phenotype with reduced chlorophyll accumulation and
cotyledon expansion (Nott et al., 2006). Figure 3 shows that under control conditions, all the
seedlings in set 1 had similar growth, chlorophyll levels, and cotyledon size. However, in
mature Arabidopsis, swn-3 had a higher chlorophyll content than WT and clf-29 (Mingxi Zhou,
personal communication). In contrast, lincomycin-treated plant lines exhibited, as expected,
deficiency in chlorophyll accumulation and a decrease in cotyledon expansion compared to the
control plants. This phenotype was consistent in all seedlings, indicating comparable
impairment in chloroplast biogenesis. Under lincomycin treatment, the wild-type had a more
pinkish color than other mutants under the same conditions, which might be associated with
different anthocyanin biosynthesis in general or under lincomycin treatment. Inhibition of
chloroplast biogenesis by lincomycin treatment led to the pale phenotype (Figure 3). This
phenotypic change alters retrograde signalling that modulates the expression of nuclear genes
involved in various stress responses and developmental processes. Moreover, this phenotype
(the pink and pale colour) provided a quick way to extrapolate the efficacy of the added
lincomycin without chlorophyll fluorescence analyses. Notably, despite the inhibition of
greening in lincomycin-treated plants, the plants were alive and good quality intact RNA was

isolated (Figure 3).

5.2 The role of histone modifications in photosynthesis efficiency
Histone modifications, such as methylation and acetylation, are key epigenetic mechanisms
that plants use to regulate gene expression in response to developmental signals and
environmental stress (Pikaard & Mittelsten Scheid, 2014). Our results showed that the PRC2
mutants (clf-29 and swn-3), as well as the double mutant of PRC1 (ringla bmilc) and the
mutant of the HISTONE DEACETYLASE family hda6-6, exhibited upregulation of GUN4
and CHLH genes under lincomycin treatment. GUN4 is known to be involved in chlorophyll
biosynthesis and is a component of retrograde signaling, where it potentially regulates gene
expression in response to chloroplast perturbations (Larkin et al., 2003). CHLH (GUNS5) is also
involved in retrograde signaling, chlorophyll synthesis, and ABA responses. It is the largest
subunit of Mg-chelatase in plastids, catalyzing the conversion of Proto to MgProto, which is a
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key step in plant tetrapyrrole biosynthesis (Ibata et al., 2016; Tanaka et al., 2011). The
upregulation of these genes suggests an active retrograde signaling pathway in response to

lincomycin-induced stress, which may affect chloroplast function.

The Fv/Fm ratio is a sensitive indicator of the maximum quantum efficiency of PSII (Baker,
2008). The uniform Fv/Fm ratios across all plant lines under control conditions suggest that
the baseline efficiency of PSII was not significantly affected by the changes in histone

modifications under non-stress conditions.

The role of PRC2 in the suppression of gene expression through H3K27me3 is well established
for developmentally-regulated genes, and mutations in this complex can also lead to de-
repression of genes that may be critical for stress responses (Kleinmanns & Schubert, 2014;
Marasca et al., 2018). Following lincomycin treatment, the upregulation of GUN4 and CHLH in PRC2
mutants (clf-29 and swn-3) suggests that PRC2 may repress these genes under normal conditions to
enhance photosynthesis efficiency (Figure 6; Figure 7). However, under control conditions, these genes
remain largely unchanged in PRC2 mutants. This finding implies that PRC2 may not directly repress
GUN4 and CHLH, as their transcription levels are not upregulated in the absence of PRC2, contrary to
what would be expected if these genes were under direct repression. The upregulation of these genes in
response to lincomycin treatment suggests a potentially more complex role for PRC2, possibly
modulating stress responses associated with chloroplast dysfunction, rather than acting as a simple
repressor. Furthermore, the upregulation of clf-29 and swn-3 mutants in GUN4 and CHLH under
lincomycin conditions suggests that PRC2 may play a role in retrograde signaling pathways.
This implies that the histone methylation status, regulated by PRC2, could be a significant
factor in controlling the expression of genes involved in retrograde signaling. The role of PRC1
in plant development and its potential involvement in stress responses have been reported in
the literature (Bratzel et al., 2010). The upregulation of photosynthesis-related genes in the
double mutant ringla bmilc could indicate a de-repressive mechanism analogous to that
observed in PRC2 mutants, contributing to the maintenance of PSII efficiency under stress

conditions.

The hda6-6 mutant also exhibits upregulation of both GUN4 and CHLH after lincomycin
treatment. This is consistent with the known function of HDAG in repressing gene expression
by histone deacetylation (L.-T. Chen et al., 2010). Loss of function in hda6-6 could lead to
hyperacetylation and active transcription of these genes, potentially enhancing the plant's

ability to respond to stress induced by lincomycin by promoting PSII function. The ability to
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modulate photosynthesis-related gene expression through epigenetic mechanisms under stress
conditions can be considered an evolutionary advantage, allowing plants to survive and

reproduce in fluctuating environments (Chinnusamy & Zhu, 2009).

Epigenetic modifications allow plants to dynamically adjust gene expression according to
internal cues that indicate the physiological status of chloroplasts. These alterations in gene
expression patterns facilitate the adaptation of plants to stressful conditions, preserve
chloroplast function, and ensure cellular balance. These findings highlight the intricacy of
epigenetic regulation of retrograde signaling. Histone modifications play a crucial role in
influencing this communication between chloroplasts and the nucleus, especially under stress
conditions that impair chloroplast function and require adaptive responses, such as retrograde

signaling pathways, to sustain plant viability.
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7. Conclusions

The findings of this thesis highlight the significant role of histone modifications in mediating
the response of Arabidopsis thaliana to light acclimation through retrograde signalling.
Specific histone modification mutants, including those in the PRC2 and PRC1 complexes, as
well as the HISTONE DEACETYLASE family, have been shown to exhibit differential
regulation of genes essential to these processes, such as GUN4 and CHLH. The upregulation
of these genes in response to lincomycin treatment indicates an adaptive mechanism facilitated
by epigenetic modulation, which is critical for maintaining photosynthetic efficiency under

stress conditions.

The role of histone modifications in photosynthetic efficiency is underscored by the
maintenance of PSII functionality, as reflected in the Fv/Fm ratio data. Despite the uniform
Fv/Fm ratios observed under control conditions, the stress response induced by lincomycin
treatment was characterized by a reduction in PSII efficiency across all plant lines. The
upregulation of these genes in histone modification mutants underlines the importance of
chromatin remodelling in response to retrograde signalling. Histone modifications have been
implicated in modulating the expression of genes that facilitate communication between the
chloroplast and nucleus, thereby influencing the plant's ability to acclimate to changes in light
conditions. This dynamic regulation is pivotal for plant adaptation, ensuring that
photosynthesis remains efficient, and that cellular homeostasis is preserved during
environmental stress. The results presented were based on the relative gene expression levels
of one biological replicate with three technical replicates, hence no statistical analyses was
conducted. However, the data provide valuable preliminary information on the role of
chromatin modifiers in plant acclimation to light, setting the foundation for future studies that
should aim to include a larger number of biological replicates to validate the findings reported

in this thesis.

These observations contribute to a broader understanding of the molecular mechanisms
underlying plant light acclimation and highlight the potential of epigenetic modifications as
targets for genetic or chemical modulation to improve crop resilience and productivity in the

face of changing environmental conditions.
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