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Abstract 

Chloroplast development in plants is regulated by light signalling, which is 

perceived by photoreceptors including phytochromes, to drive gene expression 

in the nucleus through a complex transcriptional network. In order to enhance our 

understanding of this process, and by extension of chloroplast development, 

searches for novel genes through mutant screens were previously carried out. 

The lyn1 mutant was identified as a suppressor of a phytochrome-defective 

mutant of Arabidopsis, hy1. The hy1 mutation causes a chloroplast development 

defect as mutants cannot produce phytochromes to perceive light due to failure 

of photoreceptor chromophore biosynthesis in plastids.  

Multiple assays suggested that lyn1 can enhance plastid development. These 

included chloroplast total “coverage” within cauline leaf cells, levels of several 

plastid-synthesised tetrapyrroles, not only in the light but also in dark conditions, 

and relative numbers of plastid versus nuclear genome copies. lyn1 was 

demonstrated to partly suppress another phytochrome chromophore-defective 

mutant, but not photoreceptor mutants generically. In contrast to hy1, lyn1 hy1 

was found to exhibit a small but detectable amount of photochemically-active 

phytochrome. 

The LYN1 gene has been identified through a combination of high-resolution 

mapping and whole-genome sequencing and complementation tests. The LYN1 

gene identity as JMJ14, a histone demethylase gene, was confirmed through 

independent knock-outs, failure of cross-complementation assays, as well as by 

transgenic complementation of the mutant with wild type JMJ14. The lyn1 

mutation was found to reside on a gene predicted to play an indirect role in the 

regulation of expression of other genes. 
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Global changes in gene expression in the mutant were assessed by RNA-

sequencing. The results were analysed in conjunction with publicly available data 

on global gene expression during development and on the presence of chromatin 

marks in whole seedling genomic DNA, to explain how lyn1 rescues the light-

response defect. lyn1 is proposed to enhance the initiation of cell differentiation, 

resulting in an enhanced plastid development which, in turn, leads to assembly 

of a small amount of photoreceptor and rescue of the light response defect.  
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Chapter 1 General Introduction 

1.1 Photosynthesis and chloroplast evolution 

Photosynthesis is considered to be the most fundamental mechanism to 

providing the basic energy source for the biosphere, thanks to photosynthetic 

organisms. These organisms consume water and atmospheric CO2, using 

sunlight energy, to drive a light-dependent reaction which converts H2O into O2 

to take the electrons through a photosynthetic electron transport (PET) chain and 

releases ATP and NADPH used as energy in the Calvin cycle (Figure 1.1). The 

Calvin cycle is the light-independent reactions, also known as dark reactions that 

synthesise carbohydrates using carbon from CO2 (Figure 1.1 shown in green). 

Carbohydrates are the most abundant existing biomolecule to support living 

organisms on Earth. Carbohydrates can be catabolized and then go through a 

citric acid cycle and oxidative phosphorylation to release energy, H2O and CO2 

(Figure 1.1 shown in red). This effluent CO2, from respiration is released into the 

atmosphere for the next photosynthetic reaction. Maintaining atmospheric CO2 

level by photosynthesis and respiration becomes very important for ecological 

equilibrium.  

 

Figure 1.1 Respiration and photosynthesis maintain energy support for living 

organisms  
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Through previous research, I have evidence to indicate that oxygenic 

photosynthesis was prevalent at least 2 billion years ago and maybe even much 

earlier (Blankenship, 2001). As is known to all, plant chloroplasts are where 

photosynthesis takes place. Back 300 million years ago, oxygenic photosynthesis 

was first found in the cyanobacteria. Cyanobacteria have given undisputable 

evidence that they existed 2.7 billion years ago (Summons et al., 1999). On the 

evolution process of oxygenic photosynthesis from prokaryotes to eukaryotes it 

has now been accepted that a single mitochondrion-containing eukaryotic cell 

engulfed a cyanobacterium by endosymbiosis around 1.2 to 1.5 billion years ago 

(Dyall et al., 2004). After the engulfment, the cyanobacterium evolved into a 

chloroplast and this was followed by further diversification (López-Juez and Pyke, 

2005) 

Chloroplasts are unique organelles present in plants and they are the members 

of a diverse family, the plastids. In plants, plastids exist in various forms such as 

chloroplasts, etioplasts, amyloplasts, chromoplasts, elaioplasts and gerontopasts 

(López-Juez and Pyke, 2005; Egea et al., 2011) (Figure 1.2). They have 

diversified in plants and have different functions to play various roles in plant 

growth and development through biogenesis, varying functional states and 

metabolic activities, such as embryogenesis, leaf development, gravitropism, 

temperature response and plant-microbe interactions (Inaba and Ito-Inaba, 2010).  

Basic mechanisms in plastid biogenesis (the transformation of a proplastid into a 

particular type of plastid) and the interconversion between different types of 

plastid are controlled through their developmental and environmental signals 

(Jarvis and López-Juez, 2013). Proplastids are converted into etioplasts in the 

absence of light. Etioplast development allows a very large accumulation of 

protochlorophyllide (Pchlide), the processed chlorophyll precursor, making it 

ready to be photoconverted by light. The etioplasts are immature chloroplasts 

which are developmentally arrested during the transition from proplastid to 
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chloroplast because of absence of light (Wise and Hoober, 2006). They rapidly 

differentiate into chloroplasts under the light (Waters and Langdale, 2009). 

 
Figure 1.2 Diversity of plastid forms 

Plastids exist in different forms and perform different functions in different 

compartments of the plant. Biosynthesises of different forms of plastid from 

proplastid and interconversions between different types of plastids are controlled 

by developmental and environmental signals. The plastid differentiation is 

controlled by the transcription of nucleus-encoded plastid proteins. The dark-

developed etioplasts, which are chloroplast progenitors, containing unique 

internal membranes called prolamellar bodies (PLBs) are the places where 

chlorophyll precursors, Pchlide, are accumulated (Fujii et al., 2017). They can 

rapidly differentiate into chloroplasts upon illumination, whereas Pchlide can 

rapidly convert into chlorophyll by light-dependent NADPH:protochlorophyllide 

oxidoreductase (POR) to avoid photo-damage. Chloroplasts are photosynthetic 

plastids. Amyloplasts play important roles in energy storage and gravitropism. 

Chromoplasts contain carotenoid pigments for facilitating flower pollination and 
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seed dispersal of fleshy fruit. Elaioplasts play a role in the storage of lipids in lipid 

droplets as plastoglobules. Gerontoplasts are developed from chloroplasts during 

senescence, owing to resource recycling. Figure from (Jarvis and López-Juez, 

2013) 

Arabidopsis leaves are constituted by different types of cells, including epidermal 

pavement cells, mesophyll parenchyma cells, the bundle sheath cells, etc (Figure 

1.3). The mesophyll cells contain the most chloroplasts in leaf mesophyll tissue, 

and are the main location where carbon fixation and photosynthesis happen in 

C3 plants (Edwards and Walker, 1983). Mesophyll tissue consists of palisade 

cells and spongy cells, both containing a large population of chloroplasts (Figure 

1.3 C and D), that enable the leaf to carry out photosynthetic carbon assimilation 

(Pyke, 2012). Bundle sheath cells are another type of chloroplast-containing cells 

which surround the vascular bundle in leaf mesophyll tissue (Kinsman and Pyke, 

1998) (Figure 1.3 E). They harvest small amounts of light because the majority 

of light is utilized by mesophyll cells. In C3 plants, they are assumed to be 

responsible for only a small fraction of total photosynthesis. Bundle sheath cells 

have been found to act differently between C3 and C4 plants. In C4 plants, 

mesophyll cells carry out the light reactions of photosynthesis which convert light 

energy to ATP and NADPH. They also perform the initial, temporary fixation of 

CO2 as a C4 molecule. This C4 molecule is shuttled to the bundle sheath cells, 

where it is de-carboxylated, causing in them an elevated concentration of CO2. 

Bundle sheath cells work cooperatively with mesophyll cells and expend the ATP 

and NADPH to fix this shuttled CO2, now permanently, through the Calvin cycle, 

classically known as dark reactions (Devi et al., 1995). Interestingly, the cells of 

stems and petioles that surround the xylem and phloem have been found to show 

characteristics of C4 photosynthesis in tobacco, a typical C3 plant. They contain 

high activities of C4 photosynthetic enzymes. The carbon supply for these cells is 

from neighbouring cells, the vascular system (as in the C4 photosynthetic 

pathway) instead of from stomata (as in the C3 photosynthetic pathway) (Hibberd 
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and Quick, 2002). The thin cell layers on both surfaces of the leaf are epidermal 

pavement cells. The epidermal pavement cells are transparent and allow light to 

pass unimpeded to the mesophyll cells. Although epidermal pavement cells also 

contain chloroplasts (Pyke, 2009), their chloroplasts are much less fully 

developed than the mesophyll cell chloroplasts (Chiang et al., 2012; Higa et al., 

2014) (Figure 1.3 B). They only contain one-tenth the amount of chloroplasts of 

the mesophyll cells and the average size of pavement cell chloroplasts is about 

one-half the size of the mesophyll cell chloroplasts (Barton et al., 2016).  

 
Figure 1. 3 Structure and cell types of the Arabidopsis leaf.  

A. Transverse section through the first leaf of Arabidopsis showing the various 

cell types;  

B. Highly irregular shaped epidermal pavement cell, containing several small 

chloroplasts;  

C. Palisade mesophyll cell showing the top cell surface with many chloroplasts;  

D. Spongy mesophyll cell showing the top cell surface with many chloroplasts;  

E. Several bundle sheath cells, containing chloroplasts and attached to a 

vascular bundle. Figure adapted from (Pyke and López-Juez, 1999). 
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1.2 Light signalling control of plant development 

1.2.1 Types of photoreceptor 

As mentioned above, light works as a primary energy source in photosynthesis 

and it is also a very important external factor for plant growth and development. 

Plants exhibiting different growth stages, which include germination, hypocotyl 

elongation and cotyledon expansion, are controlled by light signals (Jiao et al., 

2007). Plastids, contained in plant cells, also develop during plant growth. Dark-

grown seedlings present a skotomorphogenic phenotype. Their cotyledons 

remain folded and undeveloped, while the hypocotyls rapidly elongate, and 

etioplasts develop in those cotyledons (Wise and Hoober, 2006; Kobayashi et al., 

2012a). Light-grown seedlings present a photomorphogenic phenotype. They 

exhibit short hypocotyls and open and expanded cotyledons. The shoot apical 

meristem is activated to produce true leaves, where chloroplasts are developed 

(Jiao et al., 2007). Light acts as a signal that can be perceived through several 

photoreceptors in plants. Plant photoreceptors have been classified into four 

families, namely phytochrome (phy), cryptochrome (cry), phototropin (phot) and 

an ultraviolet-B (UV-B) receptor called UVR8 (Rizzini et al., 2011; Arsovski et al., 

2012). They respond to different types of light. phys respond primarily in red (R) 

and far-red (FR) light (Li et al., 2011). Cryptochromes and phototropins respond 

in blue (B) and ultraviolet-A (UV-A) light (Dieterle et al., 2003; Li et al., 2011). In 

Arabidopsis, there are five subtypes of phys, which are phyA, phyB, phyC, phyD 

and phyE (Sharrock and Quail, 1989). Type I (light labile) phytochrome, phyA, 

mediates very low fluence responses (VLFR) and far-red high-irradiance 

responses (FR-HIR). It is abundant and predominant in the etiolated seedlings. 

The rest of phys, phyB-phyE, are type II (light stable). They mediate low fluence 

responses (LFR) and R light high irradiance responses (R-HIR) (Nagatani, 2004; 

Fankhauser and Chen, 2008; Li et al., 2011). In light-grown plants, phyB is the 
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predominant phytochrome and it is much more abundant than phyC-phyE (Li et 

al., 2011). phys have a vital role in controlling deetiolation, while their responses 

overlap with those of cryptochromes on flowering. In Arabidopsis, cryptochrome 

1 (cry1) is photostable and mainly responds to high light fluence and 

cryptochrome 2 (cry2) is photodegradable and responds to low light fluence 

(Fankhauser and Casal, 2004). Although phototropins display many overlapping 

responses with phytochromes and cryptochromes on chloroplast movement, 

stomatal opening and phototropism. These responses, mostly associated with 

membrane activity, are mainly controlled by phototropins (Briggs and Christie, 

2002).  

1.2.2 Phytochromes' biogenesis 

Phy is synthesized when phytochrome apoprotein is covalently attached to a 

linear tetrapyrrole chromophore, phytochromobilin (PΦB), in the cytoplasm 

(Figure 1.4). The PΦB is synthesized from aminolevulinic acid (ALA) in plastids 

through a series of enzymatic reactions (Muramoto et al., 1999; Emborg et al., 

2006). PΦB, chlorophyll and haem biosynthesis share the early pathway. They 

split at converting protoporphyrin IX into either haem or Mg-protoporphyrin, 

respectively, thereby directing into the PΦB or chlorophyll biosynthesis pathways 

(Mochizuki et al., 2010). PΦB is the end product of the phytochrome biosynthesis 

pathway within plastid for immediately synthesizing phytochrome in the 

cytoplasm (López-Juez and Pyke, 2005). Haem oxygenase (HY1) and PΦB 

synthase (HY2) are the two enzymes involved in the last two steps of PΦB 

biosynthesis pathways within plastid (Muramoto et al., 1999; Li et al., 2011).  
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Figure 1.4 The phytochrome biosynthesis pathway in Arabidopsis plastids and 

cytoplasm 

1.2.3 Phytochromes' and cryptochromes' nuclear localization 

In Arabidopsis, phys exist in either of two photo-interconvertible forms: the 

inactive form (Pr) or active form (Pfr) (Li et al., 2011). Phys are synthesized and 

dimerized in the cytoplasm, accumulating as Pr from in the dark (Nagatani, 2004). 

Light triggers the conformation change from Pr form to Pfr form. The light-
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activated Pfr form is imported into the nucleus to drive nuclear gene transcription. 

phyA subcellular localization is regulated by all light illuminations (FR, R and B) 

(Kevei et al., 2007). No detectable level of phyA is found in nucleus of dark-grown 

plants (Kircher et al., 2002). A single light pulse (FR, R or B) causes an immediate 

importing of phyA. phyB subcellular localization is regulated by continuous R light 

and to a small extent is regulated by continuous B light, but is completely 

unaffected by FR light. phyB nuclear localization cannot be induced by a single 

pulse of R, FR or B light indicating that phyB nuclear localization takes longer 

periods compared to phyA (Gil et al., 2000). However, phyB has been found to 

be present in the nucleus in the dark in a small amounts (Kevei et al., 2007). In 

contrast to single protein translocation of phyB, phyA translocation depends on 

two small plant-specific proteins, FAR-RED ELONGATED HYPOCOTYL 1 

(FHY1) and FHY1-LIKE (FHL). FHY1/FHL act as adaptor proteins to transfer 

phyA into the nucleus by forming a complex with phyA (Genoud et al., 2008). crys 

are predominantly nuclear proteins (Lin and Todo, 2005), having a variety of 

overlapping functions with phys and also cooperating with phys to regulate gene 

expression through complex transcriptional networks in light-triggered responses 

(Jiao et al., 2007; Li et al., 2012; Rodrigues et al., 2014).  

1.2.4 Light mediates plant morphogenesis 

Although light signal-induced transcriptional networks controlling plant 

morphogenesis are extremely complex, the signalling pathways overall are 

mainly directed by two negative regulators, which are photomorphogenic/de-

etiolated/fusca (COP/DET/FUS) proteins and Phytochrome Interacting Factors 

(PIFs), and a group of positive regulators, such as LONG HYPOCOTYL 5 (HY5) 

(Figure 1.5). In the dark, positive transcriptional regulators are inhibited by 

phosphorylation or degraded by photomorphogenesis negative regulator-caused 

ubiquitination. Constitutive COP/DET/FUS group proteins are crucial in regulating 

negatively or positively many of the transcription factors (TFs) that initiate the 
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photomorphogenesis and skotomorphogenesis (Jiao et al., 2007; Li et al., 2011). 

The COP/DET/FUS proteins are defined into three groups: the COP1-SPA 

complexes, the COP9 signalosome (CSN), and the CDD complex (COP10, 

DDB1 and DET1), all of which are involved in proteasomal degradation of 

photomorphogenesis positive TFs (Li et al., 2011). COP1-SPA complex is an E3 

ubiquitin ligase, formed by interaction of CONSTITUTIVE 

PHOTOMORPHOGENIC 1 (COP1) and SUPPRESSOR OF PHYA-105 (SPA) 

proteins to degrade several positive TFs in order to inhibit photomorphogenesis 

in the dark (Jiao et al., 2007; Casal et al., 2014). The CSN is a multiprotein 

complex (Lau and Deng, 2012) and The CDD complex is formed by DE-

ETIOLATED 1 (DET1), DAMAGED DNA-BINDING PROTEIN 1 (DDB1) and 

COP10 interaction (Waters and Langdale, 2009). They are both essential for 

regulating activity of E3 ubiquitin ligases (Chen, 2006; Lau and Deng, 2012). CDD 

directly interacts with COP1 and CSN to promote the E2 ubiquitin enzyme activity 

in degradation (Fernando and Schroeder, 2016). PIFs, a group of bHLH (basic 

helix–loop–helix)-type transcription factors, are phyA and phyB-regulated 

negative regulators of photomorphogenesis and positive regulators of 

skotomorphogenesis. The inactive phys cannot inhibit the PIFs in the dark, so 

skotomorphogenesis is promoted by PIFs, whereas photomorphogenesis is 

repressed (Jiao et al., 2007; López-Juez et al., 2008). Recently, COP/DET/FUS 

and PIFs have been found to act as cofactors and synergistically repress 

photomorphogenesis (Xu et al., 2014). The COP/DET/FUS group of proteins can 

be inhibited by light-activated phys or crys. Once they are inhibited, they are 

unable to degrade the nuclear localized transcriptional factors (TFs) such as HY5, 

LONG HYPOCOTYL IN FAR-RED (HFR1), LONG AFTER FAR-RED LIGHT 1 

(LAF1), etc (Jiao et al., 2007). HY5 is a well-characterized bZIP (basic leucine 

zipper) TF playing a major role in promoting photomorphogenesis under various 

light conditions (Li et al., 2011; Arsovski et al., 2012). Both phys and crys promote 

HY5 accumulation in the nucleus. HFR1, a bHLH TF, acts as a suppressor of 



 11 

hypocotyl elongation in response for phyA-mediated FR and cry1-mediated B 

light signalling. LAF1 is a Myb transcriptional activator, responsible for 

transmitting phyA-mediated downstream signalling (Jang et al., 2005; Yang et al., 

2005; Casal et al., 2014). HY5, HFR1 and LAF1 can interact with each other to 

prevent the degradation from COP1 (Casal et al., 2014). Meanwhile, activated 

phys cause phosphorylation and degradation of PIFs, resulting in plant 

photomorphogenesis (Arsovski et al., 2012). According to our knowledge so far, 

it has been found that PIFs are degraded by BLADE-ON-PETIOLE (BOP) protein, 

which in association with Cullin3 (CUL3) protein which forms a complex with E3 

ubiquitin ligase activity (Zhang et al., 2017). Once plants enter 

photomorphogenesis, the shoot apical meristem (SAM) is activated to produce 

leaves and subsequently chloroplasts (López-Juez et al., 2008).  

 

Figure 1.5 Simplified transcriptional networks for skotomorphogenesis and 

photomorphogenesis 
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1.3 Communication between plastid and nucleus 

1.3.1 Nucleus-to-plastid anterograde build-up and regulation 
pathways 

To build up a mature plastid, about 3000 different proteins are involved. As 

plastids are evolved from prokaryotes, they are semi-autonomous organelles 

which retain genes for a small number of polypeptides. However, there are only 

about 100 genes and the majority of plastid proteins are encoded in nucleus 

(Inaba and Ito-Inaba, 2010). Moreover，the expression of plastid-encoded genes 

is also directed by the nucleus. Therefore, plastid biogenesis is dramatically 

controlled by the nucleus and by the post-translational import of nuclear-encoded 

plastid proteins into plastids (Kessler and Schnell, 2009). Nuclear-encoded 

chloroplast genes are rapidly expressed through the transcriptional network. The 

early light-responsive transcriptional factors express with in 1 hour (Jiao et al., 

2007). The chloroplast biogenesis is usually completed after 6 to 24 h after light 

exposure (López-Juez et al., 2008). These nuclear-encoded chloroplast proteins 

are imported into proplastids, then involved in chloroplast biogenesis and 

maturation. 

Currently, only a few of TFs that regulate chloroplast development have been 

well studied (Figure 1.6). HY5 is a bZIP transcription factor that binds to a 

conserved G-box in the promoter region of many light-regulated genes involved 

in promoting chloroplast biosynthesis genes under a wide spectrum of 

wavelengths, including FR, R, B, and UV-B (Masuda and Fujita, 2008; Waters 

and Langdale, 2009; Li et al., 2010, 2011; Kobayashi et al., 2012a). CHLH (also 

called GUN5, the H subunit of Mg-chelatase), GUN4 (required for activating Mg-

chelatase) and CAO (catalyzes the conversion of chlorophyllide a to 

chlorophyllide b) which are identified HY5 targeted genes involved in chlorophyll 

biosynthesis of tetrapyrrole pathway. Importantly, strong evidence has shown 
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that photosynthesis-associated gene light-harvesting chlorophyll a/b-binding1 

(Lhcb1/CAB1) is positively regulated by HY5 (Lee et al., 2007; Waters et al., 

2008). LHCB proteins are the subunits of Photosystem II components of PET 

complexes, located on thylakoid membranes in the chloroplast. They contain 

protein-bound chlorophyll that optimize light absorption and transfer excitation 

energy to additional chlorophylls (Waters et al., 2008, 2009; Waters and Langdale, 

2009).  

LHCB requires a crucial TF - GOLDEN2-LIKE (GLK). The efficient expression of 

LHCB requires HY5 to maximize the GLK function (Kobayashi et al., 2012b). The 

GLK proteins belong to the GARP superfamily of TFs (Riechmann et al., 2000). 

GLKs gene expression is promoted by R and B light (Waters et al., 2008). In 

Arabidopsis, GLK1 and GLK2 are homologues which are largely redundant and 

functionally equivalent. Water and collaborators showed only glk1 glk2 double 

mutant has a significantly defective pigment synthesis and thylakoid stacking. 

They also showed that GLKs are required for Pchlide synthesis in the dark. 

Although GLK1 and GLK2 both play a same role in retrograde signalling, GLK1 

plays a key role in retrograde signalling. In contrast, GLK2 has a minor role in 

retrograde signalling (Martin et al., 2016). However, they also have distinct 

functions of chloroplast biosynthesis. Although GLK1 and GLK2 are both light-

dependent genes, GLK1 is primarily light regulated. By contrast, GLK2 is 

regulated by light and also Auxin/Cytokinin signalling (Fitter et al., 2002; 

Kobayashi et al., 2012a). GLK2 is more abundantly transcribed compared to 

GLK1 in the root (Fitter et al., 2002). Kobayashi and collaborators have found that 

GLK2 is a hormone signalling-responsive factor, regulating root greening. The 

ARABIDOPSIS PSEUDO RESPONSE REGULATORs (APRRs) also belong to 

the GARP superfamily of TFs (Riechmann et al., 2000). They are incompletely 

studied cytokinin-regulated proteins (Makino et al., 2000; To et al., 2007; Pan et 

al., 2013). In tomato, APRR2-Like has been found to have a high sequence 
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similarity to tomato GLK2 (Pan et al., 2013). Therefore, it was proposed to have 

a function on plastid metabolism and pigment development. A recent study 

showed that APRR2-Like is a positive transcriptional regulator for mediating 

plastid compartment size and the levels of chlorophyll in tomato (Pan et al., 2013).  

CYTOKININ RESPONSE FACTOR2 (CRF2) which is a cytokinin-responsive TF 

has been found to control chloroplast growth and division (Okazaki et al., 2009). 

It is transcriptionally up-regulated by cytokinin and light-independent. CRF2 

increases the chloroplast division rate by regulating the PLASTID DIVISION2 

(PDV2) protein, components of the division apparatus to change chloroplast size 

and number, but not other components of the division apparatus  (Okazaki et al., 

2009; Chiang et al., 2012).  

The two positive nucleus-localized TFs, GATA NITRATE-INDUCIBLE CARBON-

METABOLISM-INVOLVED (GNC) and CYTOKININ-RESPONSIVE GATA1 

(CGA1), have been identified to regulate chloroplast development (Richter et al., 

2010). The expression of GNC and CGA1 is light-dependent and also cytokinin-

regulated (Chiang et al., 2012). It has been found that PIF3 directly binds to the 

GNC/CGA1 promoter to repress the gene expression (Richter et al., 2010). It has 

also been found that GNC/CGA1 has an overlapping function with GLKs in 

inducing the transformation of chloroplasts from proplastids. GNC/CGA1 also has 

an overlapping function with CRF2 in chloroplasts growth and division during 

proliferation. It mediates chloroplast development in multiple cell types and 

tissues, except flower petals. Its expression is repressed during flower 

development (Mara and Irish, 2008). 

PIFs is a subfamily of phytochrome-interacting bHLH transcription factors (Jiao 

et al., 2007). PIFs have been found to regulate a number of chloroplast 

biosynthesis genes and photosynthesis genes, particularly of tetrapyrrole 

biosynthesis genes. PIF1 and PIF3 both repress HEMA1, GUN5 and GUN4 that 
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lead to a reduced Pchilde synthesis in the dark (Stephenson et al., 2009). PIF1 

directly targets PORC and indirectly targets PORA, PORB, haem oxygenase 

(HO3), and ferrochelatase (FeChII) genes (Moon et al., 2008; Shin et al., 2009). 

PIF3 negatively regulates CAO (Monte et al., 2004) and two Photosystem I 

components of PET complexes (LHCA1 and PsaE1) (Shin et al., 2009). 

 

Figure 1. 6 Model for the roles of transcriptional factors in the regulation of 
chloroplast development 
Figure adapted from (Chiang et al., 2012) 

1.3.2 Chloroplast-to-nucleus retrograde signalling pathways 

Chloroplast biogenesis requires the coordination of “anterograde” build-up and 

regulation and “retrograde” (from “in reverse”) signalling. Nuclear-encoded plastid 

Transformation

HY5
GLK1/2PIF1/3
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gene expression can be shut down by a negative plastid signalling, when 

chloroplast biogenesis is inhibited or the chloroplast is damaged by inhibitors or 

under stress (López-Juez and Pyke, 2005; Waters and Langdale, 2009; Jarvis 

and López-Juez, 2013). The photobleaching herbicide norflurazon (NF), which is 

an inhibitor of carotenoid biosynthesis, is commonly used for inhibiting chloroplast 

function to study retrograde signalling (Nott et al., 2006). Treating plants with NF 

leads to the loss of expression of hundreds of genes. In WT plants, expression 

of most photosynthesis-associated nuclear genes (PhANGs), such as LHCB, 

CA1 (carbonic anhydrase 1) and CP12 (chloroplast protein 12), is reduced by 

treating with NF. Interestingly, the negative effect of retrograde signalling is 

reduced in a group of gun (genome uncoupled) mutants in the presence of NF. 

The gun mutants were termed because of the fact that in them nuclear gene is 

expression is uncoupled from the plastid status and they fail to repress the 

expression of photosynthesis-associated genes when the plastids are damaged 

(Susek et al., 1993). In gun mutants, either the nucleus fails to respond to 

negative signalling from the plastid, or negative signalling does not occur, so the 

PhANG expression cannot be consequently shut down. In contrast to WT, loss of 

GUN function leads to an increased PhANG expression with NF treatment. This 

phenomenon will be demonstrated later (section 1.4.4).  

Five gun (gun1~gun5) mutants were first identified (Susek et al. 1993). 

GUN2~GUN5 are enzymes involved in different steps of the plastid tetrapyrroles’ 

synthesis pathway (Figure 1.7). GUN2 is the same protein as HY1 (HO1) 

whereas HY2 encodes the same protein as GUN3 (Mochizuki et al., 2010). They 

are both involved in the haem and PΦB metabolic pathway. gun2 and gun3 

mutations block the haem catabolic steps resulting in an accumulation of haem. 

GUN4 and GUN5 are directly involved in regulating Mg-chelatase activity at the 

first step of chlorophyll biosynthesis pathways. GUN4 acts as an activator 

increasing Mg-chelatase efficiency (Larkin, 2003; Peter and Grimm, 2009). GUN5 
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encodes CHLH, which is a subunit of Mg-chelatase (Mochizuki et al., 2001). gun4 

and gun5 block the Mg-protoporhyrin IX biosynthesis in the tetrapyrrole pathway, 

resulting in reducing the accumulation of Mg-protoporphyrin IX and directing 

protoporphyrin IX into the haem biosynthesis pathway. More recently, one more 

gun mutant, gun6-1D, was identified (Woodson et al., 2011). GUN6 encodes 

ferrochelatase 1 (FC1) which is haem synthase (Figure 1.7). In contrast to other 

gun mutants, gun6-1D is a dominant mutation that in the presence of NF causes 

a gun phenotype when GUN6 is overexpressed. gun6-1D leads to an overflow of 

tetrapyrrole biosynthesis towards haem biosynthesis pathway that consequently 

increases the amount of haem. According to this model, the increased haem level 

in gun2~gun6-1D acts as positive retrograde signalling for chloroplast biogenesis 

(Woodson et al., 2011). An accumulation of haem in gun2 and gun3 and the FC1-

derived pool of haem act as a positive signal to increase the PhANG expression 

in the nucleus. Mg-protoporphyrin IX, a mobile signal mediator, was proposed to 

be the negative regulator. According to the older, alternative model, increasing 

Mg-protoporphyrin IX represses PhANG expression (Strand et al., 2003). 

However, additional evidence shows that there are difficulties with a model that 

proposes elevated Mg-proto as a negative signalling molecule leading to the 

repression of nuclear genes, including that this intermediate is phototoxic. 

Additionally, there is not always a correlation between the Mg-protoporphyrin IX 

level and the gene expression level (Moulin et al., 2008). Instead, those authors 

suggest that the generation of reactive oxygen species (ROS) from phototoxic 

compounds in the downstream of Mg-protoporphyrin IX biosynthesis pathway is 

more likely the suppressor of nuclear gene expression.  

Although the retrograde signalling mechanism is not clearly understood, it has 

been proposed that the PhANG expression is closely regulated by the activities 

of positive (HY5 and GLKs) and negative (ABI4) factors (Figure 1.7). The 

proteolytic cleavage of a chloroplast envelope-bound plant homeodomain (PHD) 
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transcription factor, PTM (PHD WITH TRANSMEMBRANE DOMAINS), has been 

found to transfer the signal between chloroplast and nucleus (Sun et al., 2011). 

The N-terminus of PTM is released by proteolytic cleavage and then imported 

into the nucleus to activate the ABI4 (ABSCISIC ACID INSENSITIVE 4) 

expression. However, a more recent study suggests that seedlings lacking the 

PTM protein do not show a gun mutant phenotype (Page et al., 2017). ABI4, 

which is a nuclear-localized TF, competes with TF HY5 on G-box-binding, in turn, 

leading to the repression of LHCB gene expression (Koussevitzky et al., 2007) . 

Seedlings carrying abi4 mutation have shown a gun phenotypes with NF 

treatment (Koussevitzky et al., 2007). Additionally, it is proposed that the FC1-

derived pool of haem acts as a positive signal of PhANG expression by promoting 

the GLK1 gene expression (Woodson et al., 2011). Evidence has shown that 

overexpressing GLK induces a gun phenotype (Leister and Kleine, 2016). 

Unlike GUN2-GUN5, GUN1 is a special GUN protein which works independently 

from the tetrapyrrole biosynthesis pathway (Mochizuki et al., 2001; Larkin et al., 

2003; Koussevitzky et al., 2007; Woodson et al., 2011). The function of GUN1 is 

still unknown when chloroplasts function normally. Nevertheless, GUN1 has been 

postulated to act as a signal transductor, sending a signal to the nucleus to 

repress photosynthesis-associated gene expression in the presence of NF. 

Strong evidence shows that gun1 mutation can cause death to a protein import 

defective mutant, cue8 (Loudya and López-Juez, personal communication) and 

equally of ppi2 (Kakizaki et al., 2012). Without suppressing the nuclear gene 

expression by GUN1, the nuclear-encoded chloroplast proteins are expressed 

abundantly and they remain in the cytoplasm. Some of these cytoplasmic free 

nuclear-encoded chloroplast proteins may be toxic. The free (protein-unbound) 

tetrapyrroles could also cause ROS in the plastid. In both cases, the gun1 

mutation can lead to cell death. 
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Although the molecular mechanism by which GUN1 integrates retrograde 

signalling in the chloroplast is unclear, GUN1 has been proposed by many 

studies to be a master regulator which integrates multiple chloroplast signals. In 

contrast to other gun mutants, the effects of Lincomycin (LIN) on LHCB1.2 

expression were also suppressed in gun1 (Gray et al., 2003). LIN is an inhibitor 

of organellar gene expression that triggers a different type of signalling from 

chloroplasts. Therefore, GUN1 is expected to act in both signalling pathways. 

GUN1 is a plastid-localized pentatricopeptide-repeat (PPR) protein which can 

associate with nucleoids to form transcriptionally active complexes of plastid DNA, 

RNA and ribosomes (Koussevitzky et al., 2007). This suggests that GUN1 is 

presumably involved in organellar gene expression. Although the model of 

GUN1-mediated tetrapyrrole signalling is currently still unclear, the most 

promising GUN1 signalling mechanism is that it controls plastid gene expression 

to subsequently affect the tetrapyrrole signalling pathway (Terry and Smith, 2013). 

The GUN1 function is proposed to be upstream of the haem-regulated signal 

(Figure 1.7). It may target plastid-transcribed glutamyl-transfer RNA (glutamyl-

tRNA) and control the availability of glutamyl-tRNA. Glutamyl-tRNA is the 

substrate of glutamyl-tRNA reductase which catalyses the initial and rate-limiting 

step of tetrapyrrole synthesis pathway. Removing GUN1 increases the capacity 

of the tetrapyrrole synthesis and consequently enhances the haem level. Another 

possibility is GUN1 restricts the accessing of glutamyl-tRNA to glutamyl-tRNA 

reductase. In the present of NF, GUN1 was found to induces ABI4 in order to 

inhibit LHCB expression. Meanwhile, it inhibits GLK1 expression, in turn, reduces 

LHCB expression (Koussevitzky et al., 2007; Kakizaki et al., 2009). GUN1-

mediated plastid signalling suggests that there are at least two different types of 

retrograde signals. GUN1 has in fact recently been shown to interact chloroplast 

protein import, protein degradation in the stroma, chloroplast metabolism 

(photosynthesis and tetrapyrrole biosynthesis) and chloroplast unfolded protein 
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response process as a kind of “jack of all trades” (Colombo et al., 2016; Tadini et 

al., 2016). 

Tetrapyrrole signal regulating nuclear gene expression is a primary plastid signal 

during chloroplast biogenesis. Probably, tetrapyrrole is one of the most ancient 

prosthetic groups which have been found. Tetrapyrrole compounds contain four 

pyrrole rings and exist in various forms in the organelle, including light absorption 

(chlorophyll), electron transfer (sirohaem), oxygen binding (haem) (Mochizuki et 

al., 2010). They act as cofactors that bind to their apoproteins and are transferred 

throughout all cellular compartments. Chlorophyll, Pchlide, haem, PΦB and 

sirohaem are the main tetrapyrrole products synthesized in plastids (Mochizuki 

et al., 2010). Some tetrapyrroles can cause photo-oxidative damage, and cell 

death through generated free radicals and ROS, primarily singlet oxygen 

(Mochizuki et al., 2010). In this case, the accumulation of tetrapyrroles in Mg-

protoporphyrinIX biosynthesis pathway acts as a negative retrograde signalling 

(Terry and Smith, 2013). Pchlides, tetrapyrrole compounds in Mg-

protoporphyrinIX biosynthesis pathway, are essential cofactors and pigment 

precursors in photosynthetic organisms (Schlicke et al., 2015). The tetrapyrrole 

character of causing photooxidative damage can be visualized through the “FR 

light block of greening” experiment (Barnes et al., 1996; McCormac and Terry, 

2002). This experiment is carried out by treating seedlings under a continuous 

FR light, then transferring to white light (Barnes et al., 1996). phyA, a unique 

subtype of phytochrome, is different from other members as it triggers de-

etiolation in FR light rich environments (Rausenberger et al., 2011; Debrieux et 

al., 2013). It has been determined as the only photoreceptor responsible for 

controlling the FR-HIR (Reed et al., 1994; Rausenberger et al., 2011). In the dark, 

Pchlide is synthesised and accumulated in the plastid. Simultaneously, the light-

dependent enzyme NADPH:protochlorophyllide oxidoreductase A (PORA) which 

is positively regulated by DELLAs, also accumulates in the dark and binds to 



 21 

Pchlide to catalyse the photo-conversion process after the seedlings are exposed 

to the light (Cheminant et al., 2011). In general, the accumulated levels of Pchlide 

and PORA within seedlings are comparable. All the Pchlide should be rapidly 

converted into chlorophyll during initial light irradiation. In contrast, FR-HIR 

causes degradation of PORA by nuclear-encoded proteases and inhibits POR 

mRNA expression (APEL, 1981; Santel and Apel, 1981; Paul, 2013). The 

mechanism of light-activation of protease expression or activity is unknown, 

although one can speculate that it could be related to the other forms of protein 

degradation which control photomorphogenesis. The free Pchlide (not bound to 

PORA) operates as a photosensitizer upon light exposure to produce ROS, 

thereby causing photo-oxidative stress (op den Camp et al., 2003; Mochizuki et 

al., 2010). Photosensitizing molecules (in an excited state) can generate singlet 

oxygen using light energy to excite triplet molecular oxygen (ground state) 

(Gollnick, 1968). Pchlide is accumulated abundantly during continuous FR 

treatment, without PORA. After seedlings are exposed to white light, the excess 

accumulated Pchlide act as a signal to activate two stress responses, growth 

inhibition and cell death, inhibiting the light-dependent signal by repressing 

photosynthetic and tetrapyrrole synthetic genes rather than acting as a primary 

toxin (op den Camp et al., 2003; Wagner et al., 2004). Because singlet oxygen 

has a short half-life, the molecules that are affected need to be close to where 

single oxygen is synthesized (Gorman and Rodgers, 1992). Currently, how single 

oxygen causes the stress responses is not fully understood. It has been 

speculated that ROS oxidized lipid-related metabolites, such as β-cyclocitral, 

may be involved in signal transfer (Ramel et al., 2012). Nevertheless, inactivation 

of EXECUTER 1 and EXECUTER 2 have been found to abrogate stress 

responses (Lee et al., 2007). executer 1 can suppress the flu mutation which 

leads to the over-accumulation of free Pchlide during the light/dark shift, resulting 

in a WT phenotype of double mutant (op den Camp et al., 2003; Wagner et al., 

2004). 
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Figure 1. 7 Summary of chloroplast-to-nucleus retrograde signalling pathways, 

with a focus on tetrapyrrole synthesis and signals. Note that GUN1 is also 

involved in monitoring other chloroplasts activities, including translation and 

protein import. 
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1.4 Arabidopsis lyn1 mutant 

1.4.1 Generating lyn1 mutation by genetic screens 

I am interested in how light regulates the conversion of etioplasts to chloroplasts 

in order to understand the process of chloroplast development, so a genetic 

screening was carried out on a light-response defective mutant, hy1. HY1-null 

line hy1-100 (hereafter hy1) carries a splicing mutation in Columbia (Col) ecotype 

with a single base pair change from G to A at the 3’ boundary of the first intron 

(Davis et al., 1999; Muramoto et al., 1999). In Arabidopsis, HY1 locus encodes 

the haem oxygenase 1 (HO1) which is involved in the enzymatic cascade reaction 

of phytochrome chromophore biosynthesis (Parks and Quail, 1991). Many 

previous studies have found that the genetic mutations of hy1 can result in 

etiolated seedlings, as the mutations cause deficiency in both PΦB production 

and Pchlide production. Loss of haem oxygenase in hy1 mutant causes a blocked 

PΦB biosynthesis pathway, resulting in increased accumulation of haem in 

plastids. The accumulation of haem acts as a tetrapyrrole signal repressing ALA 

biosynthesis by inhibiting glutamyl-tRNA reductase (HEMA1/2) expression in the 

nucleus through retrograde signalling, which in turn reduces the Pchlide 

production in the chlorophyll biosynthesis pathway (Terry and Kendrick, 1999). 

Phytochrome biosynthesis-defective plants respond poorly to light signals, so the 

chloroplasts cannot fully develop in hy1 and the phenotype of hy1 resembles in 

part that of dark-grown seedlings (Figure 1.7). 

Previous researchers in my laboratory used mutagen ethyl methanesulfonate 

(EMS) to randomly generate point mutations on hy1 mutants. A reporter, green 

fluorescent protein, which is driven by the promoter of LHCB gene was introduced 

into seedlings (López-Juez and Hills, 2011). Because LHCB is a light-induced 

gene, the expression level of this gene indicates the response level to the light 

signal (López-Juez and Pyke, 2005; Lopez-Juez, 2007). Thus, LHCB gene 
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expression is lower in hy1 compared to WT. Surprisingly, they found that the 

reporter line, after mutagenesis, led to isolation of the lyn1 hy1 mutant which 

seems to have a LHCB gene expression level intermediate between hy1 and the 

WT (Hills, 2002). Thereby, they generated a novel mutant, lyn1, which can rescue 

the expression of nuclear-encoded plastid protein LHCB. They further studied the 

plant phenotypes. The double mutants showed a phenotype intermediate 

between hy1 and WT. lyn1 single mutant was obtained through backcross 

(Shindo, Didcock, López-Juez, unpublished). 

1.4.2 LYN1 is not a light-inactivated repressor of 
photomorphogenesis 

At the beginning, LYN1 was suspected to work as the central negative regulators 

of photomorphogenesis, COP/DET/FUS group proteins, which were identified 

due to their mutant seedling phenotype in darkness. When grown in the dark, 

these mutants present some light-grown seedling features, typically with a short 

hypocotyl, expanded cotyledons and enhanced levels of photosynthetic gene 

expression. They do not show complete chloroplast development in the dark 

because chlorophyll synthesis requires light, and photosystems cannot assemble 

without chlorophyll (Waters and Langdale, 2009). As mentioned above, DET1 is 

a nuclear-localized repressor of photomorphogenesis. det1 was grown together 

with lyn1 to compare their phenotypes in different light conditions. When grown 

in the light, det1 early seedling phenotype is not very different compared with WT 

(Figure 1.7 A). Several transcriptional factors are activated to cause 

photomorphogenesis, because DET1 activity is repressed by photoreceptors in 

the WT. det1 mutant is defective on DET1 protein production, hence it cannot 

repress transcription factors in the dark. Thus, det1 seedlings display light-grown 

features even in the dark (Figure 1.7 B). 6-day light-grown lyn1 has the same 

short hypocotyl length as det1 (Figure 1.7 A), but 6-day dark-grown lyn1 

seedlings have longer hypocotyl length than det1 and no different from the WT 
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(Figure 1.7 B). Therefore, LYN1 is not a light-inactivated repressor of 

photomorphogenesis. 

 
Figure 1.8 lyn1 effect of phenotypes of hy1 in light and dark 

Seedlings of WT, lyn1, hy1, lyn1 hy1 and det1 grown in white light (100 μmol m-

2 s-1) and dark for 6 days in 1% MS media. Scale bar = 10 mm. Figure from (He, 

2013). 

1.4.3 lyn1 suppression of the growth and greening of seedlings  

The dramatic differences between four phenotypes remain visible at different 

stages of development, on both early seedlings and later adult plants, to the 

naked eye (Figure 1.8). Therefore, the suppression of seedling phenotypes was 

first time studied on hypocotyl elongation and chlorophyll production at different 

light fluence rates on 6-day old light-grown seedlings by measuring the hypocotyl 

length and chlorophyll content by a previous MSc student (Tan, 2012). This 

experiment was also repeated on 5-day old seedlings during my MSc research. 

Both results had the same outcome which is that lyn1 suppresses hypocotyl 

length and chlorophyll content on hy1, leading to a shorter hypocotyl length and 

a higher chlorophyll content of lyn1 hy1. lyn1 single mutant causes an increased 

light response, leading to a shorter hypocotyl length compared to the WT. This 

WT lyn1 hy1 lyn1 hy1 det1 WT lyn1 hy1 lyn1 hy1 det1

A B
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assay was repeated and shown as a part of a wider assay in this thesis (Figure 

3.6 and 3.7). 

 

Figure 1.9 lyn1 suppression of the growth and greening of 20-day plants 

Seedlings of WT, lyn1, hy1 and lyn1 hy1 grown in white light (180 μmol m-2 s-1) 

for 20 days. Figure from (Shindo, 2005). 

lyn1 suppression of Landsberg (Ler) ecotype hy1-1 was also previously studied 

during my MSc research to address whether lyn1 is allele-specific or also applied 

to other hy1 alleles. hy1-1, generated by fast-neutron mutagenesis, carries a 13-

bp deletion at the 3’boundary of the second exon (Davis et al., 1999). This 

deletion creates a frameshift during splicing and the translated protein becomes 

a truncated protein which misses 71 aa at the C-terminal end. According to the 

studies, lyn1 showed a similar suppression of hy1-1 (Figure 1.9) (He, 2013). 

Therefore, lyn1 nonspecifically suppresses hy1 mutations. 
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Figure 1.10 lyn1 suppression of hy1-1 

Seedlings of WT Col, WT Ler, lyn1, hy1-1 and lyn1 hy1-1 grown in white light 

(100 μmol m-2 s-1) for 6 days in 1% MS media.	Scale bar = 10 mm. Figure from 

(He, 2013). 

1.4.4 lyn1 eliminates the gun phenotype of hy1 

As mentioned in the introduction, hy1 is also defined as gun2 mutant. Thus, it 

showed a gun phenotype which has high PhANG expression compared to the 

WT when the hy1 seedlings were treated with NF. However, previous 

researchers found that PhANG expression was reduced in lyn1 hy1 compared to 

that of hy1 in the presence of NF (Tan, 2012) (Figure 1.10). It suggests that lyn1 

may reverse the gun phenotype of the hy1 mutant by regulating the tetrapyrrole 

biosynthesis pathway. 
  

WT Col WT Ler lyn1 hy1-1 lyn1 hy1-1
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Figure 1.11 Quantification of the expression of light-induced photosynthetic 

genes in the presence of NF 

Expression level in each mutant expressed as a ratio to the level in the WT grown 

under the white light (200 µmol m-2 s-1) in the presence of NF. Figure adapted 

from (Tan, 2012). 

1.4.5 lyn1 does not rescue haem oxygenase 

Because of the observation of lyn1 suppressing the gun phenotype, a hypothesis 

was that lyn1 decreases the haem accumulation by increasing the conversion 

from haem to biliverdin IXa, enhancing the production of phytochromobilin, and 

therefore of phytochromes. The reduced haem accumulation leads to the 

decreased retrograde signalling, in turn, reduce the PhANG expression. In this 

case, cytoplasmic located phytochrome apoproteins should decrease because 

they are used to synthesis phytochromes by binding to PΦB. Therefore, the 

previous researchers in my laboratory used the immuno-blotting to assess the 

phyA apoprotein decay (Shindo, 2005). They carried out this by exposing the 5-

day dark grown seedling in R light and observing the presence of phyA apoprotein 

over time. Without the R light irradiation, the phyA apoproteins were present in 

all 4 genotypes of 5-day dark grown seedlings (Figure 1.11). Once the seedlings 

were exposed to R light, the phyA apoproteins immediately disappeared in the 

WT and lyn1. This is because the phyA apoproteins bind to PΦB to synthesise 

phyA (becoming holoprotein) in WT and lyn1. Once the seedlings are exposed to 
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the R light, phyA are rapidly degraded. In contrast, the phyA apoproteins were 

constantly present in hy1 and lyn1 hy1. Because of the absence of PΦB in hy1 

and lyn1 hy1, phyA apoproteins remained in the cytoplasm without forming phyA 

holoprotein. This result indicates that lyn1 does not suppress hy1 by restoring 

PΦB, at least to a detectable extent. 

 
Figure 1.12 Immuno-botting of phyA apoprotein decay assay 

Total protein was extracted from 5-day old seedlings of WT, hy1, lyn1 and lyn1 

hy1 grown in the dark or dark followed by 3h, 8h or 12h of red light. Figure from 

(Shindo, 2005) 

1.4.6 Mapping and cloning of the LYN1 gene 

A previous investigator (Didcock and López-Juez, unpublished) mapped the 

mutation narrowly, using mutant plants from a recombinant (Col x Ler, i.e. lyn1 

hy1-100 x hy1-1) population. I continued the mapping as part of my MSc research. 

This region, identified to contain lyn1, was reassessed by looking at the critical 

recombinant mutant plants at a number of nearby polymorphic sequences. 

Localization of LYN1 was carried out by high throughput sequencing between 

lyn1 hy1 and the reference Col sequence (Aubry and Hibberd, personal 

communication). Among 200,000 polymorphisms identified, only one fell within a 

coding sequence within our narrowly-mapped region: a single nucleotide change 

was found at position 11,012,014 (as defined in the TAIR10 sequence) on JMJ14 

(At20400) gene (Figure 1.12). Further Sanger sequencing showed that the single 
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nucleotide changed from G to A. The change was consistent with the role of the 

mutagen ethyl methanesulfonate (EMS), which is responsible for changing G to 

A or C to T. A nonsense mutation is induced by the lyn1 mutation to change 

tryptophan into a stop codon, resulting in early termination of protein translation 

(Figure 1.13).  

 
Figure 1.13 The region of LYN1 on chromosome 4 (coordinates in TAIR10) 

The red point signifies at least one lyn1 recombinant plant is heterozygous (Col 

and Ler) at this polymorphism point. The green points show all recombinant 

plants carry the Col allele. Polymorphisms are shown in blue. lyn1 mutation is 

shown within a red arrow. The marker NK8 was unconfirmed in plant 669, so it is 

shown in grey. The recombinant regions are shown in yellow. The Col regions 

are shown in white. For example, for recombinant plant 938 markers cer466098, 

cer466358, cer466359 and NK8 show a Col genotype and markers cer428272 

and cer442396 are heterozygous, this means from this point to the right they are 

also expected to be heterozygous. The recombination point in one gamete which 

gave rise to this plant must have occurred between the markers NK8 and 

cer428272. lyn1 mutation is found to change nucleotide from G to A at position 

11,012,014 on protein JMJ14 (At4g20400). Figure from (He, 2013). 

����������� 
��	��

Polymorphisms	 (and	mutation)

At4g20400 (JMJ14)

Recombinant	 plants,	 confirmed	
4/2013

Region of LYN1, Coordinates in TAIR10, chromosome 4 

595
434
938
669



 31 

 

Figure 1.14 JMJ14 gene structure and the location of the lyn1 and jmj14-1 

jmj14-1 is a Salk line mutation obtained from the stock centre and later used in 

lyn1 identity experiments (see chapter 3). Figure from (He, 2013). 

1.4.7 Current published studies about the role of JMJ14. 

JMJ14 is a histone H3 lysine 4 (H3K4) demethylase, participating in the 

modulation of histone methylation as part of the control of epigenomic regulation 

(Jeong et al., 2009; Lu et al., 2010; Yang et al., 2010). Methyl groups, which are 

one type of epigenetic marks, can be added to histone protein lysine residues by 

histone lysine methyl-transferases (HKMTs) and removed by histone 

demethylases (HDMs) to remodel chromatin in order to maintain cell fate and 

genomic stability (He et al., 2011; Black et al., 2012). Epigenetic marks do not 

affect DNA-sequence, but are attached onto DNA or onto DNA-associated 

proteins. The reason to refer to this mode of regulation of gene expression, these 

marks, as “epigenetic” is that these marks are inherited, they can be passed down 

to the next generation of cells, through mitosis, marks acquired even during 

embryogenesis can continue to be present for the life of the organism. In some 

occasions this mode of regulation has been found to be inherited even by the 

progeny, the next generation of organisms (in a true genetic sense) (Trerotola et 

al., 2015). In eukaryotic cells, chromatin is formed by packing DNA around 

nuclear histone protein, forming nucleosomes. A nucleosome comprises four 

JMJ14   TTA  TGG
L(leu)  W(trp)

lyn1 TTA  TAG
L(leu)  Stop

800 bp

jmj14-1
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core histones: H2A, H2B, H3 and H4. Each core histone consists of a H3-H4 

tetramer and two H2A-H2B heterodimers that bind together to form a protein 

octamer (Eickbush and Moudrianakis, 1978). The N-terminal tails residues of the 

histones can be altered by post-translational covalent modifications (PTMs) in 

order to influence numerous biological processes. PTMs exist in various forms, 

including methylation, acetylation, phosphorylation, ubiquitination and others 

(Fisher and Franklin, 2011; He et al., 2011). Histone methylation modifies 

chromatin structure by adding methyl groups on lysine and arginine residues of 

the histone N-terminal tails. Lysine methylation on histone 3 has been found at 

least in five residues (H3K4, H3K9, H3K27, H3K36 and H3K79) and on histone 

4 has been found at least in one single residue (H4K20) (Martin and Zhang, 2005). 

According to the position, the effects of histone methylation can be either gene 

activation or repression. The study of several histone lysine methylation states in 

the Arabidopsis genome has demonstrated that H3K4, H3K9 and H3K36 

methylation show a strong positive correlation with gene expression levels in 

general, whereas H3K27 methylation shows a strong negative correlation with 

gene expression levels (Roudier et al., 2011). A lysine residue can be mono-, di- 

or trimethylated to cause differential biological effects of methylation (Martin and 

Zhang, 2005). For example, the position of histone 3 lysine 4 can be mono- 

(H3K4me1), di- (H3K4me2) or trimethylated (H3K4me3) (Zhang et al., 2009). 

Histone acetylation is another intensely studied epigenetic marker. It also occurs 

on lysine residues of the histone N-terminal tails (Verdone et al., 2005). Acetyl 

groups are established on the lysine residue by histone acetyltransferases (HATs) 

and removed by histone deacetylases (HDACs) (He et al., 2011). In Arabidopsis, 

12 HAT and 18 HDAC genes have been identified (Pandey et al., 2002). Histone 

acetylation is generally associated with active gene expression. It can regulate 

transcription by recruiting transcriptional activators or neutralizing the positive 

charges of histone proteins to relax and open promoter regions for facilitating 

transcription (Graham and Karen, 2016). Histone phosphorylation can occur on 
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serine, threonine and tyrosine residues and it has been found to be involved in 

DNA damage repair, transcription regulation and chromatin compaction 

(Rossetto et al., 2012). Ubiquitination of histone is a modification not correlated 

with degradation. It occurs in the largely mono-ubiquitinated form on lysine 

residues. Monoubiquitination of histones H2A and H2B associates with 

transcription regulation also by regulating the assembly of transcription 

complexes on the promoter (Zhang, 2003). H2A monoubiquitination is generally 

associated with transcription repression while H2B monoubiquitination is involved 

in transcription activation (Feng and Shen, 2014). 

Histone H3K4 methylation is mediated by Trithorax (Trx) group proteins. Trx 

group proteins have an evolutionarily conserved SET-domain, which is to 

establish histone methylation marks on lysine residues. In Arabidopsis, 

ARABIDOPSIS TRITHORAX 1 (ATX1) and ARABIDOPSIS TRITHORAX 2 

(ATX2) are responsible for H3K4me3 and H3K4me2 methylation, respectively 

(Saleh et al., 2008). Additionally, other SET-domain genes (SDG) such as SDG2 

and SDG4 also have function on mediating H3K4 methylation (Cartagena et al., 

2008; Berr et al., 2010; Guo et al., 2010). Because of the crucial role of histone 

lysine methylation in gene transcription, organisms have to carefully and 

dynamically control and balance the methylation state by histone lysine 

demethylation (Shilatifard, 2008). Until recently, the discovered demethylase 

enzymes have been classified into two large groups. LSD1 (Lysine specific 

demethylase 1) is one class which requires action of a cofactor, Flavin Adenine 

Dinucleotide (FAD), to directly reverse histone H3K4 modification by an oxidative 

demethylation reaction (Klose et al., 2006; Forneris et al., 2007). It can only 

demethylate mono- and dimethylated H3K4 but not trimethylated H3K4 (Shi et 

al., 2004). Another class and also the largest of demethylase enzymes is Jumonji 

C (JmjC)-domain-containing histone demethylases (JHDMs). It catalyses lysine 

demethylation by oxidative reaction that requires two cofactors, α-ketoglutarate 
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(αKG) and iron Fe(II). In addition to the methyl group removing function of LSD1, 

JHDMs can also demethylate the trimethylated histone lysine-methylation states 

(Klose et al., 2006; Lu et al., 2008). JMJ14 has been found as one of the Jumonji 

C (JmjC) domain-containing demethylases which are considered as the major 

histone demethylases in eukaryotic cells (Jeong et al., 2009; He et al., 2011). 

Almost two-thirds of Arabidopsis genes contain at least one type of H3K4me. The 

study of H3K4me distribution shows that three types of H3K4me are frequently 

present at the different positions of transcribed regions (Figure 1.14). H3K4me1 

is present in relatively low levels at both 5’ and 3’ end of transcribed regions, and 

enriched in the internal region. The distribution of H3K4me2 and H3K4me3 are 

quite similar. They are both enriched in the 5’ end and promoter (about 200-bp 

regions upstream of transcription start sites). H3K4me3 is present slightly closer 

to the 5 end’ and it occurs at a higher level than H3K4me2 (Zhang et al., 2009; 

He et al., 2011). The highly enriched H3K4me2/3 at the promoter and the 

beginning of the coding region suggests that they are very likely to play a 

functional role in initiation of transcription. Some studies have shown that 

trimethylation of H3K4 opens the binding region of DNA that helps to facilitate 

recruitment of RNA polymerase II (Martin and Zhang, 2005; Black et al., 2013). 

H3K4 methylation is not only associated with gene expression but also with gene 

splicing. As shown in Figure 1.15 A, H3K4me3 is enriched particularly in the 5’ 

untranslated region and the beginning of the coding region, both of which are 

close to the promoter. It has also been found to influence splicing factor 

recruitment that determines transcript composition (Black et al., 2012). This 

observation supports that H3K4 is involved in regulation of gene expression by 

different methylation marks at different regions of genes. Especially, H3K4me2/3 

is very likely to play a role in transcriptional regulation. As several currently 

published studies have suggested that JMJ14-regulated genes have an enriched 

H3K4me2/3 in the 5’ end and promoter regions, and JMJ14 is more efficient in 
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carrying out H3K4 di- and tri-demethylation (Jeong et al., 2009; Lu et al., 2010), 

I suspected the jmj14 mutation to rescue light response through regulating the 

H3K4me2/3 marking state in order to mediate gene transcription level. According 

to this model, some of these lyn1-regulated genes would be involved in 

chloroplast development. 

 

Figure 1.15 Distribution of H3K4me within genes 

A. Distribution of H3K4me at the 5' and 3' ends of genes. Because the position of 

the mark in relation to the transcription start and termination sites is greatly 

dependent on the length of the transcript, genes were categorised into 4 groups 

according to their transcript length and shown in different colour as indicated at 

top. y-axis represents the percentage of genes containing H3K4me in their 

promoters or 5' ends and 3’ ends. x-axis represents the distance between DNA 

A B
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position and gene transcription start or end site.  

B. Distribution of H3K4me across genes. Gene transcribed regions are 

represented in a thick horizontal bar along the x-axis in a percentage scale (to 

normalise for gene length). The 1- kb regions upstream and downstream of each 

gene are represented in a thin horizontal bar.  

A and B demonstrate that the peaks of both di- and tri-methylation occur at the 

transcription start sites, both marks extend in both directions, being present at 

the end of the promoters, and within the coding region. Figure adapted from 

(Zhang et al., 2009)  

1.4.7 Statement of authorship 

As this project continues the work from my MSc research, a number of previous 

results are shown in this thesis. This paragraph clarifies all the assays obtained 

from my MSc work before the start of this thesis. lyn1 suppression of the growth 

and greening assay was carried out during my MSc in 5 days dark and light grown 

seedlings before the LYN1 gene location was identified. This experiment was 

repeated during my PhD study including also jmj14 mutants, in order to confirm 

the LYN1 gene identity (shown in section 3.2.1.2). LYN1 was demonstrated not 

to be a light-inactivated repressor of photomorphogenesis by previous 

researchers in the lab. This assay was repeated during my MSc research and the 

result of this assay is shown in section 1.4.2. To confirm that lyn1 does not only 

suppress hy1-100 but also other phytochrome biosynthetic mutations (hy1-1 and 

hy2-1), the double mutants were generated by previous researchers, but no 

further work had been carried out on them. The lyn1 suppression of the growth 

and greening of other phytochrome biosynthetic mutations was carried out during 

my MSc research, and is shown in sections 1.4.3 and 4.1.3, respectively. The 

Pchlide level was quantified during my MSc by extracting Pchlide from 5 day-dark 

grown seedlings (Appendix Figure 7.1). The Pchlide accumulation was analysed 

through an alternative physiological strategy (Far-red light block greening) in this 
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thesis to support the results from my MSc. The LYN1 gene mapping was partially 

carried out by previous MSc students. It was completed during my MSc research 

(shown in section 1.4.6). The chloroplast compartment quantitation assay was 

performed in mesophyll cells of rosette leaves and cauline leaves during my MSc 

research (Appendix Figure 7.2). The same assay was repeated in mesophyll cells 

and bundle sheath cells of cauline leaves (shown in section 4.2.1). 

Unless otherwise indicated, all other assays carried out after my MSc and 

described in this thesis were carried out by myself. The exceptions are: the 

detection of presence and quantitation of phytochromobilin-containing 

photochemically active phytochrome, the RNA-Seq assay of global gene 

expression (the library preparation and Illumina sequencing itself), and the 

principal component analysis (PCA) of those data comparing the different RNA-

Seq samples. Detecting of presence of phytochromobilin-containing 

photochemically active phytochrome was performed by the laboratory of Tim 

Kunkel, University of Freiburg. The sequencing was performed by the laboratory 

of Prof. Beemster’s, University of Antwerp. PCA was performed by a 

bioinformatics researcher at the University of Antwerp. 

1.5 Hypothesis 

According to the studies which preceded this project, there are two preliminary 

hypotheses which could explain how the lyn1 mutation increases light response. 

The first hypothesis is that the lyn1 suppression is caused by direct amplification 

of the weak light response. An alternative hypothesis is that lyn1 primarily 

elevates etioplast development and subsequently enhances chloroplast 

development, resulting in rescuing a small amount of PΦB to synthesise 

phytochromes, and as a result the light response. This compensated light 

response further improves the development of chloroplasts to, in turn, increase 

PΦB synthesis and allow perception of an increased light signal. Eventually, this 
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feedback generates a “virtuous cycle” that leads to a significantly rescued light 

response in the lyn1 mutant (Figure 1.14). These two hypotheses would lead to 

two contrasting potential applications of the lyn1 mutation, enhancing light 

responses or enhancing plastid development. How is the light response rescued 

by the lyn1 mutation? This question was addressed experimentally in this thesis. 

 

Figure 1. 16 A schematic diagram showing the hypothesis of lyn1 rescuing light 
responses in a virtuous cycle.  

1.6 Aims 

1. Confirming the LYN1 gene identity and analysing JMJ14 evolution 

After lyn1 location was identified to occur on JMJ14, it was important to confirm 

the gene identity to prove that this was the causative mutation. The lyn1 location 

was first to be confirmed by comparing the growth and greening between lyn1 

and jmj14-1 (containing a T-DNA KO lesion on JMJ14). lyn1 and jmj14-1 mutants 

were crossed to see if they failed to complement each other. Finally, the 
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functional JMJ14 gene was transferred to the lyn1 mutant to see if JMJ14 can 

complement the LYN1 function. Once the LYN1 gene was confirmed, I assessed 

LYN1 presence and distribution in other species.  

2. Analysing the lyn1 impact of chloroplast development including chloroplast 

compartment in different leaf cells and the capacity of tetrapyrrole synthesis 

The enhanced chloroplast development needed to be assessed by observing and 

comparing the chloroplasts between different genotypes in different leaf cells 

under the microscope. If LYN1 and JMJ14 are same gene, chloroplast 

development was also expected to be enhanced in jmj14. The data of this 

analysis, if confirmed, would later allow me to make use of the mutation in 

biotechnological applications, for example to boost chloroplasts in specific cells. 

By conducting a variety of experiments, I addressed whether enhanced 

chloroplast development is the primary effect of jmj14, or the secondary effect of 

an enhanced light response. 

3. Analysing the lyn1 impact on global gene expression 

To ultimately find out how the LYN1 gene acts (how the mutation rescues hy1), I 

lastly made use of global gene expression analysis to identify which biological 

processes, or which specific genes, are affected by lyn1.  
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Chapter 2 Materials and Methods  

2.1 Plant materials 

Arabidopsis thaliana wild type ecotypes Columbia (Col) and Landsberg erecta 

(Ler) and mutant det1 (Col) were obtained from Joanne Chory (Salk institute, San 

Diego, California, USA). phyA-211, phyB-9 and cry1-304 (Col) were obtained 

from Christian Fankhauser (University of Geneva, Geneva, Switzerland). hy1-100 

(Col), hy1-1 (Ler) and jmj14-1 (Col) were obtained from the Arabidopsis stock 

centre (Nottingham, UK). hy2-105 (Col) were obtained from Nobuyoshi Mochizuki 

(Kyoto University, Japan). Lines containing the Lhcb::Ω::GFP reporter transgene 

(LOS5) lyn1 hy1 and lyn1 mutants (Columbia background) were generated in our 

laboratory (López-Juez and Hills, 2011) and obtained from our stocks. The 

location of each gene on Arabidopsis genetic map is provided in the appendix 

(Figure 7.1).  

2.2 Arabidopsis thaliana-related preparations 

2.2.1 Seedling growth media preparation 

Plant growth media consisted of 4.4 g Murashige-Skoog salt and Gamborg’s 

vitamins, 500 mg MES, 8 g phyto-agar (Duchfa), with or without 1% sucrose, with 

sterile water added to make a final 1 L volume. The final solution pH was adjusted 

to 5.7 with KOH. Media was autoclaved at 121 ºC and cooled down to 50 ºC, then 

poured into Petri dishes in a laminar flow hood cabinet. Antibiotics or herbicide 

were added into media before pouring for transformed plant selections in the 

cloning experiments. Media did not contain sucrose for the FR block of greening 

experiment. 
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2.2.2 Seed sterilisation  

The required number of seeds were placed in a 1.5 ml eppendorf tube. Seeds 

were washed in 95% ethanol for 1 min, the ethanol removed and seeds 

resuspended in 1 ml of diluted bleach (2 volume of water: 1 volume of bleach) for 

10 mins and occasionally the tube was placed in a rotator. After removing bleach, 

seeds were washed 4 times with sterile water in the laminar flow hood. The last 

step was to resuspended seeds in 0.5 ml of 0.1% autoclaved agar and stored in 

a 4°C fridge. 

2.2.3 Seed platting  

Seeds were homogeneously distributed on the surface of the agar plates using a 

Gilson pipette in the laminar flow hood. Plates were left open for a short time in 

order to dry the excess water and then sealed with a micro-porous tape. The 

plates containing seeds were incubated at 4°C for cold treatment for 3 days.  

2.2.4 Plant soil preparation 

A mixture of 6 scoops of Levington M3, 6 scoops of John Innes No. 3, 1 scoop of 

Perlite and 20 g of Intercept or 10 g of Exemptor insecticide (total approximate 

volume 25 L) were prepared and used for growing Arabidopsis.  

2.2.5 Seedling and plant growth conditions 

Seedlings were transferred to a growth chamber with different light fluence rates 

(0~180 μmol m-2 s-1) and a constant temperature of 22 ºC. Seedlings were 

transferred from agar plates to soil after 5 days and placed in growth room with 

temperature of 21 ºC and 180 μmol m-2 s-1 light fluence rate. The fluence rates of 

20 μmol m-2 s-1 FR light and 180 μmol m-2 s-1 white light were used for the FR 

light block of greening. 
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2.3 Arabidopsis genotyping assays 

2.3.1 DNA extraction method 

The Edwards DNA extraction protocol (Edwards et al., 1991) was used for 

genotyping assays of Arabidopsis tissue. DNA extraction buffer stock (50 ml) was 

prepared to the following final concentrations, by mixing the following volumes 

from stocks: 200 mM Tris-HCl, pH 7.5 (10 ml of 1M stock), 250 mM NaCl (2.5 ml 

of 5M stock), 25 mM EDTA (2.5 ml of 0.5M stock), 0.5% SDS (2.5 ml of 10% 

stock) and 32.5 ml sterile water. The plant tissue was collected and placed in an 

eppendorf tube, all tubes were then cooled down by placing in N2(l) together with 

blue pestle. The plant tissue was ground with the cooled blue pestle. 500 μl of 

DNA extraction buffer was added to the sample and the mixture was vortexed for 

10 s. The DNA extraction mixture was centrifuged at full speed (microcentrifuge, 

13,200 rpm) for 5 mins. 450 μl of the supernatant was transferred without 

disturbing any pelleted cellular material into a new tube containing 450 μl 

Isopropyl alcohol (IPA). The tube containing sample was vortexed and left at 

room temperature for 10 mins then centrifuged at full speed for 7 mins. After 

discarding the supernatant, the pellet was washed in 500μl 70% cold ethanol by 

inverting the tube without attempting to resuspend the pellet, and then ethanol 

was removed. The pellet was left to dry by placing the tube briefly in a 65 ˚C heat 

block. 50/10 TE buffer stock was prepared containing 50 mM Tris-HCl (pH 7.5, 

2.5 ml of 1M stock), 10 mM EDTA (1 ml of 0.5M stock) by mixing stocks and 46.5 

ml sterile water. The DNA pellet was re-suspended in 50 μl TE DNA suspension 

buffer. The sample should be kept frozen at -20 if not immediately used 

2.3.2 Primers design 

Primers were designed using Primer3 (http://frodo.wi.mit.edu/). DNA sequence 

was copied and pasted into Primer3. Primer picking conditions and DNA product 
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size were set according to the type of experiment. Primers were designed by 

selecting ‘pick primers’ tab. CAPS primers were designed to surround differential 

restriction sites as determined by Webcutter (http://rna.lundberg.gu.se/cutter2/). 

And dCAPS primers were designed by dCAPS Finder 2.0 

(http://helix.wustl.edu/dcaps/dcaps.html). qPCR primers were selected with the 

following criteria: towards 3’, about 80-100 bp product, annealing temperature 

about 60 ºC; any self-complementarity <5 (3 if possible), 3’ self-complementarity 

<2 (0 if possible), no GC clamp and no more than 3 repeats of Gs or Cs. All primer 

details are shown in the appendix (Table 7.1).  

2.3.3 Real-time polymerase chain reaction 

Promega GoTaq Flexi DNA Polymerase was used for general genotyping of plant 

material. A master mixture was made before adding extracted DNA sample. Taq 

polymerase was the last solution to be added to the master mixture. The PCR 

sample was prepared using the parameters shown below. 

 

 

Master 

mixture 

Solution Large 

Reaction 

Small 

Reaction 

PCR water 31.8 μl 15.4 μl 

5 x GoTaq Green PCR buffer 10 μl 5 μl 

dNTPs 12.5 mM each mix, 200 μM each 0.8 μl 0.4 μl 

MgCl2 25 mM stock, 2.5 mM final   5 μl 2.5 μl 

Forward primer    5 picomoles (small) 0.5 μl 0.25 μl 

Reverse primer from 20 μM 0.5 μl 0.25 μl 

Taq 1 unit (small reaction) 0.4 μl 0.2 μl 

DNA template 1 μl 1 μl 

Total volume 50 μl 25 μl 
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PCR program was set according to the condition of the primers and the size of 

amplicon. The annealing temperature was based on the lowest Tm of primer pair 

and the extension time was based on 1 min/Kb amplicon length. A general PCR 

program is shown below. 

 

2.3.4 Restriction enzyme digestion of dCAPS and CAPS assay 

The dCAPS assay was designed to genotype these mutants. It is a modification 

of CAPs technique for detection of single nucleotide, by using a mismatched PCR 

primer to the template DNA to introduce or destroy a restriction enzyme 

recognition site. All the restriction enzymes were fast digestion enzymes ordered 

from NEB (NEW ENGLAND BioLabs Inc.). Enzyme digestion of PCR products 

was prepared using the parameters shown below. The enzyme and primers 

details for each assay are shown in the appendix (Table 7.2).  

 Solution dCAPS CAPS 

Water 12 μl 15 μl 

Master mixture Buffer 2 μl 3 μl 

 Enzyme 1 μl 2 μl 

PCR products 15 μl 10 μl 

Total volume 30 μl 30 μl 

2.3.5 Gel electrophoresis 

TBE stock (10x) was prepared by mixing 242 g Tris Base, 100 ml EDTA (0.5 M, 

pH 8.0), made up to 1 L with sterile water. 1% agarose gel was made by 

Initial denaturation 
Denaturation  
Annealing  
Extension  
Final extension  

30 cycles  

94 ˚C 
94 ˚C 
48-62 ˚C 
72 ˚C 
72 ˚C 

2 mins 
30 s  
30 s 
1 min 
5 mins 
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dissolving agarose powder with 1×TBE for separating DNA PCR products which 

were larger than 3000bp, 1.2% agarose gel was used for DNA PCR products 

larger than 900bp and 2% agarose gel for smaller DNA PCR products separation 

in dCAPS and CAPS assays. Agarose was heated in a flask with TBE until the 

solution became crystal clear. Ethidium bromide (EtBr) was added from a 1 mg/ml 

(x20,000) stock in the agarose gel and mixed well by gently shaking the flask. 

The melted agarose gel was poured into a tray containing a comb and allowed to 

set. Upon cooling, the gel was placed in gel electrophoresis tank containing clean 

1xTBE buffer and the comb was removed. 5 μl DNA ladder and 15 μl sample 

were loaded into wells. The gel was run at a constant voltage (80V for the small 

tank and 120 for the large tank) until DNA PCR products were well separated. 

The gel was exposed to UV light to observe the DNA size. GeneRuler 1kb DNA 

ladder (Thermo) or Hyperladder IV (Bioline) were used in this project (Figure 2.1). 

 

Figure 2. 1 Agarose gel images of molecular markers used during the project 

Figures from Thermo Fisher Scientific (GeneRuler) and BIOLINE (HyperLadder 

IV).  

HyperLadder GeneRuler 1kb DNA 



 46 

2.4 Reverse Transcription PCR 

Up to 100 mg of plant material per sample was collected for RNA extraction. The 

RNeasy plant mini kit (Qiagen) was used for extraction. The procedure followed 

the manufacturer’s instructions. RNA concentration was measured by Nanodrop 

ND-1000 spectrophotometer. A ratio of 260/280 around about 2 indicated the 

good quality of RNA (free from protein). The quality of extracted RNA was also 

confirmed on an agarose gel, confirming integrity through the presence of sharp 

bands of rRNA. 1 μg of RNA was reverse transcribed into cDNA by Qiagen 

QuantiTect® reverse transcription kit containing pre-mixed oligo-dT and random 

primers for all reverse transcription procedures in this study, followed by a general 

PCR programme described in chapter 2.3.3.  

2.5 Plastid compartment size determination 

Arabidopsis leaf fragments were collected and fixed in 4% glutaraldehyde for one 

hour in a 1.5 ml Eppendorf tube. They were transferred and submerged in PBM 

buffer after removing the glutaraldehyde. The samples were covered with foil and 

stored at 4 ºC for no longer than a few days. To separate cells, the PBM Buffer 

was removed from the tubes, replaced with 500µl of EDTA solution, and the 

samples incubated for 1-2 h at 65 ºC. A single leaf fragment was collected with 

forceps and placed on a microscope slide. A cover slip was placed on top of the 

fragment and gently squashed by tapping with the dissection needle’s wooden 

handle. The microscope slide was observed using differential interference 

contrast (DIC) microscopy (Nikon Optiphot 2) with 20x and 40x objectives. Cell 

images were collected and chloroplasts were quantified using NIS elements R. 

Chloroplast and cell quantifications were carried out live, directly under the 

microscope by changing the focus to cover the entire cell, usually requiring three 
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focal planes (Pyke, 2011). The calculation of total chloroplast areas and cell index 

were shown below. 

Total chloroplast area = Chloroplast number per cell x Average chloroplast size 

Cell index = Total chloroplast area / Cell plan area 

2.6 Hypocotyl length measurement 

Arabidopsis seedlings were laid on agar plates along with a measuring ruler. 

Images were taken at a perpendicular angle. Image J (https://imagej.nih.gov/ij/) 

was used to analyse the hypocotyl length from the images (Schneider et al., 

2012). 

2.7 Chlorophyll and protochlorophyllide quantitation 

20 seedlings were collected and placed into a 1.5 ml eppendorf tube containing 

1 ml N,N-dimethylformamide (DMF). The tissue was kept overnight in DMF at 

4 °C in dark conditions. Before quantitation, the sample was vortexed for 15 mins, 

then centrifuged for another 15 mins at 13200 rpm. The absorbance of the 

supernatant was measured using a Thermo Scientific Helios Beta 

Spectrophotometer at 664 nm and 647 nm. The chlorophyll content of each 

seedling was calculated using the formula below.  

Total chlorophyll per seedling (nmol) = (19.43 A646.8 + 5.08 A663.8) / 20 seedlings 

LS50-B spectrofluorimeter (Perkin Elmer) and FL Winlab Scan v4.01 software 

were used for chlorophyll and protochlorophyllide quantitation of FR-grown phyA 

mutants. The seedlings were collected in a dark room under dim green light 

conditions. Protochlorophyllide and chlorophyll were extracted using the same 

protocol. They were quantified by spectrofluorimetry with 10 nm slit of 430 nm 

excitation and 635 nm emission light. The peak of fluorescence around 630 nm 



 48 

and 672 nm corresponded to protochlorophyllide and chlorophyll, respectively. 

Fluorescence was expressed in relative units.  

2.8 Photochemically-active phytochrome quantitation 

This experiment was performed by the laboratory of Tim Kunkel, University of 

Freiburg. Dark-grown seedlings, in which phytochrome A accumulates, were 

packed in cuvettes, placed in a purpose-built dual wavelength spectrophotometer 

(Ratiospec) and exposed to consecutive red and FR light several times. The 

absorbances were measured at 730 nm and recorded after each light pulse. The 

absorbance changes were calculated from each set of light pulses and then 

averaged. The average of absorbance changes represented the relative amount 

of photochemically-active phytochromes. 

2.9 Plastid genome to nuclear genome ratio  

To analyze the DNA copy number ratio between plastid-encoded genome and 

nuclear-encoded genome, three plastid-encoded genes and two nuclear-

encoded genes were selected. Three plastid-encoded genes were selected as 

being present in different regions of plastid genome: rbcL, ndhG and ycf2 are in 

the large signal-copy, the small signal copy and the two inverted repeats region, 

respectively. Because plastid genome rearrangements can occur due to the 

presence of the inverted repeats and intra-molecule recombination, use of a 

single gene could have inaccurately over- or under-estimate the number of 

incomplete copies of the chloroplast genome. Two single-copy nuclear-encoded 

genes, HO1 and CHS, were also selected to indicate the copy number of nuclear 

genome. 

Up to 100 mg of seedlings were collected for DNA extraction. DNA extraction was 

performed using DNeasy plant Mini kit (Qiagen). The procedure followed the 
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manufacturer’s instructions. The quality of extracted DNA was confirmed by 

NanoDrop. A 260/280nm ratio between 1.8 to 2.0 indicated high DNA purity 

(absence of protein). DNA sample was diluted to 1/10 and 1/100. 1/10 diluted 

sample was used for analysing nuclear-encoded genes (HO1 and CHS) copy 

number and 1/100 diluted sample used for the plastid-encoded genes (rbcL, 

ndhG and ycf2). A PCR product standard was generated by endpoint PCR 

amplification. Endpoint PCR used the same programme as general real-time 

PCR, except it used at least 35 cycles. Purified amplicons (Qiagen) were 

quantified by Nanodrop, then used to generate a 10-fold dilution series. The 

dilution series started from 25 pg/μl to 0.00025 pg/μl and analysed with other 

samples by quantitative real-time genomic-PCR (qgPCR). 2x qPCRBIO SyGreen 

Mix Lo-ROX was used to quantify the copy number of genes. The qg-PCR sample 

was prepared using the parameters shown below. 

 1 standard reaction 

 

Master mixture 

2 x qPCRBIO SyGreen Master Mix  10 μl 

RNase Water 6 μl 

Primers mixture (F+R) 10 μM 2 μl 

cDNA sample 2 μl 

Total volume 20 μl 

q-PCR programme was set using the parameters shown below. 



 50 

 

Rotor-Gene Q software (Qiagen) automatically set a threshold to calculate Ct 

values. A standard curve was generated using the Ct values and the 

concentrations of serial dilution that indicated the concentration of each sample 

according to the Ct value. According to the concentration, the copy numbers were 

calculated by the online DNA standard copy number calculator 

(http://cels.uri.edu/gsc/cndna.html) based to the length of cDNA template. The 

average copy numbers of two nuclear-encoded genes and three plastid-encoded 

genes (using half for ycf2, present as two copies per genome) were calculated 

respectively, before calculating the plastid genome to nuclear genome ratio. 

2.10 Global gene expression analysis 

2.10.1 RNA sample preparation 

Up to 100 mg of plant material per sample was collected for RNA extraction. The 

RNeasy plant mini kit (Qiagen) was used for extraction. The procedure followed 

the manufacturer’s instructions. RNA concentration was measured by Nanodrop 

spectrophotometer ND-1000. Ratio of 260/280 around about 2 indicated high 

RNA purity (absence of protein). The quality (intactness) of extracted RNA was 

also confirmed by gel electrophoresis.  

The experimental design of the global gene expression analysis compared 4 

genotypes (WT, lyn1, hy1 and lyn1 hy1) and 2 light conditions (100 μmol m-2 s-1 

Hold 
Cycling 
Melt 
 
 
 
Channels 

35 cycles  

95 ˚C 
95 ˚C 
60 ˚C 
72 ˚C~95 ˚C  
 
 
Green 
Source 
Detector 
Gain 

2 mins 
5 s  
20 s 
rise by 1 degree 
pre-melt 90s for each step afterward 5 s 
470 nm 
510 nm 
10 
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continuous white light and dark) of 5-day old seedlings. 8 RNA samples of 

different genotypes and light conditions were extracted. They are shown below. 

 Genotype 
WT lyn1 hy1 lyn1 hy1 

Light condition 

Light (L) WT_L lyn1_L hy1_L lyn1 hy1_L 

Dark (D) WT_D lyn1_D hy1_D lyn1 hy1_D 

Each sample was obtained as 3 biological replicates. 4 µg RNA diluted in 50 µl 

water for each sample was submitted in dry ice to Prof. Beemster’s laboratory at 

the University of Antwerp for RNA sequencing.  

2.10.2 RNA sequencing data analysis 

The Beemster laboratory made use of an Illumina 1500 DNA sequencing platform. 

All the genotypes in both light conditions were analysed as three biological 

replicates. However, not all the samples produced reasonable reads. A sample 

was indicated as successful if it generated more than 15,000,000 reads. The first 

biological replicate of lyn1 dark sample and the third biological replicate of hy1 

dark sample only generated 1192 reads and 3858 reads, which are much lower 

than the expected number, therefore these two samples were rejected for use in 

the later RNA sequencing (RNA-Seq) analysis. A PCA following a preliminary 

gene expression analysis was carried out by a bioinformatics researcher at the 

University of Antwerp, and this indicated that the second biological replicate of 

the lyn1 light sample showed very different expression levels compared to other 

two biological replicates. The sequence of the LYN1 gene of this second 

biological replicate of the lyn1 light sample was verified from the RNA-Seq file to 

establish whether this replicate was a correct lyn1 mutant, but this was not the 

case and the sample was excluded. All the biological replicates of each sample 

which are included in the RNA-Seq data analysis are shown in table 2.1. 
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Genotype 
WT lyn1 hy1 lyn1 hy1 

Light condition 

Light (L) 1 2 3 1 2 3 1 2 3 1 2 3 

Dark (D) 1 2 3 1 2 3 1 2 3 1 2 3 

Table 2. 1 List of all the biological replicates of each genotype and each light 

condition included and excluded in the RNA-Seq data analysis 

Each sample includes 3 biological replicates which are numbered 1, 2 and 3. The 

black colour indicates that this replicate is included in the RNA-Seq data analysis 

and red indicates that this replicate is excluded.  

The RNA-Seq raw data were normalized by CLC Genomics Workbench. Gene 

expression values of all three biological replicates of each genotype were 

indicated and selected as “expressed” if they all had more than 4 reads. The 

false-discovery rate (FDR) based-pairwise multiple comparison was applied by 

CLC to pair up the samples and indicate whether there is any significantly 

different expression for each gene between the sample pair. Among all the 

comparisons, 16 relevant ones were selected for use in the RNA sequencing data 

analysis as a filter (Figure 2.2). A gene was selected as significantly expressed if 

the FDR p-value of any comparison of gene expression between two samples 

was lower than 0.05. The log2 value of normalized average gene expression ratio 

of each sample pair was calculated. The genes were selected as exhibiting more 

than 2-fold change if the log2 expression difference between any two genotypes 

in either light condition was larger than 1. Those selected genes were indicated 

as differentially expressed genes. 



 53 

 

Figure 2. 2 Figure to show FDR-based pairwise multiple comparisons between 

different genotypes and light conditions 

Red arrows indicate the comparisons between different genotypes in the light. 

Blue arrows indicate the comparisons between different genotypes in the dark. 

Purple arrows indicate the comparisons between different light conditions for 

each genotype. 

GO (Gene Ontology) term frequencies of differentially expressed genes were 

analyzed by the Bingo plug-in of Cytoscape software (Shannon, 2003; Maere et 

al., 2005). According to the gene expression pattern, the differentially expressed 

genes were clustered into groups using the KMC (K-means/Medians clustering) 

algorithm of MeV (MultiExperiment Viewer) (Howe et al., 2011). The KMC was 

set to use Euclidean Distance, as a metric to calculate k-means distance, a limit 

of 5 clusters for clustering all differentially expressed genes and 10 clusters for 

subclustering cluster 1 of the initial 5, and a limit of 50 maximum iterations. The 

number of 5 clusters for all differentially expressed genes, and 10 subclusters for 

cluster 1 was chosen experimentally, as that which revealed what appeared to 

specifically be lyn1-dependent genes. The functional gene groups which were 

associated with biological processes in plants were obtained from MAPMAN and 

WT_L           lyn1_L            hy1_L             lyn1 
hy1_L 

WT_D           lyn1_D            hy1_D             lyn1 
hy1_D 
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then manually expanded in our laboratory (López-Juez et al., 2008). They were 

used for the functional gene classification of genes of interest. To obtain the 

frequency of functional genes among the genes of interest, the overlapping genes 

between the functional gene group and the genes of interest were identified using 

the AGI converter and Venn selector from the Bio-Array Resource (BAR, 

http://bar.utoronto.ca/ntools/cgi-bin/ntools_agi_converter.cgi) (Toufighi et al., 

2005). The overrepresentation or underrepresentation of these functional genes 

among the genes of interest, i.e. the probability of the observed frequency, was 

computationally analysed with a hypergeometric test using R (R Core Team, 

2014). The genes indicated as “expressed” at the first step of selection of 

differentially expressed genes from the RNA-Seq raw data were used as the total 

population of that test. If the –log10 of the hypergeometric p-value of any given 

biological function is greater than 1.3 (p<0.05, -log100.05=1.3), that biological 

function is indicated as “overrepresented”.  

2.10.3 Processing of publicly-available data  

Data of the Arabidopsis Gene Atlas from Schmid et al. (2005) were obtained from 

ArrayExpress (https://www.ebi.ac.uk/arrayexpress/, accession number: E-

TABM-17). GeneChip ID was converted to AGI codes using the _at to AGI 

converter of BAR. The overlap between the Schmid data and the differentially 

expressed genes of RNA-seq data were identified using Venn selector of BAR. 

The overlapping genes were used as the test population in hypergeometric tests 

for analysing the association of early differentiation and lyn1-dependent 

regulation. A list of gene expression change ratios was created between internal 

sets of Gene Atlas data which represented Early vs. Later stages of differentiation 

during development (6/5, 6/7), Early vs. Completed development (6/1), Ongoing 

development vs. late development (17/13), Ongoing development vs. Completed 

(17/12) and Photosynthetic vs. Non-Photosynthetic organs (7/3). The 

differentially expressed genes were selected from each ratio by setting up a 
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threshold. Any ratio above 2 was recognised as differentially expressed genes 

involved in cell entry into differentiation. Duplicates were removed by Duplicate 

Remover of BAR.  

Data of Roudier et al. (2011), representing a genome-wide map of histone 

modifications present in young seedlings was obtained from Geo NCBI 

(https://www.ncbi.nlm.nih.gov/geo/, accession number - roots: GSM607834, 

seedlings: GSE24658). The H3K4me3-marked genes of green tissue only were 

defined as the H3K4me3 marked genes of whole seedling excluding the overlap 

between them and those marked in roots, identified using Venn selector tool. The 

overlaps of Roudier data and the differentially expressed genes of RNA-seq data 

were identified using Venn selector. The overlapping genes were used as the test 

population of hypergeometric tests for analysing the association of H3K4me3 

marking state and lyn1-dependent regulation.  

The Roudier data-based H3K4me3 chromatin marking state in whole seedlings’ 

and in roots’ DNA for all genes were observed as a histogram through a Generic 

Genome Browser at Epigara (http://epigara.biologie.ens.fr/cgi-bin/gbrowse/a2e/). 

Several representative genes (photosynthetic genes: LHCB1.2, LHCB1.3 and 

GLK1; non-photosynthetic and light dependent gene: CHS; constitutive genes: 

ACT2 and UBQ10) were selected. Their H3K4me3 chromatin marking state in 

whole seedlings’ and roots’ DNA were obtained from Epigara by selecting 

‘H3K4me3_WT-Col_roots (HD2.3X) – Roudier et al. (2001)’ and ‘H3K4me3_WT-

Col_seedlings (AT7d1) – Roudier et al. (2001)’ under the column of ‘2-A2E 

Genome-wide Tiling Array’.  
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2.11 Bioinformatics analysis 

2.11.1 Multiple sequence alignments and phylogenetic tree 
construction 

Information of Arabidopsis JmjC domain-containing proteins of JARID1 group 

was obtained from a published analysis (Lu et al., 2008). Arabidopsis Jumonji 

protein sequences were obtained from The Arabidopsis Information Resource 

(TAIR, https://www.arabidopsis.org/) (Berardini et al., 2015). JMJ14 Arabidopsis 

paralogues were identified using a BLASTP search (NCBI). The top 6 paralogues 

were selected. For other organisms, chosen to reflect a wide taxonomic range 

within and outside plants, the closest homologue was identified by BLASTP 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi ). The sequence of each homologue was 

obtained from Genbank using BLASTP (Benson et al., 2012). A multiple protein 

sequence alignment of full JMJ14 protein sequence was performed by EMBL-

EBI based Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).A 

phylogenetic tree was produced by SplitsTree (http://www.splitstree.org/) (Huson 

and Bryant, 2006) using the alignment file which was generated by Clustal 

Omega. Plaza 

(https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v4_monocots/genes/v

iew/LOC_Os05g23670) was additionally used for Oryza sative protein sequence 

BLAST (Van Bel et al., 2017). iTAK (http://itak.feilab.net/cgi-

bin/itak/db_gene_seq.cgi?trans_ID=Glyma.09G083300.1) was additionally used 

for Glycine max protein sequence BLAST (Zheng et al., 2016). The protein 

domains were predicted using SMART (http://smart.embl-heidelberg.de) (Letunic 

et al., 2015). 
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2.11.2 Gene expression analysis 

The JMJ14 gene expression level and location across the plant developmental 

stages was analysed by the Arabidopsis eFP Browser at BAR 

(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) (Winter et al., 2007), visualising 

data from the Arabidopsis Gene Atlas (Schmid et al., 2005). 

2.12 Complementation and overexpression  

2.12.1 Bacterial growth media and conditions 

All LB broth and LB agar were made up using LB broth buffered capsules 

(Duchefa, 1g per capsule, one capsule for 40 ml water). Additionally, LB agar 

contained 15 g/L agar (High gel strength). Both media were autoclaved at 121 ˚C 

for 20 mins. Before making the LB agar plates, antibiotics were added into the 

cooled media. All the antibiotics used in the bacterium selection are shown in 

Table 2.2. 50 μl LB broth containing transformed bacteria was streaked on an 

antibiotic-selective LB agar plate by a sterilized bacteria spreader, then the 

antibiotic plate was placed in a 37 ˚C incubator overnight for E. coli to grow. 

Agrobacterium required growing in a 28 ˚C incubator for 3 days. Plates was 

placed upside down in the incubator. 
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Chemical agent Diluent 
Storage 

temp. 
Stock Final 

Bacterial and 
transformed 

plant selection 

Ampicillin H2O -20 ˚C 100 
mg/ml 

50-100 
μg/ml E. coli 

Carbenicillin H2O -20 ˚C 100 
mg/ml 

50-100 
μg/ml E. coli 

Gentamicin H2O -20 ˚C 25 
mg/ml 25 μg/ml A. tumefaciens 

IPTG H2O 4 ˚C 0.1 M 0.5 mM E. coli 

Kanamycin H2O -20 ˚C 50 
mg/ml 

25-50 
μg/ml 

A. tumefaciens 
E. coli 

Rifampicin MetOH -20 ˚C 50 
mg/ml 50 μg/ml A. tumefaciens 

Spectinomycin H2O -20 ˚C 100 
mg/ml 100 μg/ml A. tumefaciens 

E. coli 

X-Gal 
N,N’-

dimethyl- 
formamide 

-20 ˚C 50 
mg/ml 80 μg/ml E. coli 

Phosphinothricin H2O -20 ˚C 10 
mg/ml 5 μg/ml A. thaliana 

Cefotaxime H2O -20 ˚C 100 
mg/ml 100 μg/ml A. thaliana 

Table 2. 2 Chemical agents used for bacterial and transformed plant selection 

and their preparation details 

2.12.2 Preparation of JMJ14 template 

RNA was extracted from a WT plant. The RNeasy plant mini kit (Qiagen) was 

used for extraction. The procedure followed the manufacturer’s instructions. RNA 

concentration was measured by Nanodrop spectrophotometer ND-1000. Ratio of 

260/280 around about 2 indicated high purity RNA. The quality of extracted RNA 

was also confirmed by gel electrophoresis. 1 μg of RNA was reverse transcribed 

into cDNA by Qiagen QuantiTect® reverse transcription kit using optimally-mixed 

oligo-dT and random primers provided by the reverse transcription kit. Thermo 

Scientific Phusion (Pfu) High-Fidelity PCR Master Mix kit was used with JMJ14 

full-length primers to amplify full length JMJ14 cDNA with minimal probability of 

any amplification error during the PCR amplification. The PCR sample was 

prepared using the parameters shown below. 
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 Solution 1 Standard Reaction 

 

Master Mixture 

PCR water 18 μl 

Phusion mix 25 μl 

Forward Primer 2.5 μl 

Reverse Primer 2.5 μl 

DNA Template 2 μl 

Total volume 50 μl 

The PCR programme was set using the parameters shown below. 

 

The PCR products were cleaned by PCR purification without gel extraction 

(avoiding the associated problems which will be mentioned in section 3.2.1.4.1) 

using wizard SV gel and PCR clean-up system kit. The procedure followed the 

manufacturer’s instructions. Adenosines were added at both ends of the DNA 

fragments using the A-tailing procedure. A standard reaction for A-tailing was 

prepared using the parameters shown below. 

 1 Standard Reaction 

Purified PCR product (300 g~ 3000 ng) 4 μl 

5xGoTaq PCR Buffer 2 μl 

dATP (1 mM) 2 μl 

GoTaq polymerase 1 μl 

25 mM MgCl2 0.6 μl 

ddH2O 0.4 μl 

Total volume 10 μl 

Initial denaturation 
Denaturation  
Annealing  
Extension  
Final extension  

30 cycles  

98 ˚C 
98 ˚C 
70 ˚C 
60 ˚C 
72 ˚C 

30 s 
10 s  
45 s 
1 min 30 s 
7 mins 
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The mixture was incubated at 70˚C for 15~30 mins. pGEM®-T Easy Vector 

System (Promega) was used to ligate JMJ14 PCR products into a pGEM®-T Easy 

vector. A standard reaction for ligating was prepared using the parameters shown 

below. 

 1 Standard 

Reaction 

Positive 

control 

Background 

control 

2 x rapid ligation Buffer 5 μl 5 μl 5 μl 

pGEM-T Easy Vector (50 ng) 1 μl 1 μl 1 μl 

T4 DNA ligase 1 μl 1 μl 1 μl 

PCR product 3 μl n/a n/a 

Control Insert DNA n/a 2 μl n/a 

H2O n/a 1 μl 3 μl 

Total volume 10 μl 10 μl 10 μl 

The mixture was incubated at 4 ˚C overnight. 

The identification of successful insertion was indicated by the blue/white 

screening on indicator plates. pGEM®-T Easy Vectors contains lacZ gene of the 

lac operon which encodes β-galactosidase. The recombination between insert 

and vector interrupts the gene for, and therefore the activity of, β-galactosidase. 

The activity of β-galactosidase can be detected by X-gal (5-bromo-4-chloro-3-

indoyl-β-d-galactopyranoside) which is a soluble colourless substrate. X-gal can 

be hydrolysed by β-galactosidase to form 5-bromo-4-chloro-indoxyl, which 

spontaneously dimerizes and oxidizes to form an insoluble and intensely blue 

product 5,5'-dibromo-4,4'-dichloro-indigo. Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) acts as the inducer of the lac operon to enhance the expression of lacZ. 

Therefore, the vectors with insertions are present in white colonies, while empty 

vectors are present in blue colonies. 
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2.12.3 Generation attB-flanked JMJ14 cDNA 

A pair of primers shown in Figure 2.3 was used to amplify attB-flanked JMJ14 

fragments by PCR.  

attB1+JMJ14F: 

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGATCAGCTTGCATCTCTAGC 

attB2+JMJ14R: 

GGGGACCACTTTGTACAAGAAAGCTGGGTTTAAGGACTTATCTCCATCTTATCAACC 

Figure 2. 3 Designing of attB-adapted JMJ14 primers 

The attB sites (29 bp) are added to the JMJ14 full-length primers and are both 

underlined. 

The PCR programme was set using the parameters shown below. 

 

2.12.4 Transformation of competent cells 

2.12.4.1 Heat-shock transformation procedure for E coli 

The silver efficiency (BIO-85026, ≥108 cfu/μg of pUC19) of α-Select Chemically 

Competent Cells (Bioline) were used to multiply pGEM-T Easy/JMJ14 plasmids 

and pDONR201/JMJ14 plasmids. 10 μl of plasmid culture and 50 μl E coli were 

mixed in a 1.5 ml eppendorf tube and incubated on ice for 30 mins. The mixture 

was transferred to a 42 ˚C water bath for 30 s, then immediately transferred to 

ice for 2 mins. 1 ml LB broth was added to the mixture and incubated on a shaker 

at 37 ˚C and 200 rpm for 1 hour. The cells were spun down for 1 min at 3000 rpm. 

Initial denaturation 
Denaturation  
Annealing  
Extension  
Final extension  

30 cycles  

98 ˚C 
98 ˚C 
70 ˚C 
72 ˚C 
72 ˚C 

30 s 
10 s 
45 s 
1 min 30 s 
7 mins 
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Most supernatant was removed and only 100 μl was left. The cells were re-

suspended in the remaining supernatant for selection on antibiotic plate.  

2.12.4.2 Preparation of competent Agrobacterium tumefaciens cells 

1 ml overnight start culture was used to incubate with 240 ml of LB broth in a 

large autoclaved flask with antibiotics on a shaker at 28 ˚C and 120 rpm for 11 

hours, until the OD 600 nm was between 0.5~0.8. The Agrobacterium culture was 

transferred from the flask into four 50 ml falcon tubes and cooled on ice. The 

cooled Agrobacterium culture was centrifuged at 4 ˚C and 4000 g for 15 mins. 

The supernatant was removed and the cells were re-suspended in ice-cold sterile 

1xTE. 1xTE was prepared by mixing 5 ml Tris-HCl (1 M, pH 8.0), 1 ml mM EDTA 

(0.5 M) and 494 ml dH2O. The mixture was centrifuged at 4 ˚C and 4000 g for 15 

mins. The supernatant was removed and the cells were re-suspended in 10 ml 

cold LB. 250 μl of Agrobacterium stock was aliquoted into 1.5 ml Eppendorf tubes 

and stored in -80 ˚C after flash freezing by N2(l) (Hofgen and Willmitzer, 1988). 

2.12.4.3 Heat-shock transformation procedure for Agrobacterium 

Agrobacterium tumefaciens strain GV3101 was used to multiply pB2GW7/JMJ14 

plasmids. 3 μl of plasmid culture was added into 200 μl of frozen Agrobacterium 

stock and the mixture was thawed on ice for 10 mins. The mixture was transferred 

to a 28 ˚C water bath for 5 mins, then transferred to ice for 2 mins immediately. 1 

ml LB broth was added to the mixture and incubated on a shaker at 28 ˚C and 

120 rpm for 3 hours. The cells were spun down for 1 min at 8000 rpm. Most 

supernatant was removed until only 50 μl remained. The cells were re-suspended 

with the remaining supernatant for selecting on the antibiotic plate later.  
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2.12.5 Colony PCR 

2.12.5.1 Colony PCR for E coli 

A tip was used to pick a single colony from the antibiotic-selective LB agar plates 

and washed in 20 μl H2O by pipetting up and down several times. The cells were 

boiled within H2O for 15 mins at 95 ˚C and then centrifuged for 5 mins at full 

speed. 2 μl of the supernatant was used in colony PCR. Promega hot start master 

mix was used to amplify the insert, present within a plasmid. The sample for PCR 

was prepared using the parameters shown below. 

 Solution Small Reaction 

 

Master mixture 

PCR water 8 μl 

GoTaq G2 Hot start master mix 2x 12.5 μl 

Forward primer 5 picomoles 1.25 μl 

Reverse primer from 20 μM 1.25 μl 

DNA template 2 μl 

Total volume 25 μl 

The PCR programme was set using the parameters shown below. 

 

2.12.5.2 Colony PCR for Agrobacterium 

Agrobacterium colony PCR lysis buffer stock was prepared by mixing 200 μl 10% 

Triton X-100, 40 μl Tris-HCl (1M, pH8), 80 μl EDTA (0.5 M, pH8) and 1.75 ml H2O. 

A tip was used to pick a single colony from the plate and washed in 20 μl 

Agrobacterium colony PCR lysis buffer by pipetting up and down several times. 

Initial denaturation 
Denaturation  
Annealing  
Extension  
Final extension  

35 cycles  

94 ˚C 
94 ˚C 
48-62 ˚C 
72 ˚C 
72 ˚C 

2 mins 
30 s 
30 s 
3 mins 
10 mins 
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The cells were boiled within the buffer for 5 mins at 95 ˚C and then centrifuged 

for 2 mins at full speed. The preparation of PCR sample and PCR programme 

setting were described in 2.12.5.1 

2.12.6 Bacterial DNA extraction 

A single colony was picked by tip and re-streaked in a new antibiotic-selective LB 

agar plate and grown for new single colonies. A single colony was selected from 

the new antibiotic-selective LB agar plates and multiplied in 1 ml LB broth with 

antibiotics in a culture tube on a shaker. E. coli grew at 37 ˚C and 200 rpm 

overnight and Agrobacterium grew at 28 ˚C and 140 rpm for a few days until the 

culture turned turbid. Qiagen spin miniprep kit was used for extracting plasmids 

from competent cells. The procedure followed the manufacturer’s instructions. 

2.12.7 Gateway cloning technology 

Gateway cloning technology was used to transfer gene fragments into a 

destination vector for 35S promoter complementation and overexpression. 

Gateway BP Clonase II Enzyme Mix was used to ligate an attB-flanked gene with 

donor vector by BP recombination. Gateway LR Clonase II Enzyme Mix was used 

to transfer the gene from the donor vector to the destination vector by LR 

recombination. Both reactions were prepared using the parameters shown below. 

Solution 1 Standard Reaction 

Donor vector/destination vector (150 ng/μl) 1 μl 

PCR product (15 ng-150 ng) 7 μl 

BP/LR Clonase II enzyme mix 2 μl 

Total volume 10 μl 

The mixture was incubated at 25 ˚C overnight.  
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2.12.8 Agrobacterium-mediated transformation 

500 ml LB broth, 4 Agrobacterium glycerol stocks from independent strains and 

antibiotics were mixed in a large autoclaved flask to grow overnight. The 

Agrobacterium culture was centrifuged at 28 ˚C and 3000 g for 15 mins. The 

supernatant was removed and the cells were re-suspended in infiltration solution. 

The infiltration solution was prepared by mixing 25 g sucrose, 50 μl Silwet and 

500 ml H2O. Plant shoots were dipped into infiltration solution for 2 mins. 

Infiltrated plants were watered and covered with foil to keep in the dark for 24 

hours. The foil was removed and the plants were watered again on the next day. 

The infiltration was repeated at least 3 times.  

2.12.9 Plasmid DNA sequencing 

Plasmid miniprep was quantified by nanodrop and diluted into 50~100 ng/μl. 15 

μl of diluted plasmid miniprep with the separately-packed sequencing primers 

were sent to Eurofins for sequencing (http://www.eurofins.co.uk/eurofins-

online.aspx). The sequencing results were downloaded and examined as 

chromatogram using Chromas (Goodstadt and Ponting, 2001). 

2.13 Statistic multiple comparisons test 

In chapter 3 and 4, most analyses contain more than two genotypes. This 

requires multiple comparisons to indicate whether there is any statistically 

significant difference between the reference genotype and the target genotype. 

WT is a reference group for all single mutants (hy1, lyn1, jmj14-1, hy2-105, phyA-

211, phyB-9 and cry1-304). hy1 is a reference group for all double mutants (lyn1 

hy1, jmj14-1 hy1, hy2-105 lyn1, phyA-211 lyn1, phyB-9 lyn1 and cry1-304 lyn1). 

The statistically significant differences between genotypes were analysed by one 

way ANOVA, which is a multiple comparison test, and followed by Bonferroni and 

Holm multiple comparison T-test, which is a modification of a standard T-test 
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which controls for multiple comparison type-1 errors and only pairs relative to a 

reference group. When the p-value corresponding to the F-statistic of one-way 

ANOVA was lower than 0.05, this indicated that one or more treatments are 

significantly different. In contrast, when the p-value was higher than 0.05, this 

suggested that none of the treatments is significantly different. The degree of 

significant difference (* p-value <0.05, ** p-value <0.01, ***p-value <0.001) was 

represented as the number of asterisk on the top of bar charts.  
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Chapter 3 Result – Confirming the JMJ14 Gene 

identity 

3.1 Introduction and Approach 

3.1.1 LYN1 gene identification 

3.1.1.1 T-DNA insertion knock-out lines 

According to the mapping results from of previous MSc students’ work and my 

MSc work, lyn1 is a point mutation on JMJ14 gene. It was essential to confirm 

the LYN1 gene identity before any further research. One way of confirming the 

JMJ14 identity involves the use of T-DNA insertion lines. T-DNA insertion 

generates a knock out (KO) mutation by introducing the T-DNA plasmid 

sequence into the target gene disrupting the gene transcription and preventing 

translation of a functional protein. jmj14-1 (salk_135712), a T-DNA KO mutation 

on JMJ14, was obtained from the stock centre. If the lyn1 location was identified 

correctly, then lyn1 and jmj14-1 would be allelic, two different mutations on the 

same gene. To confirm this, lyn1 and jmj14-1 were compared on their capacity to 

suppress hypocotyl elongation and enhance chlorophyll content. The same 

comparison was also performed between lyn1 hy1 and lyn1 jmj14-1 to determine 

if jmj14-1 could independently suppress hy1. jmj14-1 appeared to have the same 

function in suppressing the light response defect of hy1 as lyn1, therefore the 

LYN1 identity was confirmed in principle.  

3.1.1.2 Gene complementation assay 

Along with the phenotypical comparison between jmj14-1 and lyn1 and the 

comparison of the jmj14-1 and lyn1 suppression of hy1, whether or not jmj14-1 

and lyn1 were two mutations on the same allele was also confirmed genetically 
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by complementation tests. LYN1 identity was confirmed through two types of 

genetic complementation tests. The first one was the failure of complementation 

test which was carried out by crossing the lyn1 hy1 with jmj14-1 hy1 to obtain the 

F1 progenies. Whether jmj14-1 failed to complement lyn1 was studied on the F1 

plants. Another complementation test was the transformation complementation 

test which inserted a full-length of JMJ14 cDNA into the genomic sequence of 

lyn1 hy1 mutants by gateway cloning technology. Whether the transferred 

functional JMJ14 can complement the lyn1 mutation in lyn1 hy1 was studied on 

the transformed progenies. 

3.1.1.3 Cloning strategy to generate a JMJ14 overexpression construct 

The Gateway Cloning Technology, commercialised by Invitrogen, is a very 

efficient method to transfer DNA fragments between vectors by 2 recombination 

reactions, BP reaction and LR reaction (Figure 3.1). The BP reaction happens 

between the attB sites flanking the DNA fragment and the attP sites of the donor 

vector (Figure 3.1 A). It can generate an entry clone which contains the gene 

fragment flanked by attL sites. The LR reaction happens between the attL sites 

of the entry clone and the attR sites of the destination vector (Figure 3.1 B). It can 

generate an expression clone which contains the attB sites flanking the gene 

fragment. All the vectors (donor vector and destination vector) carrying the insert 

were always multiplied within E. coli cells and selected by antibiotics according 

to their antibiotic resistances during the process of gateway cloning. Finally, the 

expression clones were transferred into Agrobacterium tumefaciens for 

multiplication, in order to transfer the gene fragment into Arabidopsis plants by 

the T-DNA binary system (Dandekar et al., 1989). 
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Figure 3.1 The principle of Gateway Cloning used to generate a JMJ14 

complementation and overexpression construct 

A. BP recombination reaction. A gene is transferred into a donor vector to 

produce an entry clone and a by-product. The attB sites of a JMJ14 cDNA 

fragment recombine with the attP sites of a donor vector to generate the gene 

flanked by attL sites in an entry clone. 

B. LR recombination reaction. A gene is transferred from an entry clone into an 

expression clone while producing a by-product. The attL sites of the entry clone 

recombine with attR sites of a destination vector to generate an attB sites-flanked 

gene in a plant expression vector.  

The initial cloning strategy was to directly generate an attB-flanked JMJ14 PCR 

product from cDNA by PCR amplification. However, the BP recombination always 

failed. The possible reason of failure was summarised in the results (section 

3.2.1.4.1). Given this failure, a new strategy was designed. The full process of 

transferring cloning is shown in Figure 3.2. Firstly, the JMJ14 full length cDNA 

was inserted into a pGEM-T vector. Then the JMJ14 was amplified and 
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transferred between 2 vectors. The pGEM-T/JMJ14 plasmid was used as 

template to generate attB-flanked JMJ14 cDNA by PCR. Using plasmid as a PCR 

template improved the efficiency of PCR amplification and reduced the 

production of primer dimers. Even without the purification, the JMJ14 cDNA 

fragment was inserted into the donor vector and screening for the correct insert 

could also carried out.  
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Figure 3.2 Schematic diagram of the cloning strategy for JMJ14 complementation 

and overexpression in Arabidopsis 
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3.1.2 Homologues of JMJ14 across the different species. 

The first jumonji (jmj) gene was identified by a mouse gene trap strategy 

(Takeuchi et al., 1995). Subsequently, jmj genes that carried the evolutionarily 

conserved JmjC domain across various pieces were found (Yang et al., 2010). 

Klose and collaborators (2006) studied the phylogenetic relationship of JmjC-

domain-containing proteins from several organisms by comparing the similarities 

of protein sequences of JHDMs (JmjC domain-containing histone demethylases). 

According to the domain architectures, JHDMs were categorised into 7 groups 

which included JHDM1, PHF/PHF8, JARID, JHDM3/JMJD2, UTX/UTY, JHDM2 

and JmjC domain only. The JARID group is further subgrouped into JARID1 and 

JARID2 (Klose et al., 2006). These JHDM homologues may retain the same 

protein functions based on their similar domain architectures. In Arabidopsis, 21 

JmjC domain-containing histone demethylases have been found and named 

JMJ11-JMJ32 (although no JMJ23 is annotated) (Lu et al., 2008). JMJ14-JMJ19 

were identified as members of the JARID1 group by phylogenetic analysis. In 

Arabidopsis, all of them have extensive similarity to human JARID1 family (Lu et 

al., 2008). Studying the evolutionary relationships between JMJ14 and its 

paralogues in Arabidopsis and also between JMJ14 and its orthologues in other 

species, may contribute to clarifying JMJ14 functions. 

3.2 Results 

3.2.1 Confirmation of the identification of lyn1 

3.2.1.1 Comparison between lyn1 and jmj14 plant phenotypes 

WT, lyn1 and jmj14-1 plants were grown together in the same light condition 

(Figure 3.3). After four and half weeks growth, the differences in phenotype 

among the three genotypes were distinctly visible. jmj14-1 has a very similar 

phenotype to lyn1 but is significantly different to WT. Figure 3.3 clearly shows 
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that jmj14-1 and lyn1 stem growth begun earlier, and as a result I can conclude 

they both have flowered earlier than WT. 

 

Figure 3. 3 Comparison of WT, jmj14-1 and lyn1 on the phenotypes 

The plants grew in white light (180 μmol m-2 s-1) for about four and a half weeks. 

3.2.1.2 jmj14 rescues the light response defect of the hy1 mutant 

3.2.1.2.1 Identification of jmj14-1 hy1 double mutant 

To identify whether jmj14-1 acts as lyn1 suppressing the hy1 mutation, the jmj14-

1 hy1 double mutant was generated by crossing jmj14-1 with hy1 to obtain F1 

seeds, then F1 plants (jmj14-1/+ hy1/+), with a WT phenotype, self-fertilized to 

produce the F2 seeds. If the lyn1 and jmj14-1 are two different mutations on the 

JMJ14 gene, jmj14-1 should also suppress hy1 independently. As expected 

based on Mendel's laws, segregation appeared among the F2 seedlings: some 

had long hypocotyls and pale cotyledons, like hy1, and some had shorter 

hypocotyls and better greening of the cotyledons compared to hy1, like lyn1 hy1. 

To obtain the jmj14-1 hy1 double mutants, some F2 seedlings were carefully 

selected and genotyped. During the selection, some seedlings were observed to 

have a similar phenotype to lyn1 hy1 (intermediate length of hypocotyls and 

WT         jmj14-1         lyn1
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greening of cotyledons compared to WT and hy1). jmj14-1 hy1 was expected to 

have a similar phenotype to lyn1 hy1, therefore these seedlings were genotyped. 

Figure 3.4 shows a sample of genotyping results. The hy1 genotyping result 

shows that all the selected plants were hy1 mutants (Figure 3.4 A) and the jmj14-

1 genotyping result shows that only plant no.1 is a jmj14-1 mutant and all the 

other plants (no.2~4) are jmj14-1 heterozygous (Figure 3.4 B). In summary, the 

genotype of plant no.1 is identified as jmj14-1 hy1 double mutant. The genotypes 

of plants no.2, 3 and 4 are identified as jmj14-1/+ hy1. 

 

Figure 3. 4 Identification of jmj14-1 hy1 by genotyping assays  

A. dCAPS assay for the identification of hy1 mutants from hy1 x jmj14-1 F2 plants. 

PCR products of WT, hy1, F2 plants no.1~4 were digested with ApoI restriction 

enzyme and separated on 2% agarose gel are shown.  

B. Genotyping assay of jmj14-1 mutants from hy1 x jmj14-1 F2 plants. PCR 

products of WT, hy1, F2 plants no.1~4 which were amplified with the forward and 

reverse primers as well as the border and reverse primers, separated on 1.2% 

agarose gel are shown.  

F+R

WT     jmj14-1 1   2    3     4

B
Genotyping of jmj14-1

WT  jmj14-1 1    2    3   4

B+R
WT     jmj14-1 1    2    3   4

WT  hy1 1    2   3    4

A

WT  hy1 1    2   3    4

Genotyping of hy1 dCAPS assay (PCR + digestion)

← 289	bp← 258	bp

← 1188	bp

← ~750	bp

400	bp →

200	bp →

600	bp →

1000	bp →
500	bp →

1500	bp →

1000	bp →
500	bp →
750	bp →
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Plants no.1 and 2 were transferred to soil to grow and their phenotypes were 

observed after four and half weeks. Plants no.1 and 2 show a significant 

difference on their phenotype (Figure 3.5 A). Plant no.2 (jmj14-1/+ hy1) whose 

genotype is hy1 homozygous mutant and jmj14-1 heterozygous, shows a light 

response-defective phenotype as hy1. Plant no.1 (jmj14-1 hy1) whose genotype 

is homozygous mutant on both hy1 and jmj14-1, has a similar phenotype to lyn1 

hy1: it exhibits earlier flowering, better growth and greening than plant no.2. 

jmj14-1 does show a clearly independent suppression of hy1 as I expected in the 

adult plants. The comparisons among six genotypes of 5-day light-grown 

seedlings, WT, lyn1, jmj14-1, hy1, lyn1 hy1 and jmj14-1 hy1, clearly show that 

the cotyledons of lyn1 and jmj14-1 are larger and exhibit better greening 

compared to other mutants. lyn1 and jmj14-1 have shorter hypocotyls than WT. 

The cotyledons of double mutants, jmj14-1 hy1 and lyn1 hy1, are larger and 

exhibit better greening than hy1. jmj14-1 hy1 and lyn1 hy1 have shorter 

hypocotyls than hy1 and longer hypocotyls than WT (Figure 3.5 B). Therefore, 

the jmj14-1 independent suppression of hy1 is not only obvious in the adult plants 

but also in 5-day light-grown seedlings. 
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Figure 3. 5 jmj14 suppression of seedling phenotypes 

A. Differences between the phenotype of F2 hy1 mutants which are also jmj14-1 

heterozygous (plant 2) and jmj14-1 homozygous (plant 1) mutant. The plants 

grew in constant light (180 μmol m-2 s-1) for about four and half weeks. 

B. Comparison between 5-day light-grown seedlings’ phenotypes of WT, lyn1, 

jmj14-1, hy1, lyn1 hy1 and jmj14-1 hy1. Scale bar=10 mm. 

2 1

jmj14-1/+ hy1 jmj14-1 hy1

WT                 lyn1 jmj14-1     hy1 lyn1 hy1 jmj14-1 hy1

10 mm

A

B
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3.2.1.2.2 Hypocotyl length and chlorophyll content 

During my previous MSc research, it was demonstrated that lyn1 rescues light 

response by suppressing hypocotyl elongation and rescuing chlorophyll content 

on 5-day light-grown seedlings. This assay was repeated during my PhD 

research, so that the same assays could also be carried out on jmj14-1 to see if 

jmj14-1 acts like lyn1 suppressing the hy1 mutation, in order to confirm the lyn1 

identity. The results are shown in Figure 3.6 and 3.7. WT, lyn1, jmj14-1, hy1, lyn1 

hy1 and jmj14-1 hy1 were grown in either the dark or continuous white light (10 

μmol m-2 s-1 and 100 μmol m-2 s-1) for 5 days. The hypocotyl lengths are compared 

among 6 genotypes. The statistically significant differences between genotypes 

were indicated by one-way ANOVA, which is a multiple comparison test. The one-

way ANOVA suggests that one or more comparisons are significantly different in 

medium and high fluence rates, but not in low fluence rate. This was followed by 

Bonferroni and Holm multiple comparisons T-test, which only pairs relative to a 

reference group. In the Bonferroni and Holm multiple comparisons, the single 

mutants, lyn1, jmj14-1 and hy1, were compared to WT and the double mutants, 

lyn1 hy1 and jmj14-1 hy1, were compared to hy1. All 6 genotypes showed very 

similar hypocotyl length in the dark (Figure 3.6 A), and the statistical test indicates 

no significant difference among 6 genotypes. The dark-grown seedlings of all 6 

genotypes always had longer hypocotyl than their respective light-grown 

seedlings. The light-grown seedlings hypocotyl length decrease when light 

fluence rate increases. In both light fluence rates, hy1 has a longer hypocotyl 

length than WT and the difference between hy1 and WT is significant (Figure 3.6 

B and C). Except between hy1 and WT, no other difference is significant in low 

light fluence rate (Figure 3.6 B). In contrast, in high light fluence rate, lyn1 and 

jmj14-1 have shorter hypocotyl length than WT, while lyn1 hy1 and jmj14-1 hy1 

have shorter hypocotyl length than hy1 (Figure 3.6 C). All the differences are 
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significant in high fluence rate. In summary, rescue of hypocotyl length by lyn1 

was only observed and proven to be significant in high fluence rate. 

 
Figure 3. 6 jmj14 effect of hypocotyl length of 5-day seedlings in different light 

fluence rate  

A. Seedlings grew in the darkness, n=30;  

B. Seedlings grew in 10 μmol m-2 s-1 continuous white light, n=30; 

C. Seedlings grew in 100 μmol m-2 s-1 continuous white light, n=30; 
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Whether jmj14-1 acts like lyn1 rescuing the greening response was also studied 

by measuring the chlorophyll content of seedlings. The same comparisons and 

statistical tests used in analysis of hypocotyl length suppression were also carried 

out in this assay. Because seedlings cannot produce chlorophyll in the dark, the 

chlorophyll content was only studied on 5-day light-grown seedlings. WT, lyn1, 

jmj14-1, hy1, lyn1 hy1 and jmj14-1 hy1 were grown in continuous white light (10 

μmol m-2 s-1 and 100 μmol m-2 s-1) for 5 days. Chlorophyll was extracted from 20 

seedlings for each biological replicate. The total chlorophyll content per seedling 

of 6 genotypes is shown in Figure 3.7. Chlorophyll contents increase when the 

light fluence rate increases in all genotypes. In both light fluence rates, relative to 

the WT, chlorophyll content of hy1 is lower while those of lyn1 and jmj14-1 are 

higher. lyn1 hy1 and jmj14-1 hy1 have higher chlorophyll content relative to hy1. 

The differences in all the comparisons are significant. In summary, lyn1 rescue 

of chlorophyll content is significant in both light conditions.  

The quantifications of hypocotyl length and chlorophyll content both indicate that 

jmj14 can independently suppress growth and greening defect of hy1. However, 

the suppression is not obvious in all light fluence rates. In the higher fluence rate, 

the effects of lyn1 suppressing hypocotyl length and chlorophyll content are 

always significant. Under the low fluence rate, jmj14 rescue of the light response 

is more substantial in increasing chlorophyll content but no more so suppressing 

hypocotyl elongation. Because of this observation, in accordance with the 

expectation that jmj14-1 would independently suppress hy1, I determine that 

jmj14-1 and lyn1 are very likely to be two mutations on the same gene. 
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Figure 3. 7 jmj14 effect of chlorophyll content of 5-day seedlings in different light 

fluence rate  

A. Seedlings grew in 10 μmol m-2 s-1 continuous white light, n=3; 

B. Seedlings grew in 100 μmol m-2 s-1 continuous white light, n=3. 

3.2.1.3 Failure of complementation of lyn1 by jmj14-1 

Although jmj14-1 has been shown to act like lyn1 independently suppressing hy1, 

just comparing the flowering time, hypocotyl length and chlorophyll content are 

not sufficient to confirm the lyn1 identity. However unlikely, it remains possible 

that lyn1 and jmj14-1 are two independent mutations both capable of suppressing 
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hy1. On the other hand, given that lyn1 and jmj14-1 are recessive mutations, a 

mutant carrying one allele of lyn1 and one of jmj14-1 (a double heterozygous) 

would, if both are alleles of the same gene, carry no functional allele and therefore 

be a homozygous mutant. This would be genetic confirmation of gene identity. A 

failure of complementation test was carried out by crossing lyn1 hy1 with jmj14-

1 hy1 and then the hypocotyl length of F1 seedlings was measured and compared 

to WT, hy1, lyn1 hy1 and jmj14-1 hy1. If jmj14-1 and lyn1 were two mutations on 

the same gene, then jmj14-1 should fail to complement lyn1. Thus, the F1 plants 

should have same phenotype as lyn1 hy1 and jmj14-1 hy1. The hypocotyl length 

was quantified on 5-day light grown seedlings (Figure 3.8 A). The results are 

presented by the frequency distribution of hypocotyl length, showing that the most 

frequent hypocotyl length of WT and hy1 seedlings is about 2~3 mm and 5~6 mm, 

respectively (Figure 3.8 B). The F1 seedlings have similar hypocotyl length to 

lyn1 hy1 and jmj14-1 hy1 which are about 4~5 mm. The comparison among 

young plants (Figure 3.8 C) also shows that F1 plants have a similar phenotype 

to lyn1 hy1 and jmj14-1 hy1. Genotypes of 6 seedling pools were confirmed and 

are shown in Figure 3.8 D. This observation in which, as expected, F1 seedlings 

of a cross of lyn1 hy1 and jmj14-1 hy1 present similar hypocotyl length to lyn1 

hy1 and jmj14-1 hy1, this failure of complementation outcome, confirms that 

jmj14-1 and lyn1 are two mutant alleles of the same gene. 
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Figure 3. 8 Confirmation that jmj14-1 fails to complement lyn1 suppressing 

hypocotyl length  

A. Comparison between 5-day light-grown seedlings’ phenotypes of WT, hy1, 

lyn1 hy1, jmj14-1 hy1 and F1 (lyn1 hy1x jmj14-1 hy1). Scale bar=10 mm. 

B. The figure shows the comparison of 5-day light-grown seedling hypocotyl 

lengths among WT, hy1, lyn1 hy1, jmj14-1 hy1 and F1 plants. All the seedlings 

were grown in 100 μmol m-2 s-1 continuous white light. Hypocotyl lengths were 

categorised into 8 groups and shown in different bins on the x-axis. The Y-axis 

shows the frequencies of hypocotyl length. 31% of WT seedling hypocotyl lengths 

are between 2~3 mm. 34% of hy1 seedling hypocotyl lengths are between 5~6 

mm. 39% of lyn1 hy1 seedling hypocotyl lengths are between 4~5 mm. 55% of 

jmj14-1 hy1 seedling hypocotyl lengths are between 4~5 mm. 74% of F1 seedling 

hypocotyl lengths are between 4~5 mm.  
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C. The image shows 20-day light-grown WT, hy1, lyn1 hy1, jmj14-1 hy1 and F1 

plants in constant white light (180 μmol m-2 s-1). 

D. The top image shows the jmj14-1 genotyping result. PCR products of WT, 

jmj14-1, lyn1, hy1, lyn1 hy1, jmj14-1 hy1 and F1 seedlings were amplified by the 

forward and reverse primers and the border and reverse primers and separated 

on 1.2% agarose gel are shown. The middle image shows lyn1 dCAPS 

genotyping assay result. PCR products of WT, jmj14-1, lyn1, hy1, lyn1 hy1, jmj14-

1 hy1 and F1 seedlings digested with HaeIII restriction enzyme and separated on 

2% agarose gel are shown. The bottom image shows hy1 dCAPS genotyping 

assay result. PCR products of WT, jmj14-1, lyn1, hy1, lyn1 hy1, jmj14-1 hy1 and 

F1 seedlings digested with Apol restriction enzyme and separated on 2% agarose 

gel are shown. 
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3.2.1.4 Complementation of lyn1 mutants by transferring functional JMJ14 

3.2.1.4.1 Failure of BP recombination 

The initial cloning strategy was to directly generate an attB-flanked JMJ14 PCR 

product using a pair of designed long primers (Forward primer: attB1 + JMJ14 

full-length cDNA forward primer; Reverse primer: attB2 + JMJ14 full-length cDNA 

reverse primer). However, the recombination always failed, and no colony 

appeared on the antibiotic-selective agar plate. As the long primers are initially 

only semi-hybridised to DNA template, they cannot fully bind to DNA at the PCR 

annealing stage. The amplification becomes less efficient and a large amount of 

primer dimers are produced. One possible reason for failure of recombination is 

that the large amount of primer dimers competes with the small amount of PCR 

products, resulting in a very low probability of successful insertion of PCR product 

into the donor vector. DNA gel extraction was used to remove the primer dimers 

from PCR products before using the PCR product for gateway BP recombination 

reaction. The second possible reason of failure recombination is that the UV 

exposure caused DNA cross-linking during gel extraction which interfered with 

the recombination. Use of such gel purification was unavoidable, since most 

primer dimers cannot be simply removed if the PCR products only go through 

end-point PCR amplicon purification. In summary, no recombinant product was 

produced according to the initial cloning strategy. Given this failure, a new 

strategy was designed (shown in section 3.1.1.3). 

3.2.1.4.2 Ligation of JMJ14 cDNA into pGEM-T Easy vector 

The JMJ14 cDNA PCR products which are 2865 bp were inserted into pGEM-T 

Easy vector first. pGEM®-T Easy vector is 3015 bp and contains an Ampicillin 

resistance gene (Amp) (Appendix Figure 7.4). Because pGEM®-T Easy vectors 

are linearized vectors with a single 3´-terminal thymidine at both ends, the DNA 

fragments must have 3´-terminal adenosine at both ends in order to ligate. 
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However, not all thermostable polymerases generate 3´A-tailed PCR products. 

Pfu DNA Polymerase generates blunt-ended fragments and pGEM-T can only 

ligate with a fragment with 3´A-overhangs (Knoche and Kephart, 1999). Thus, 

adenosines were added at both ends of the JMJ14 cDNA fragments using the A-

tailing procedure. The A-tailed DNA fragments were ligated with vectors and 

colonies were selected on antibiotic selective LB plates. The identification of 

successful insertion was indicated by the blue/white screening on indicator plates. 

Sixteen white colonies were selected from the blue/white screening plate and 

then genotyped to find the correct insertion by colony PCR. The inserts were 

genotyped with JMJ14 full-length primers. The result shows that colony no.5 

carries the full-length JMJ14 cDNA (Figure 3.9).  

 

Figure 3. 9 Colony PCR for identification of full-length JMJ14 cDNA insertion in 

the pGEM-T Easy vector  

Colony PCR among 16 colonies shows colony no. 5 carries a fragment which has 

a size matching the expected one (2865 bp) of full-length JMJ14 cDNA. 

Although mutations are unlikely to be introduced during PCR amplification when 

using Pfu polymerase, the insert was sequenced to confirm that it was a full-

length JMJ14 without any sequence errors. Colony 5 was grown as a larger E. 

coli culture and then extracted by Qiagen spin miniprep kit to generate the 

plasmid minipreps for sequencing. Before sending for commercial Sanger 

sequencing, these plasmid minipreps were confirmed to be carrying full-length 

JMJ14 by PCR (Figure 3.10). 15 μl of 70 μg/ml plasmid miniprep was sent to 

← 2865	bp3000	bp →

1      2      3       4    5 6      7     8     9     10     11   12    13   14     15    16

2000	bp →

1000	bp →
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Eurofins for sequencing. The insert was sequenced using 4 sequencing primers. 

Two primers which were provided by Eurofins annealed against the T7 promoter 

and the SP6 inverted promoter sequences, respectively. The other two primers 

(JMJ14 sequencing primer 2 and 3) were designed in the middle region of JMJ14. 

The sequencing result confirmed the insert is JMJ14. However, the result shows 

that the first nucleotide (Adenosine) of the start codon (ATG) of the complete 

JMJ14 cDNA is missing. Fortunately, this error was easily corrected in the next 

step when the gateway attB sites are added to the JMJ14 cDNA during the PCR 

amplification (the codon is part of the primer). 

 
Figure 3. 10 Confirmation of correct insertion of JMJ14 fragment in pGEM-T Easy 

vector by PCR  

All the PCR products have a similar size (2865 bp) as full-length JMJ14 cDNA. 

3.2.1.4.3 Generation of JMJ14 cDNA fragments with Gateway attB sites 

The pGEM-T Easy Vector/JMJ14 construct was used as a DNA template to 

generate a large quantity of JMJ14 amplicons. To add the attB sites to both ends 

of the JMJ14 cDNA sequence, a pair of long primers containing the attB sites and 

around 20 nucleotides of either the 5’ or 3’ ends of the JMJ14 cDNA sequence 

were used. These attB-flanked PCR fragments I generated allow the 

recombination between the attB-flanked JMJ14 PCR products and the donor 

vectors during the BP reaction. Clearly, the gel image shows that PCR products 

pGEM-T Easy Vector/JMJ14 
Control     5.1        5.2          5.3         5.4

3000	bp →

2000	bp →

1000	bp →

←2865	bp



 88 

have a stronger band of JMJ14 and less obvious primer dimers (Figure 3.11). 

The attB-flanked full-length JMJ14 cDNA PCR products are slightly longer than 

JMJ14 cDNA. 

 
Figure 3. 11 Gel image of PCR products of attB-flanked JMJ14 and JMJ14 

amplified from the pGEM-T Easy vector/JMJ14 plasmid template 

The attB-flanked JMJ14 fragments were generated by amplifying JMJ14 with 

attB-adapted JMJ14 primers. The attB-flanked JMJ14 PCR products were 

separated on the 1% agarose gel. After adding the attB sites, the attB-flanked 

JMJ14 PCR products are 2923 bp which is 58 bp larger than the control. Few 

primer dimers were produced. 

3.2.1.4.4 GatewayTM vector-related works 

3.2.1.4.4.1 Transformation into GatewayTM Donor vector p201 

Once the attB-flanked JMJ14 PCR products were generated, they needed to be 

inserted into a donor vector. Donor vector pDONR™201 was used for transferring 

JMJ14 to a destination vector. pDONR™201 is 4470 bp and has attP 

recombination sites with Kanamycin (Kan) resistance (Appendix Figure 7.5). 

JMJ14 fragments were ligated with pDONR vector by Gateway BP reaction. The 

recombination of attB sites of JMJ14 fragment and attP sites of pDONR vector 

3000	bp →
2000	bp →

1000	bp →

←Primer dimers

JMJ14+attB JMJ14+attB JMJ14
←2865	bp←2923	bp



 89 

generates attL sites that transfers JMJ14 into an entry clone. The recombinant 

products were multiplied by transformation into E. coli. Sixteen colonies were 

selected from Kan LB plates and genotyped to identify the colonies with the 

correct insert by colony PCR. The inserts were genotyped with JMJ14 full-length 

cDNA primers. The result shows that the recombinants of colony 2 and 5 probably 

carry the correct inserts which have a similar size to JMJ14 (Figure 3.12).  

 

Figure 3. 12 Colony PCR for identification of full-length JMJ14 cDNA insertion in 

the pDONR201 vector  

Colony PCR among 16 colonies shows colony no.2 and 5 carry fragments which 

have a similar size (2865 bp) to full-length JMJ14 cDNA. 

The colonies 2 and 5 were both cultured in Kan-containing LB to obtain larger E. 

coli cultures for plasmid DNA isolation (miniprep). The isolated 

pDONR201/JMJ14 plasmid constructs from colonies 2 and 5 were extracted from 

the cultures to be sequenced and to perform the LR reaction in the later step. The 

plasmid minipreps were run with empty pDONR vector on 1% agarose gel to 

compare the plasmid size (Figure 3.13 A). The figure indicates that a fragment is 

inserted into the pDONR™201 vector of both colonies 2 and 5, because the super 

coiled plasmid 2 and 5 show a larger size compared to the super coiled empty 

pDONR™201 vectors. Figure 3.13 B indicates that an insert which is about 2865 

bp is present in the plasmid of clones 2 and 5. Plasmid no.5 was selected and 

1      2 3      4      5 6     7      8      9    10    11    12    13    14    15   16

← 2865	bp3000	bp→
2000	bp→

1000	bp→
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sent for sequencing, targeting the insert using 4 designed sequencing primers. 

Two primers are on pDONR™201 vector close to the attL recombination sites 

and the other two primers (JMJ14 sequencing primer 2 and 3) are in the middle 

region of JMJ14. Sequencing results showed that no errors had been introduced 

and that the recombination reaction had inserted the fragment correctly and in 

the correct orientation. The error by which the first nucleotide of the start codon 

was missing had been rectified. 

 
Figure 3. 13 Confirmation of correct insertion of JMJ14 fragments in the entry 

clones 

A. Comparison of the size between plasmids no.2 and 5 and empty pDONR™201 

vectors on 1% agarose gel. 

B. Confirmation of correct insertion of JMJ14 fragments in the pDONR201 vector 

by PCR. All the PCR products have a similar size (2865 bp) to full-length JMJ14 

cDNA. 
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3.2.1.4.4.2 Transformation into GatewayTM Destination vector pB2GW7 

Once the BP recombination happened, a pair of attL sites were generated in the 

entry clone, which could, in turn, recombine with the attR sites of the destination 

vector pB2GW7 used in this research. Destination vector pB2GW7 is 10882 bp 

long, contains the cauliflower mosaic virus 35S coat protein promoter (CaMV 35S, 

p35S) upstream of the attR recombination sites, as well as 35S terminator (T35S) 

and a Spectinomycin (Sp) resistance gene (Appendix Figure 7.6). JMJ14 

fragments were exchanged from entry clones into destination vectors by Gateway 

LR recombination reaction, resulting in the generation of a plant expression 

construct. The JMJ14 cDNA was cloned under the control of the 35S promoter 

for constitutive expression in plant cells after transformation. The recombinant 

vector was cloned and multiplied by introducing into E. coli. 8 colonies were 

selected from the Sp LB plates and genotyped to confirm the correct insertion by 

colony PCR. All the colonies were genotyped using JMJ14 full-length primers. 

The result shows that all recombinants carried the correct inserts which were 

about 2865 bp (Figure 3.14 left). All the colonies were also genotyped using 

pB2GW7 sequencing primers (one is on the pB2GW7 35S promoter and the other 

one is on the 35S terminator). These PCR products are slightly larger than full-

length JMJ14 (Figure 3.14 right). The JMJ14 cDNA in pB2GW7 was not 

sequenced at this step, because this step is to transfer the JMJ14 cDNA by 

recombination reaction between the two vectors without PCR amplification. 

Mutations are most likely to occur during PCR amplification. The JMJ14 

sequence was already confirmed when JMJ14 cDNA was present within 

pDONR201 before transferring into pB2GW7. Therefore, the JMJ14 inserts were 

at this point trusted to have the correct sequence. 
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Figure 3. 14 Colony PCR for identification of full-length JMJ14 cDNA insertion in 

the pB2GW7 vector  

8 colonies were amplified by JMJ14 full-length primers (left) and pB2GW7 

sequencing primers (right). The PCR products which are amplified by JMJ14 full-

length primers have a similar size (2865 bp) to full-length JMJ14. The PCR 

products which are amplified by pB2GW7 sequencing primers have a slightly 

larger size (~3000 bp) than full-length JMJ14. 

The colonies 1, 4 and 5 were cultured in Sp LB to obtain larger amounts of E. coli 

cultures. They were extracted to generate the pB2GW7/JMJ14 plasmid minipreps 

for transferring into Agrobacterium. The insertions of pB2GW7/JMJ14 in the 

plasmid minipreps were double-confirmed using JMJ14 full-length primers 

(Figure 3.15 A left) and pB2GW7 sequencing primers (Figure 3.15 A right). 

pB2GW7 empty vector was used as control of the pB2GW7/JMJ14 plasmid in 1% 

agarose gel electrophoretic separations, to compare the plasmid size (Figure 

3.15 B).  

pB2GW7/JMJ14

Control               1       2       3      4       5      6       7      8       1      2      3       4    5       6   7      8 

2865	bp → ← ~3000	bp

Amplified by JMJ14 full length primers Amplified by pB2GW7 sequencing primers
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Figure 3. 15 Confirmation of correct insertion of JMJ14 in the plant expression 

vector 

A. PCR amplification of an inserted full-length JMJ14 fragment in the pB2GW7 

vector by JMJ14 full-length primers (left) and pB2GW7 sequencing primers (right). 

The PCR products amplified using JMJ14 full-length primers have a similar size 

(2865 bp) to full-length JMJ14 cDNA. The PCR products amplified using 

pB2GW7 sequencing primers have a slightly larger size (~3000 bp) than full-

length JMJ14 cDNA. 

B. Comparison of the size between expression clone and empty pB2GW7 vector 

on 1% agarose gel. 

A

2865 	bp→

← ~3000	bp
1           4            51            4           5  

pB2GW7/JMJ14

Empty vector
pB2GW7

Super coiled→
plasmid

B

pB2GW7/JMJ14

1 4 5

← Super coiled
empty vector
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3.2.1.4.5 Transforming and screening of plants 

3.2.1.4.5.1 Agrobacterium-mediated transformation into plants 

The pB7WG2/JMJ14 plasmid miniprep of colony 1 was selected to transform 

Agrobacterium tumefaciens (GV3101). Eight colonies were selected and 

genotyped to confirm the correct insertion by colony PCR. All the colonies were 

genotyped by JMJ14 full-length primers. The result shows that all Agrobacterium 

colonies carried the correct inserts (Figure 3.16). They were all individually 

cultured in a larger volume of LB, then mixed with glycerol to make stocks and 

store at -80°C until the plants were ready for infiltration.  

 
Figure 3. 16 Colony PCR confirming correctly inserted JMJ14 in the expression 

vector 

All the colonies were amplified by JMJ14 full-length primers. They all can amplify 

full-length JMJ14. 

The Agrobacterium-infiltration solution was prepared by mixing 4 different strains 

of Agrobacterium colony stocks. This is to avoid unsuccessful transformation 

caused by potential mutations carried in any single colony strain. The infiltrations 

were performed on lyn1 hy1 plants at early stages of flowering (when their 

pB2GW7/JMJ14

1        2           3           4 Control   

pB2GW7/JMJ14

5          6 7           8      Control

←2865	bp

←2865	bp

3000	bp →

2000	bp →

1500	bp →

3000	bp →

2000	bp →

1500	bp →
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flowering stems were about 10-15 cm tall). They were repeated four times on the 

same plants (T0). The T1 seeds were collected from these T0 plants and then 

grown on antibiotic-containing plates for screening.  

3.2.1.4.5.2 Screening and verification of complemented plants 

The T1 plants were selected by growing T1 seeds on phosphinothricin and 

cefotaxime-containing agar plates. Phosphinothricin (PPT) is a herbicide which 

kills the untransformed plants. Cefotaxime is an antibiotic which eliminates any 

remaining Agrobacterium (Okkels and Pedersen, 1988). Eight T1 plants survived 

on the selective agar plates. These eight plants were transferred into soil and 

grown with hy1 and lyn1 hy1 plants side by side. An individual T1 plant is shown 

in Figure 3.17 as a sample, with hy1 and lyn1 hy1 plants as controls. If JMJ14 

can complement lyn1 defect in T1 plants, then T1 plants should appear hy1 

phenotype. As expected, all (8/8) T1 plants showed a hy1 phenotype instead of 

a lyn1 hy1 phenotype and no significant difference of phenotype among T1 plants 

was observed. 
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Figure 3. 17 Comparison of phenotype between lyn1 hy1, T1 and hy1 

The plants were grown in (100 μmol m-2 s-1) constant light for four and half weeks. 

To further confirm the presence of inserts, pB2GW7 sequencing primers were 

used to amplify the inserts in the genome of T1 plants. The PCR result shows 

that all the plants carried the correct inserts (Figure 3.18 A). To double check that 

the genotype of these transformed T1 plants was LYN1 overexpressor in a lyn1 

hy1 background (LYN1ox lyn1 hy1), PCR genotyping was done using the lyn1 

dCAPS primers. If these T1 plants are lyn1 hy1 while also carrying one or more 

copies of inserted functional JMJ14 cDNA, then they should show that they are 

lyn1 heterozygous mutants. As expected, all T1 transformed plants showed that 

they are lyn1 heterozygous mutants and hy1 homozygous mutants (Figure 3.18 

B). Transferring functional JMJ14 gene into lyn1 hy1 mutants can complement 

the lyn1 suppression, so this transgenic complementation assay confirms that 

lyn1 is a mutation on the JMJ14 gene. 
  

lyn1 hy1           T1                 hy1
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Figure 3. 18 Confirmation of the present of JMJ14 inserts in the T1 plants 

A. PCR amplification of inserts by pB2GW7 sequencing primers. All the T1 plants 

contain the inserts which are about 3000 bp. The negative control does not 

contain the insert. 

B. Confirmation of the genotype of T1 plants. (Top) lyn1 dCAPS genotyping 

assay. PCR products of T1 plants were digested with HaeIII restriction enzymes 

and separated on 2% agarose gel are shown. (Bottom) hy1 dCAPS genotyping 

assay. PCR products of T1 plants were digested with Apol restriction enzymes 

and separated on 2% agarose gel are shown. 
  

← ~3000	bp
- +   1      2      3    4      5   6      7      8

T1
A

(1) Genotyping of lyn1 dCAPS (PCR + digestion)

(2) Genotyping of hy1 dCAPS (PCR + digestion)

WT  lyn1 1      2      3     4      5    6     7      8

WT   hy1 1      2  3    4      5   6      7     8

B

← 285	bp← 256	bp

← 289	bp← 258	bp
200	bp →
300	bp →

200	bp →
300	bp →

2000	bp →
3000	bp →
2500	bp →
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3.2.2 Detecting JMJ14 mRNA in jmj14-1 and lyn1 mutants 

Although lyn1 and jmj14-1 are located on the same gene, they are two different 

mutant alleles that lead to different mRNA and protein being synthesised. mRNA 

and proteins may or may not be synthesised according to different types of 

mutation. If JMJ14 protein is partly translated and retains some of its original 

functions in mutants, then it can lead to a reduced suppression of hy1 than a null 

mutant would, and as a consequence retention of a decreased light response. To 

analyse whether lyn1 and jmj14-1 retain the JMJ14 proteins, RT-PCR was carried 

out. Instead of detecting the protein by Western blotting, RT-PCR detects the 

presence of mRNA in the mutants. jmj14 mRNA was reverse transcribed to jmj14 

cDNA and then amplified by PCR. The RNA and genomic DNA were extracted 

from WT, lyn1, jmj14-1, lyn1 hy1 and jmj14-1 hy1. Figure 3.19 A shows that all 

the plants were of the correct, expected genotypes. The RNA samples were 

reverse transcribed into cDNA, on which JMJ14 full-length primers were used to 

amplify JMJ14 by PCR (Figure 3.19 B). If any JMJ14 cDNA was present, then 

the PCR products should show a band on the gel. Figure 3.19 B shows that jmj14-

1 does not contain any full-length jmj14 cDNA, confirming its knockout character. 

Unexpectedly, lyn1 does contain full-length jmj14 cDNA, in spite of the similarity 

of the phenotype between lyn1 and jmj14-1. 
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Figure 3. 19 RT-PCR of full-length JMJ14 revealed that transcription of JMJ14 

was eliminated in jmj14-1 mutants but not in lyn1 mutants  

A. Confirmation of the genotype of the plants which were used for RT-PCR of full-

length JMJ14 cDNA. The top image shows the lyn1 dCAPS assay result. PCR 

products of WT, lyn1, jmj14-1, lyn1 hy1 and jmj14-1 hy1 plants were digested 

with HaeIII restriction enzymes and separated on 2% agarose gel are shown. The 

bottom image shows the jmj14-1 genotyping result. PCR products of WT, lyn1, 

jmj14-1, lyn1 hy1 and jmj14-1 hy1 plants were amplified by the forward and 

reverse primers and the border and reverse primers and separated on 1.2% 

agarose gel are shown.  

B. RT-PCR with JMJ14 full-length primers. RPS6 was used as an internal control. 

WT    lyn1   jmj14-1 lyn1 hy1 jmj14 hy1

WT   lyn1   jmj14-1 lyn1 hy1 jmj14 hy1

← 1188	bp

F+R

B+R

←�750	bp

← 285	bp
← 256	bp

Genotyping of lyn1 dCAPs assay (PCR + digestion)

Genotyping of jmj14-1

A

WT    lyn1   jmj14-1 lyn1 hy1 jmj14 hy1

400	bp →

200	bp →

600	bp →

1000	bp →
500	bp →

1500	bp →

500	bp →
750	bp →1000	bp →

WT   lyn1 jmj14-1 jmj14-1 hy1 lyn1 hy1

WT    lyn1  jmj14-1 jmj14-1 hy1  lyn1 hy1

← 2865	bp

JMJ14 full length cDNA

RPS6 (Control)

← 707	bp

B

3000	bp →
2000	bp →
1500	bp →

1000	bp →

500	bp →

750	bp →
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3.2.3 Structure, expression and evolutionary relationships of 
JMJ14 

Understanding the function of JMJ14 is the purpose of this research. Although 

the function of JMJ14 has been determined by several studies to be a histone 

demethylase in Arabidopsis, the biological process which JMJ14 is involved in, 

in order to rescue the light response, is still unclear. Analysing the evolutionary 

relationships of JMJ14, and the presence of homologues in other species, may 

uncover the range of organisms in which this function is essential. Identifying also 

other homologous genes in Arabidopsis (“paralogues”) is necessary before one 

can conclude on “orthologous” relationships, because orthologues are homologs 

from different species which have similar or identical functions. Based on the 

study of these JMJ14 homologues, the function of JMJ14 in Arabidopsis may 

become more intelligible. Therefore I carried out a bioinformatic analysis of 

JMJ14 structure and conserved domains, a search for homologues within 

Arabidopsis and other species, and lastly a phylogenetic analysis. 

According to TAIR10 annotation and the TAIR10 gene model At4g20400.1, the 

Arabidopsis JMJ14 gene (At4g20400) contains 11 exons (shown in Figure 3.20 

A). It encodes a 954-amino-acid polypeptide. Protein domains were analysed by 

Simple Modular Architecture Research Tool (SMART). SMART is an online tool 

which allows the identification and annotation of genetically mobile domains and 

the analysis of domain architectures. After inserting the JMJ14 amino acid 

sequence into SMART, it automatically provided its domain architecture. The 

JMJ14 encoded protein contains 5 distinct domains which are the JmjN domain, 

JmjC domain, C5HC2 zinc finger (zf-C5HC2), F/Y-rich N-terminal (FYRN) and 

F/Y-rich C-terminal (FYRC) domains (Figure 3.20 B) (Lu et al., 2008).  

After a wide search for homologues across phyla, and based on published 

information (Lu et al. 2008), I selected a list of organisms representing eukaryotic 
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phyla to assess the distribution of JMJ14-like proteins. For each of those 

organisms, a BLAST search (NCBI) was used to identify the closest homologue. 

The top 6 JMJ14 paralogues were selected, as they were all also annotated as 

JARID1 family proteins. The list of organisms and homologues is provided in 

Table 3.1. A multiple protein sequence alignment based on the full length of 

JMJ14 protein sequence across that list of homologues in different species 

evidenced the evolutionary relationships of the JMJ14 protein. The amino acid 

sequences of JMJ14 homologues were obtained from NCBI and aligned by 

Clustal Omega. A multiple protein sequence alignment of ALN file (shown in the 

Appendix Table 7.3) was generated by Clustal Omega, then opened by SplitStree 

software. A phylogenetic tree was constructed using SplitStree to reveal the 

evolutionary relationships between JMJ14 homologues. Organisms were chosen 

to represent dicot, monocot and non-seed vascular plants, land plants, green 

algae, yeast and animals. The result is shown in Figure 3.20 C. In Arabidopsis, 

JMJ15 and JMJ18 are the closest paralogues of JMJ14. Although all JMJ14-19 

proteins share a common origin across eukaryotes, including fungi (represented 

by yeast), those of animals and plants are much more closely related, and they 

have diversified within plants. Although JMJ17 is also identified among the 

Arabidopsis JARID1 family proteins, it is the Arabidopsis representative of a 

protein which had already likely diverged in the last common ancestor of land 

plants. The yeast homologue of JMJ14 diverged in the very early precursors.  
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Figure 3. 20 Phylogenetic relationship of JmjC-domain-containing proteins from 

some selected species  

A. Image showing the two JMJ14 protein coding gene models, together with 

evidence of mRNA expression in light-grown seedings. Two models of the JMJ14 

gene are predicted to result in different mRNAs caused by alternative splicing. 

RNA-Seq data were used to detect whether the exon/intron prediction is correct, 

and whether any alternative splicing events are likely to occur in significant levels. 

In the RNA-Seq analysis, only exon transcribed mRNA can be detected and read, 

intron cannot be detected. The frequencies of RNA-Seq reads mapping at each 

position along the genomic sequence are shown in blue at the top grey area. The 

frequencies of reads show a bias towards the 3’ end, but distribute across the 

differential region between the two gene models. If model AT4G20400.2 is a real 

alternatively spliced mRNA, then at least in light-grown seedlings model 

AT4G20400.1 is predominant. Figure from the light grown seedling of mapping 

coverage of RNA-Seq-based evidence at Araport 11 (Cheng et al., 2017). 

B. Schematic domain structure of JMJ14. Domains were predicted by SMART. 

Lines indicate inter-domain regions. jmj14-1 T-DNA insertion site and lyn1 point 

mutation site on the genomic sequence of JMJ14 are marked on the 

corresponding positions of JMJ14 translated protein.  

C. Phylogenetic tree showing the evolutionary relationships of JMJ14-related 

proteins across species. The tree was constructed by aligning the whole amino 

acid protein sequences in the SplitsTree software. Phylogenetic relationship of 

jmjC domain-containing proteins from Arabidopsis thaliana, Glycine max, Oryza 

sativa, Selaginella moellendorffii, Physcomitrella patens, Ostreococcus 

lucimarinus, Saccharomyces cerevisiae, Drosophila melanogaster and Homo 

sapiens are indicated with At, Gm, Os, Sm, Pp, Ol, Sc, Dm and Hs prefix, 

respectively. 
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 Accession Gene name Gene description Ident 

1 NP_193773.2 JMJ14 JUMONJI 14 [Arabidopsis thaliana] 100% 

2 NP_174367 JMJ18 Transcription factor jumonji family protein/ 

zine finger (C5HC2) family protein 

[Arabidopsis thaliana] 

61% 

3 NP_181034.1 JMJ15/MEE27 Transcription factor jumonji family protein/ 

zine finger (C5HC2) family protein 

[Arabidopsis thaliana] 

58% 

4 NP_001184940.1 JMJ16/PKDM7D Transcription factor jumonji family protein/ 

zine finger (C5HC2) family protein 

[Arabidopsis thaliana] 

56% 

5 NP_181429.2 JMJ19 Transcription factor jumonji family protein/ 

zine finger (C5HC2) family protein 

[Arabidopsis thaliana] 

41% 

6 NP_001319304.1 JMJ17 Transcription factor jumonji (jmjC) domain-

containing protein [Arabidopsis thaliana] 
43% 

7 XP_003535005.1 JMJ14-like PREDICTED: lysine-specific demethylase 

JMJ18-like [Glycine max] 
46% 

8 XP_015640426.1 JMJ704 PREDICTED: putative lysine-specific 

demethylase JMJ16 [Oryza sativa Japonica 

Group] 

88% 

9 XP_002968749.1 SELMODRAFT_170257 hypothetical protein 

SELMODRAFT_170257 [Selaginella 

moellendorffii] 

50% 

10 XP_001770596.1 PHYPADRAFT_136290 predicted protein [Physcomitrella patens] 51% 

11 XP_001416696.1 JMJ3520 predicted protein [Ostreococcus lucimarinus 

CCE9901] 
40% 

12 XP_011507394.1 JARID1B PREDICTED: lysine-specific demethylase 

5B isoform X3 [Homo sapiens] 
42% 

13 NP_523486.1 Lid little imaginal discs, isoform A [Drosophila 

melanogaster] 
41% 

14 NP_012653.1 JHD2 histone demethylase [Saccharomyces 

cerevisiae S288C] 
39% 

Table 3. 1 List of homologues in different species evidenced by the evolutionary 

relationships of the JMJ14 protein 
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3.2.4 JMJ14 gene expression pattern during Arabidopsis 
development 

The JMJ14 gene expression was examined on publicly-available data from 

Arabidopsis. The JMJ14 expression pattern was analysed with the Arabidopsis 

eFP Browser, which presents data collected by the Arabidopsis Gene Atlas 

(Schmid et al. 2005). In Arabidopsis, JMJ14 is widely expressed, but appears 

particularly active in the shoot apex (collected at the inflorescence stage) and 

during embryo development within the future seeds (Figure 3.21). 

 

Figure 3. 21 Image shown the JMJ14 gene expression map of Arabidopsis 

Colours represent gene expression level, where the higher the number the higher 

the gene expression. Figure from the Arabidopsis eFP Browser at BAR (Winter 

et al., 2007), visualising data from the Arabidopsis Gene Atlas (Schmid et al., 

2005). 
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3.3 Discussion 

3.3.1 Confirmation of the identification of lyn1 

The identity of lyn1 was confirmed phenotypically and genetically by several 

analyses. The observation of earlier flowering on jmj14-1 and lyn1 preliminary 

supports the identification of lyn1. However, this argument is only correlative. In 

the hypocotyl elongation and greening response of double mutants, jmj14-1 

shows that it can independently suppress hy1. It shows a similar extent of 

suppression of hypocotyl elongation and chlorophyll content to that of lyn1. 

Moreover, the two types of complementation analysis reveal the most compelling 

evidence to support the lyn1 identification result. The jmj14-1 failure of 

complementation of lyn1 resulting in the lyn1 hy1 phenotype of F1 plants 

indicates that jmj14-1 and lyn1 are the two allelic mutations within the JMJ14 

gene. Once JMJ14 is transferred into lyn1 hy1 mutants, JMJ14 can express 

functional JMJ14 protein to complement the missing functional LYN1 protein in 

the lyn1 hy1 mutants. The hy1 defect is no longer suppressed, so the 

complemented lyn1 hy1 plants show the hy1 phenotypes. According to all the 

analyses, lyn1 has been confirmed to locate at the JMJ14 gene.  

So far, by numerous studies, JMJ14 has been found to regulate flowering time. It 

represses the expression of FLOWERING LOCUS T (FT), which is a key floral 

activator, and TWIN SISTER OF FT (TSF), which is an FT homologue, to inhibit 

the floral transition in Arabidopsis (Yang et al., 2010). jmj14 mutation leads to a 

reduced gene expression level of FT and TSF and also an earlier flowering time 

(Jeong et al., 2009; Lu et al., 2010). However, the dramatically different 

phenotype of jmj14 compared to WT was noticed when the adult plants show 

different flowering time. All the studies missed the more subtle phenotype 

difference between WT and jmj14 in early developing seedlings. This study 

observed this phenotype indirectly by screening lyn1 on hy1. lyn1 suppression of 
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hypocotyl length and chlorophyll content was easier to observe on hy1. 

Subsequently, the subtle suppression of hypocotyl length and chlorophyll content 

in lyn1 compared to WT was detected. JMJ14 was also identified in another study 

by screening for a suppressor of a mutant which has a defect in transgene-

induced posttranscriptional gene silencing (PTGS). The jmj14 mutation was 

found to suppress PTGS by increasing promoter methylation and reducing 

transgene transcription (Le Masson et al., 2012). 

3.3.2 JMJ14 protein domains  

Although lyn1 shows a suppression of hypocotyl elongation and chlorophyll 

content, a slightly different extent of suppression between lyn1 and jmj14-1 was 

observed. This difference was also observed in another assay in the next chapter. 

Whether any mRNA is still produced in lyn1 became the obvious question. The 

RT-PCR of jmj14 cDNA revealed that jmj14 mRNA is still present in lyn1 but is 

not detectable in jmj14-1. The RT-PCR only determines the presence of mRNA 

but not the quantity. The lyn1 mRNA generates premature termination codons 

(PTCs) which are targeted for degradation by nonsense-mediated decay (NMD) 

(Nolte and Staiger, 2015). The absence of JMJ14 mRNA in jmj14-1 may be due 

to the fact that the T-DNA insertion caused mRNA degradation during the post-

transcriptional processing. Another possible reason for the non-detection of 

mRNA in jmj14-1 may be because of the insufficient reverse transcription time 

and PCR extension time applied in the RT-PCR. The Salk line T-DNA insert is 

4501 bp (O’Malley and Ecker, 2010). The T-DNA inserted jmj14 becomes a very 

large DNA fragment which is 7366 bp. Even if the jmj14-1 DNA is transcribed into 

a long mRNA, the RT-PCR time used for lyn1 is not long enough for the jmj14-1. 

The aberrant mRNA is not the target mRNA in this assay. In both cases, jmj14-1 

does not reveal a detectable jmj14 mRNA.  
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Immediately, the next question is whether the JMJ14 protein can be transcribed. 

If it is fully or partially transcribed whether the protein function is completely lost 

in lyn1 and in jmj14-1. As mentioned in the general introduction (chapter 1.4.5), 

JHDMs catalyses lysine demethylation by an oxidative reaction that requires two 

cofactors, α-ketoglutarate (αKG) and iron Fe(II). The JmjC domain folds into eight 

β-sheets to form an enzymatically active pocket for coordinating with Fe(II) and 

αKG (Klose et al., 2006). Within the JmjC domain, three amino acid residues bind 

to the Fe(II) cofactor and other two residues bind to αKG. As the JmjC domain is 

the highly conserved domain shared by all JHDMs, the JmjC domain is predicted 

as the most crucial domain for demethylation activity of the protein (Takeuchi et 

al., 2006). However, there is no evidence to show that the JmjC domain is the 

only domain to supply the JMJ14 protein biochemical function. Like most JHDMs 

family proteins, JMJ14 contains a JmjN domain and a C5HC2 zinc-finger domain. 

The domain organization in which JmjC accompanies JmjN and C5HC2 zinc-

finger domains is also called the Jmj family of transcription factors and it has been 

found that it may be implicated in gene transcription or chromatin remodelling 

(Balciunas and Ronne, 2000). JHD2, a protein of the JHDMs group, was identified 

in yeast. Its JmjN domain maintains the protein stability by interacting with JmjC 

domain to prevent the proteasomal degradation (Huang et al., 2010). The C5HC2 

zinc-finger domain has eight potential zinc ligand-binding residues, it is a putative 

DNA binding domain because it has been demonstrated to have a specific DNA 

binding activity (Lu et al., 2008; Searle et al., 2010). Unlike the JHDMs domain 

structure of animal and yeast proteins in the JARID1 group, instead of having AT-

rich interaction domain (ARID) and plant homeodomain (PHD), all JmjC domain-

containing protein (except JMJ17) in Arabidopsis additionally contain an F/Y-rich 

N terminus (FYRN) domain and an F/Y-rich C terminus (FYRC) domain, both 

(paradoxically) in the C terminus (Zhang et al., 2015). FYRN and FYRC need to 

be both present to function. These two domains contain chromatin-binding 

activity that helps the protein to bind to some specific chromatin regions (Lu et 
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al., 2008). They have been found to interact with NAC050/052 proteins, which 

are a pair of NAC (NAM, ATAF, CUC) domain-containing transcription factors, to 

play the role of histone demethylase recruitment (Zhang et al., 2015). According 

to the previous sequencing result of my MSc research, the point mutation in lyn1 

occurs about two thirds into the total JMJ14 sequence (Figure 1.11) (He, 2013). 

In the corresponding positions of JMJ14 translated protein, lyn1 mutation point is 

after the JmjC domain towards to the C-terminus (Figure 3.20 B). Compared to 

lyn1, the jmj14-1 T-DNA insertion point occurs at the beginning of the JmjC 

domain (Berardini et al., 2015). Although the lyn1 point mutation caused a stop 

codon leading to an earlier termination of JMJ14 translation, a partial protein 

containing three of the five conserved domains, and including the JmjC, catalytic 

domain, may still be translated and retained in the cytoplasm of lyn1 mutant. This 

partial translated JMJ14 is proposed to retain some JMJ protein function because 

of the presence of entire JmjC domain. However, this does not happen in jmj14-

1 because of, presumably, mRNA degradation. Even if the long aberrant mRNA 

is transcribed in jmj14-1, it cannot be translated to a functional JMJ14 protein 

because the T-DNA insertion completely disrupts the JMJ14 protein translation. 

Especially, JmjC domain is no longer present. Therefore, I propose that the jmj14-

1 completely losses JMJ14 function and lyn1 may retain some.  

3.3.3 JMJ14 evolution 

3.3.3.1 Current studies of JMJ14 paralogues 

The JMJ14 homologues show nearly universal distribution in eukaryotes. 

AtJMJ15 and AtJMJ18 are the two closest paralogues of AtJMJ14. The ancestor 

of JMJ15 and JMJ18 share a common ancestor with JMJ14, which suggests they 

probably have a very similar cellular function. Although they are all from the 

JARID1 family, they still retain some unique functions. Indeed, JMJ15 and JMJ18 

have been found to play the opposite role of JMJ14 in controlling flowering time 
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(Yang et al., 2012a,b). In Arabidopsis, several distinct flowering-promoting 

pathways, such as photoperiod and vernalisation pathways, are controlled by the 

environmental signal (day length, temperature and light, etc.) through a complex 

regulatory network. In this network, there are two central flowering regulators, FT 

and FLOWERING LOCUS C (FLC). FT is the floral activator regulating the 

expression of floral identity genes and involved in the photoperiod pathway, which 

responds to day length. Moreover, it is also directly repressed by the flowering 

time negative regulator, FLC. A subsequent analysis found that JMJ18 is a 

repressor of FLC gene expression by H3K4me2/3 demethylation (Yang et al., 

2012a). This was carried out by studying FLC expression in 2 Salk lines carrying 

T-DNA KO mutations and 1 Salk line carrying T-DNA knock down mutation of 

JMJ18, all of which show a weak late-flowering phenotype (Yang et al., 2012a).  

Another study from the same research group found that JMJ15 has a similar 

function to JMJ18. While the mutation of JMJ15 did not cause any obvious 

phenotype, overexpressing JMJ15 repressed FLC expression, which 

subsequently increased FT expression resulting in an obvious early flowering 

phenotype (Yang et al., 2012b). This suggests that although JMJ15 has the same 

function as JMJ18, JMJ18 dominantly regulates FLC. In the first study, the JMJ18 

binding of FLC chromatin was studied by ChIP analysis in the transgenic plants. 

JMJ18 was found to directly bind to the FLC and mediate levels of H3K4 

methylation (Yang et al., 2012a). However, no evidence exists that JMJ15 directly 

binds to FLC. Probably, JMJ15 indirectly regulates FLC. According to these 

studies, JMJ15, JMJ18 and JMJ14 are all involved in regulating flowering time. 

This supports an evolutionary relationship in which paralogues may be involved 

in similar biological functions, even with contrasting phenotypic effects. 
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3.3.3.2 Current studies of JMJ14 orthologues 

The first jmj gene was identified in mice and it was found to involve in neural tube 

formation (Takeuchi et al., 1995). Further studies found that jmj genes are 

expressed in a wide range of adult tissues in mouse and humans. The JMJ14 

orthologue from the human genome was selected for sequence analysis in this 

thesis. Nevertheless, it was found that the protein-coding regions of the mouse 

and human genomes are about 84% identical. In contrast, only about 30% of the 

protein-coding regions are identical on average between human and yeast 

(Pearson, 2013). As a clue to function, many studies have found that the jmj 

genes are strongly expressed in embryonic stem cells (Bergé-Lefranc et al., 1996; 

Takeuchi et al., 2006). This is in accordance with the Arabidopsis Gene Atlas 

gene expression analysis result of JMJ14 in which the strongest expression is in 

Arabidopsis embryos, at all stages of embryo development before arresting into 

future seeds, with additional elevated expression in the shoot apex.  

Human JARID1B is the closest homologue of Arabidopsis JMJ14 in the JARID1 

subgroup of the JHDMs family. In mammals, the JARID1 subfamily encompasses 

four protein members: JARID1A (RBP2); JARID2B (PLU1); JARID1C (CMCX) 

and JARID1D (SMCY) (Blair et al., 2011). JARID1A and JARID1B are highly 

associated with cell proliferation, cell differentiation and several cancer types. 

(Johansson et al., 2014; Rasmussen and Staller, 2014). Importantly, they were 

found to play opposing roles in embryonic stem cells. JARID1A promotes 

differentiation (Benevolenskaya et al., 2005) and JARID1B promotes proliferation 

(Yamane et al., 2007). Therefore, the pluripotency of embryonic stem cells is to 

some extent controlled by JARID1A and JARID1B. Additionally, it is critical for 

differentiation of neural stem cells from embryonic stem cells before the 

established neural stem cell stage. (Schmitz et al., 2011). Moreover, JARID1B is 

not only involved in repressing cells entering into differentiation in embryonic 

stem cells but also in haematopoietic stem cells by H3K4 demethylation (Dey et 
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al., 2008; Cellot et al., 2013). Interestingly, it was found that JARID1B localises 

near promoters of active genes to force H3K4 methylation at promoter region, 

avoiding spreading H3K4 methylation into gene bodies (Kidder et al., 2014). This 

seems to contradict the essential function of H3K4me3 demethylase. 

Nevertheless, the average H3K4me3 levels are relatively low in JARID1B target 

genes compared to those of non-productive genes (Rahl et al., 2010). In fact, this 

suggests that rather than completely removing the H3K4me3 markers, JARID1B 

maintains a low level of H3K4me3 marking state. Moreover, JARID1B has been 

found to play an important role in tumorigenesis. It acts as a deregulated factor 

in several cancer types. For example, it causes proliferation of breast cancer cells 

by directly repressing the transcription of tumour suppressor genes (Yamane et 

al., 2007), and it expresses in melanoma specifically (Kuźbicki et al., 2013).  

It has been widely supported by global evolution that fungi (including yeast) and 

animals share a common ancestor more recently than the last common ancestor 

of theirs and plants. The direct ancestor of JMJ14 may have been lost in yeast, 

even though it is retained in animals. Yeast JHD2 retains a precursor of JMJ14 

and JMJ17. JHD2 function was specifically investigated during yeast sporulation, 

because several studies did not detect any impact of JHD2 on transcription in 

vegetative cells (Xu et al., 2012). It was found that JHD2 extended the duration 

of the spore differentiation by sustaining the postmeiotic gene expression to 

prevent the sporulating cells from terminating differentiation prior to entering 

transcriptional quiescence (Xu et al., 2012). 

Normally, orthologues retain the same functions in the course of evolution. 

Identification of orthologues is critical for reliable prediction of gene function. By 

studying the JMJ14 orthologues, JARID1B and JHD2, I conclude that JMJ14 

cannot have had an ancestral function specific to chloroplast development. 

Instead, it was inferred that JMJ14 may play a role in regulating cell differentiation 

by histone demethylation, as its homologues do in animal cells. This may help to 
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clarify the biological processes that JMJ14 is involved in to rescue light response 

in Arabidopsis.  

3.4 Conclusion  

lyn1 has been confirmed to contain a point mutation in the JMJ14 gene. lyn1 

retains jmj14 mRNA which may still produce a partial JMJ14 protein. If JMJ14 

protein is produced to some degree, it may retain some demethylation function, 

as the conserved catalytic JmjC domain is present in it. Proteins with a JmjC 

domain are universally distributed in eukaryotes. The high conservation of the 

JmjC domain predicts it to play a crucial rule in the demethylation function. The 

analysis of known functions of JARID1 proteins in other species hints that JMJ14 

may play a conserved role in decisions of cell fate, by regulating cell 

differentiation. The wide tissue distribution of JMJ14 in Arabidopsis, with no 

relation to the “green” nature of the tissue, but with elevated expression in shoot 

apices and during embryogenesis, supports such a broad role. This prediction 

may help interpret outcomes of further research into the function of JMJ14 

rescuing light responses. 
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Chapter 4 Result – Characterisation of the JMJ14 

Gene 

4.1 Introduction and Methodology 

4.1.1 jmj14 impact on plastid development 

As the HY1 locus encodes the haem oxygenase which is involved in biosynthesis 

of the phytochrome, the phytochrome defective mutant, hy1, has shown a 

significant defect in light responses. Meanwhile, lyn1 dramatically suppressed 

growth and greening defects of hy1 can be observed. The chloroplast is the 

organelle where photosynthesis takes place. Its development is fundamental for 

plant growth and greening. jmj14 was suspected to have an impact on chloroplast 

development. Quantifying the chloroplast compartment of a single cell can 

determine to what extent cells are filled with chloroplasts. Chloroplast 

compartment is dependent on chloroplast size and number. If jmj14 causes an 

increased chloroplast size or number, the chloroplast compartment should also 

increase. During my previous MSc research, chloroplasts were observed in 

mesophyll cells of rosette and cauline leaves (Appendix Figure 7.2 A). This is 

because mesophyll cells are the place where chloroplasts fully develop and most 

photosynthesis occurs in C3 plant. However, the chloroplasts amount 

measurements from the captured images was difficult and of limited confidence 

in its accuracy because chloroplasts overlapped with each other in one single 

focal plane on mesophyll cells of fully developed rosette leaf and cauline leaves 

of adult plants of the all genotypes. Therefore, I decided on the quantitation being 

done live, directly under the microscope by changing the focus and capturing all 

focal planes within a single cell. This allowed us to measure with certain every 

single chloroplast in the cell under observation. As the chloroplast compartment 

analysis showed a similar result between rosette and cauline leaves among 4 
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genotypes (WT, lyn1, hy1 and lyn1 hy1) (Appendix Figure 7.2 B), this assay was 

repeated in mesophyll cells of cauline leaves only in the WT, lyn1, jmj14-1, hy1, 

lyn1 hy1 and jmj14-1 hy1. Additionally, the chloroplast compartment of bundle 

sheath cells of cauline leaves was also studied to determine whether lyn1 affects 

a particular type of cell or specific tissue. Another reason of study in bundle 

sheath cells is these cells are less fully occupied by chloroplasts than mesophyll 

cells (Kinsman and Pyke, 1998). The chloroplast compartment change can be 

easily observed compared to mesophyll cells, if lyn1 also affects chloroplasts in 

bundle sheath cells. Although Arabidopsis is a C3 plant whose chloroplasts in the 

bundle sheath cells were only assumed to contribute a small quantitative role in 

photosynthesis, it has been found some C4 chloroplast functions are retained in 

the bundle sheath of C3 plants. The study of lyn1 impact on chloroplasts in bundle 

sheath cells may also be useful for a C4 rice project later.  

Another way of detecting the lyn1 effect of plastid development is by looking at 

the difference of plastome (chloroplast genome) copy number among the 6 

genotypes. Plastid size and DNA quantity have been found to show a positive 

correlation (Rauwolf et al., 2010). Because better developed plastids contain 

more copies of plastomic DNA than relatively smaller plastids, I speculated that 

if jmj14 enhanced chloroplast size, it could increase plastome copy number. 

Technically, a “chloroplast compartment” analysis, using DIC microscopy, can 

only indicate the jmj14 effect on the plastid compartment in the light. Measuring 

the relative copy number ratios between plastome and nuclear genome in dark-

grown seedlings is an alternative way to indicate whether jmj14 can enhance the 

plastid compartment in the dark. This experiment was carried out by using 

quantitative real-time genomic-PCR (qgPCR) to quantify gene copy number of 

plastomic DNA and genomic DNA and then calculating the relative copy number 

ratios. For greater accuracy, absolute qgPCR quantitation was carried out, a 

standard curve was also run together with samples in order to convert the 
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sample’s qPCR Ct values into the number of copies. In an initial experiment, the 

gene copy number was only studied on one plastid-encoded gene (rbcL) and one 

nuclear-encoded gene (HO1). The results were not always very robust after 

several repeats as the error bars were too large to distinguish if there was any 

statistically significant difference among the 6 genotypes. Many factors can cause 

the variability of results. Firstly, the standard curves were very easy to shift 

resulting in a different ratio. This can be caused by many reason, such as cycles 

of freezing and thawing, which may reduce solubility of the DNA molecules. 

Secondly, good quality of DNA samples was also required from DNA extraction. 

Several different methods of extracting DNA were tried. CTAB method can 

extract large amounts of DNA but the purity was relatively low. The contamination, 

probably of carbohydrates, in DNA samples gave a peak between absorbance of 

220-230 nm. This may introduce variability in the qPCR result. The extracted DNA 

samples using a commercial kit, Qiagen DNeasy Plant Mini Kit, were finally 

selected to use for this experiment. Thirdly, the ratio differences between the 6 

genotypes in 5-day dark-grown seedling are relatively small, so any small impact 

such as pipetting error can increase the variability and resulting error bars. 

Fourthly, the chloroplast genome contains 2 inverted repeats (IRA and IRB) in its 

map, separating large single-copy (LSC) and small single-copy (SSC) regions, 

and there are circumstances in which rearrangements of the genome can occur 

(Figure 4.1) (Shaver et al., 2006; Rowan and Bendich, 2011). To overcome these 

issues, this experiment was repeated by using three plastomic genes (rbcL, ycf2 

and ndhG) and two genomic genes (HO1 and CHS) to obtain a more robust result. 

HO1 and CHS are two nuclear genes selected for calculating the average copy 

number of nuclear genome. Three genes were selected from each individual 

region of chloroplast genome. rbcL was selected from LSC. ndhG was selected 

from SSC. ycf2 is present in the both inverted repeat regions, so each plastid 

genome always contain two copies of ycf2. The average copy number of plastid 

genome was also calculated by these three genes. 
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Figure 4. 1 Arabidopsis chloroplast genome map 

Figure adapted from (Sato et al., 1999)  

4.1.2 jmj14 impact on tetrapyrroles synthesis 

During my MSc research, a Pchlide measurement experiment suggested that 

Pchlide level is increased by the lyn1 mutation in the dark (Appendix Figure 7.1). 

An alternative way of testing the change of Pchlide level is by the FR light block 

of greening experiment. The principle of the FR light block of greening experiment 

has been explained in chapter 1.3.2. The accumulation of excess Pchlide leads 

to cell death of etiolated seedlings. According to our previous Pchlide 

measurement experiment, I predicted that lyn1 and jmj14 seedlings would have 

an increased mortality rate compared to WT in the FR-block of greening 

experiment. As hy1 is defective in light detection, the mutants with recovered light 

ycf2

rbcL
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sensitivity, lyn1 hy1 and jmj14 hy1, would be expected to have significantly higher 

mortality rates than hy1. 

Is the rescued light response of lyn1 hy1 caused by an elevated phytochrome 

level produced in the light? In other words, it is possible that lyn1 resulted in some 

recovery of photochemically-active phytochrome, which was absent in hy1. hy1 

causes the loss of PΦB, one of tetrapyrrole synthesis pathway end products, 

which is the phytochrome chromophore and therefore a necessary component 

for phytochrome synthesis. This was investigated by quantifying the level of 

photochemically-active phytochrome. 

4.1.3 Assessment of whether lyn1 rescues a PΦB synthase 
defective mutant 

PΦB synthase (HY2) is another enzyme, which catalyses biliverdin IXα to PΦB 

conversion, and is involved in the phytochrome biosynthesis pathway (Rockwell 

et al., 2006). According to the hypothesis, if lyn1 rescues hy1 by enhancing the 

capacity to synthesize PΦB in plastids, through enhanced plastid metabolic 

activity, then lyn1 is also likely to rescue hy2. Therefore, lyn1 suppression of hy2 

was also studied to test the hypothesis. Two hy2 mutations, hy2 T-DNA insertion 

Salk line (SALK_104923) and hy2-1, were studied during my MSc research. hy2 

inserted Salk line (SALK_104923) is in the Col ecotype. It was expected to be a 

hy2 KO mutant as it carries a T-DNA insertion within the HY2 locus. Unfortunately, 

it does not show a phytochrome-deficient phenotype (Didcock and López-Juez, 

unpublished observations). It had been confirmed that HY2 mRNA was still 

present by reverse transcription PCR, so it cannot be used for lyn1 suppression 

research (He, 2013). hy2-1 is in the Ler ecotype, and I observed a small degree 

of suppression by lyn1 (Figure 4.2). In order to study the phenotype of lyn1 hy2 

double mutants in a single genetic background, I made use of hy2-105, which 

carries a splicing mutation in the HY2 locus in the Col ecotype with a 25 bp 
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deletion in the second intron (Kohchi et al., 2001). Using the same ecotype, 

therefore a single genetic background, avoids the heterogeneity of phenotypes 

which can be observed in the progeny of crosses between different backgrounds. 

 

Figure 4. 2 hy2-1 mutation effect of phytochrome and chlorophyll biosynthesis 

pathway 

Seedlings of WT Col, WT Ler, lyn1, hy2-1 and lyn1 hy2-1 were grown in white 

light (100 μmol m-2 s-1) for 6 days in 1% MS media.	Scale bar = 10mm. 

4.1.4 Assessing whether lyn1 suppresses photoreceptor 
apoprotein mutants, phyA-211, phyB-9 and cry1-304 

So far, all the observations shown in this chapter determined the impacts of lyn1 

mutation on plastids only. However, phytochrome synthesis takes place only 

partially within plastid. The synthesis of phytochromes is completed in the 

cytoplasm by binding PΦB covalently to phytochrome apoproteins (Rockwell et 

al., 2006). Whether lyn1 has any impact on phytochorme apoprotein mutants is 

also important to know in order to confirm the hypothesis by which lyn1 rescues 

the light response by increasing the plastid-synthesised PΦB, but not altering the 

WT Col WT Ler lyn1 hy2-1 lyn1 hy2-1
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phytochrome apoproteins. In this case, lyn1 effects on hypocotyl elongation and 

chlorophyll content of phyA (defective in the FR light photoreceptor) and phyB 

(defective in a main R light photoreceptor) were studied. Additionally, lyn1 effect 

of cry1 (defective in a B light photoreceptor) was also studied at the same time.  

phyA-211 mutants were identified among M2 progeny of gamma irradiation-

treated Arabidopsis, then the long hypocotyl seedlings isolated after growing 

under FR light (Reed et al., 1994). phyA-211 has a large deletion in the PHYA 

gene and it is a presumed null mutation (Reed et al., 1994). The phyB-9 mutation 

has a stop codon and is a presumed null mutation (Reed et al., 1993). cry1-304 

were isolated from fast-neutron mutagenized populations (Bruggemann et al., 

1996). It has a large deletion and it is a presumed null mutation (Mockler et al., 

1999; Kang and Ni, 2006)  

One thing to be noted is that the quantitation of chlorophyll content of the FR 

treated seedlings was not as simple as that of R light and B light treated seedlings. 

Theoretically, seedlings should only contain Pchlide in the FR light. Pchlide, 

synthesised in the dark, is converted to Chlide in the presence of POR and R 

light. Chlide then converts to chlorophyll, independently of light. In theory, 

spectrally pure FR light should not be capable of converting Pchlide to Chlide. 

However, it is technically difficult to generate a pure FR light treatment. There is 

always some mixture of R light within the FR light treatment. The FR grown 

seedlings always produce Pchlide as well as some chlorophyll, resulting in two 

absorbance peaks at 630nm (Pchlide) and 664nm (chlorophyll), respectively. 

Chlorophyll can be detected and quantified by spectrophotometer directly when 

seedlings detect R or B lights. Pchlide, the precursor of chlorophyll, is produced 

all the time even in the dark and it can be detected and measured by 

spectrofluorimeter. Pchlide converts into chlorophyll only once seedlings are 

exposed to R-containing light.  



 121 

The aim of this chapter is to investigate whether the lyn1 mutation boosted plastid 

development, and whether enhanced plastid tetrapyrrole metabolic activity could 

lead to a rescued light response in phytochrome chromophore mutants, but not 

in other photoreceptor mutants.  

4.2 Results 

4.2.1 Chloroplasts compartment analysis 

Leaf tissue samples were collected from the fully-developed cauline leaves of WT, 

lyn1, jmj14-1, hy1, lyn1 hy1 and jmj14-1 hy1 plants. These tissue fragments were 

fixed treated in order to separate individual intact cells. Mesophyll cells and 

bundle sheath cells were particularly selected to observe under the microscope. 

Mesophyll cells are much larger than bundle sheath cells (Kinsman and Pyke, 

1998). These two types of cells, and the chloroplasts they contained, were 

observed using DIC microscopy (Figure 4.3). I use “chloroplast compartment” to 

refer to the total amount of chloroplast in a cell (the product of the number of 

chloroplasts by the average chloroplast plan area), and “cell index”, which 

represents the occupancy of cell plan area by chloroplasts, to express the relative 

chloroplast compartment, the ratio between the chloroplast compartment and the 

plan area of the cell it was derived from.  

According to the observation of chloroplasts of 6 genotypes in both types of cells, 

hy1 contains less developed chloroplasts compared to the WT, while lyn1 hy1 

and jmj14-1 hy1 are more occupied by chloroplasts than hy1. It is hard at first 

glance to distinguish whether lyn1 and jmj14-1 are more occupied by chloroplasts 

than WT. In accordance with the published data, bundle sheath cell chloroplasts 

are always smaller than mesophyll cell chloroplasts in every genotype. 
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Figure 4. 3 Observation of chloroplast development under DIC microscopy 

The fully developed mesophyll (A) and bundle sheath (B) cells and their 

chloroplasts from cauline leaves of adult plants for WT, lyn1, jmj14-1, hy1, lyn1 

hy1 and jmj14-1 hy1 were selected and observed under the microscope. Plants 

grown on soil under 16 h photoperiodic white light of 180 μmol m-2 s-1. Scale 

bar=10 μm. 

Chloroplast amount (total number), average chloroplast size for each cell and the 

cell size were measured to calculate total chloroplast area, cell index and 

chloroplast density. The cell indices were compared among 6 genotypes. The 

statistical significance of differences between genotypes were tested by one-way 
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ANOVA, the positive result suggesting that one or more comparisons are 

significantly different in both types of cells. This was followed by Bonferroni and 

Holm multiple comparisons T-testing, which only pairs groups relative to a 

reference group. In the Bonferroni and Holm multiple comparisons, the single 

mutants, lyn1, jmj14-1 and hy1, are compared to WT, and the double mutants, 

lyn1 hy1 and jmj14-1 hy1, are compared to hy1. In accordance to the observation 

under the microscope, lyn1 and jmj14-1 do not have significantly different cell 

indices relative to WT, while hy1 has a lower cell index than WT in mesophyll 

cells. lyn1 hy1 and jmj14-1 hy1 both have higher cell indices than hy1, a result in 

accordance with the visual observations of lyn1-increased chloroplast occupancy 

of cells (Figure 4.4 A). The differences between double mutants and hy1 are 

significant. In the bundle sheath cells, similar to the observation of chloroplast 

indices of mesophyll cells, the WT cell index is higher than that of hy1. lyn1 hy1 

and jmj14-1 hy1 both have a higher cell index than hy1 (Figure 4.4 B). Statistical 

testing indicates that the differences are significant. In contrast to mesophyll cells, 

in which the cell index of lyn1 and jmj14-1 was no different from that of the WT, 

in bundle sheath cells it was elevated in the mutants. This was not immediately 

apparent under the microscope, demonstrating the value of obtaining precise 

quantitative data. Statistical testing indicates that the differences between the two 

single mutants (lyn1 and jmj14-1) and the WT are both significant. Kinsman and 

Pyke (1998) found that bundle sheath cells are always less occupied by 

chloroplasts than mesophyll cells. Accordingly, the result showed that bundle 

sheath cells have generally lower cell index than mesophyll cells in all genotypes. 
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Figure 4. 4 Quantitative analysis of cell index 

A. Mesophyll cell, n=20; 

B. Bundle sheath cell, n=20. 

The correlations between cell size and total chloroplast area of each genotype 

were also plotted. This represented how total chloroplast area changes when cell 

size changes, given the tendency of chloroplasts to distribute in one layer (under 

the cell membrane) within the available cellular space. Clearly, when cell size 

increases, the total chloroplast area also increases in all genotypes of both types 

of cell (Figure 4.5). However, the rates of increase are different between 

genotypes. In mesophyll cells, the trendlines of WT, lyn1 and jmj14-1 almost 

overlap (Figure 4.5 A). The proportions of total chloroplast area of these three 

genotypes are always similar regardless of the size of the cell. In Figure 4.5 B, 

the trendlines of lyn1 hy1 and jmj14-1 hy1 almost overlap. The slopes of their 

trendline are steeper than that of hy1. The total chloroplast area of hy1 increases 
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much slower than that of lyn1 hy1 and jmj14-1 hy1 when cell size increases. In 

bundle sheath cells, the trendline of WT is almost parallel with that of lyn1 and 

jmj14-1. The slope of WT trendline is slightly lower than those of lyn1 and jmj14-

1 (Figure 4.5 C). The slopes of total chloroplast area against total cell area among 

the 3 genotypes do not increase as fast for bundle sheath cells as those in 

mesophyll cells do when cell size increases. In hy1 mutants, the result for bundle 

sheath cells is very similar to that for mesophyll cells between the 3 genotypes 

(Figure 4.5 D). By studying both types of cells, our results suggest that lyn1 hy1 

and jmj14-1 hy1 have an increased ability to generate larger chloroplasts than 

hy1 does. In bundle sheath cells, lyn1 and jmj14-1, the single mutations, also 

have a slightly increased ability to generate larger chloroplasts than the WT does. 

In any genotype, the slope of the trendline in mesophyll cells is always greater 

than that in bundle sheath cells. The chloroplast coverage of mesophyll cells 

increases faster than that in bundle sheath cells, when cell size increases. The 

total chloroplast area of mesophyll cells is always much larger than that of bundle 

sheath cells for any genotype. This is in accordance to previously published 

observations that mesophyll cells have a stronger ability to generate better-

developed chloroplasts than bundle sheath cells do (Kinsman and Pyke, 1998). 
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Figure 4. 5 Correlation between total chloroplast area and cell size of all 

genotypes 

X-axis represents the total chloroplast area (μm2) which is calculated using the 

total number of chloroplast times the average of chloroplast size in a single cell. 

y-axis represents the cell area (μm2). The total chloroplast areas and cell areas 

reveal a linear relationship by drawing a trendline. The trendlines (linear 

regression lines) were calculated by Excel. 

A. Scatterplot of WT, lyn1 and jmj14-1 mesophyll cells, n=20 (20 individual cells 

were measured); 

B. Scatterplot of hy1, lyn1 hy1 and jmj14-1 hy1 mesophyll cells, n=20; 

C. Scatterplot of WT, lyn1 and jmj14-1 bundle sheath cells, n=20; 

D. Scatterplot of hy1, lyn1 hy1 and jmj14-1 hy1 bundle sheath cells, n=20. 

The cell index depends not only on chloroplast size but also on chloroplast 

number. Therefore, chloroplast density was also calculated using the total 

amount of chloroplast per cell, divided by the total cell plan area. The results show 

that the chloroplast densities remain constant among all genotypes in both types 

of cell (Figure 4.6). In accordance to Kinsman’s results, chloroplast density of 

mesophyll cells is very similar to that of bundle sheath cells in all genotypes. The 

one-way ANOVA test indicated that there are no significant differences, neither 

between the two types of cell nor between the six genotypes. This suggests that 

lyn1 does not elevate the cell index by increasing the number of chloroplasts in 

the cell. Cell index is related to the amount (number) and the size of chloroplasts. 

If the amount of chloroplasts does not change, then lyn1 can only increase the 

chloroplast size to achieve elevated cell index. Because the chloroplast densities 

of mesophyll cell and bundle sheath cell are very similar, mesophyll cells have 

relatively larger chloroplasts than bundle sheath cells. 
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Figure 4. 6 Quantitative analysis of chloroplast density 

A. Mesophyll cell, n=20; 

B. Bundle sheath cell, n=20. 

4.2.2 Analysis of plastid to nuclear genome copy number ratio 

From the plastid compartment assay, the increased chloroplast compartment size 

occurring in the lyn1 mutants can be detected only in the light condition. Given 

that the enhanced chloroplast compartment size can lead to increased plastid to 

nuclear genome copy number ratio (Enfissi et al., 2010), I speculated that an 
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increased plastid to nuclear genome copy number ratio can also be detected in 

the other types of plastid, for example in the dark, if jmj14 impacts the global 

plastid development regardless of light. The genomic copy number ratio of the 

six genotypes was analysed in 5-day light-grown seedlings and 5-day dark-grown 

seedlings. The genomic copy ratios were calculated using the average copy 

number of plastid genes divided by copy number of nuclear genes. All genomic 

copy ratios of dark-grown seedlings are generally lower than those of their 

corresponding light-grown seedlings (Figure 4.7). The statistical analyses applied 

for this assay between genotypes in each light condition were the same as those 

used for the quantitation of chloroplast compartment. The results show that hy1 

has a lower ratio than lyn1 hy1 and jmj14-1 hy1, while WT is higher than hy1 in 

both light conditions. Statistical testing indicates that the differences are all 

significant. However, the genomic copy ratios of lyn1 and jmj14-1 are both 

significantly higher than that of WT only in the dark-grown condition (Figure 4.7 

A). They do not have significant difference with WT in the light-grown condition 

(Figure 4.7 B). These results were concordant with those of the chloroplast 

compartment experiment as I will address in the discussion. The jmj14 mutation 

was suspected to elevate the genomic copy ratio not only on hy1 in both light and 

dark conditions, but also in the single mutants, lyn1 and jmj14-1, in the 5-day 

dark-grown seedlings. That hypothesis has been confirmed. It is noteworthy that 

jmj14 significantly elevates the genomic copy ratio in the 5-day dark-grown 

seedlings in the single mutants, in contrast to the 5-day light-grown seedlings. 
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Figure 4. 7 Quantitation of plastome to nuclear genome copy number ratio 

Number of copies of the plastid genome per haploid nuclear genome, determined 

by qgPCR, for 5-day dark-grown seedlings (A) and 5-day light-grown seedlings 

(B) of WT, lyn1, jmj14-1, hy1, lyn1 hy1 and jmj14-1 hy1, n=4. 

4.2.3 lyn1 elevates Pchlide level 

I set out to quantify the accumulation of excess Pchlide through its lethality-

causing effects through the FR-light block of greening experimental approach. 
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Other seedlings were grown in the dark for 1, 2 and 3 day as control for FR light-

grown seedlings. As shown in Figure 4.8, 4.9 and 4.10, all seedlings present 

could green upon transfer to white light directly, without FR or dark treatment. 

Figure 4.11 A illustrates the FR block of greening responses of WT, lyn1 and 

jmj14-1. All 3 genotypes of deetiolated seedlings show a slightly decreased 

greening ability with increased dark growth periods. Even in the absence of a FR 

light high irradiance response during the dark growth followed by white light 

transfer, the impact on the seedlings of the transition from etiolation to 

deetiolation causes a decrease in greening ability. Longer etiolation causes lower 

greening ability of seedlings. 3d etiolated seedlings led to about 83% of green 

seedlings after 3d deetiolation. FR light-grown seedlings already appear photo-

bleached even after 1 day FR exposure (Figure 4.9 A). Only about 18 % of 

seedlings were green after 3d FR exposure (Figure 4.9 C and 4.11 A). Although 

the greening ability of all three genotypes rapidly decreases and their greening 

percentages are very similar after 2d FR or 3d FR exposure (Figure 4.9 B, C and 

4.11 A), the results show a clear difference among the three genotypes after 1 

day FR exposure: under those conditions, lyn1 and jmj14-1 have a lower 

percentage of green seedlings than WT (Figure 4.9 A and 4.11 A). About 93% of 

WT seedlings were green while 78% of lyn1 and 72% jmj14-1 were so (Figure 

4.11 A). The differences of greening ability are statistically significant. Figure 4.11 

B illustrates the FR block of greening responses of hy1, lyn1 hy1 and jmj14-1 hy1. 

Just like the dark-grown seedlings of WT and jmj14 single mutants, all 3 hy1 

genotypes of deetiolated seedlings show a slight decrease in greening ability with 

increased dark growth periods (Figure 4.10). 95% hy1 seedlings are green and 

90% hy1 double mutant seedlings are green after 3d deetiolation (Figure 4.10 C 

and 4.11 B). Because hy1 is a light response defect mutant, the impact on the 

seedlings from etiolation to deetiolation is not as strong in hy1 double mutants. 

When comparing the FR and dark pre-treatment results for hy1, it is apparent that 

FR irradiation has a very small effect of hy1, with almost 92% of seedlings 
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retaining their ability to green after 3 days FR treatment (Figure 4.10 C and 4.11 

B). However, the FR treatment has dramatic impacts on hy1 double mutants. 

Their greening ability gradually decreased with increased FR treatment periods, 

with about 52% of lyn1 hy1 and 38% of jmj14-1 hy1 remaining green after 3d FR 

exposure. Therefore, this experiment shows that the jmj14 mutations restore the 

FR-HIR on the double mutants but also increase it in the single mutants, and also 

indirectly supports the conclusions of the previous experiment and the hypothesis 

in which jmj14 can increase the Pchlide level in the dark. 

 

Figure 4. 8 Cotyledon greening of (control) plates without light treatment 

Phenotypes of WT, lyn1, jmj14-1, hy1, lyn1 hy1 and jmj14-1 hy1 seedlings after 

exposure to 3-day continuous dark and 5-day continuous white light. 

WT

lyn1 jmj14-1

hy1

lyn1 hy1 jmj14-1 hy1
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Figure 4. 9 FR-HIR of cotyledon greening of WT and jmj14 single mutants by 

treating with different periods of FR light exposure 

Phenotypes of WT, lyn1 and jmj14-1 seedlings after exposure to 3-day dark, then 

the following light pre-treatments: (A) 1-day of either continuous dark (left) or 

continuous FR light (right) followed by 5-day continuous white light; (B) 2-day of 

either continuous dark or continuous FR light followed by 5-day continuous white 

light; (C) 3-day of either continuous dark or continuous FR light followed by 5-day 

continuous white light. (D) The red arrow within the image displays an example 

of a seedling which was able to green well upon exposure to white light. The white 

arrow points to an example seedling which has undergone photo-bleaching. 

Red arrow White arrow
D
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Figure 4. 10 FR-HIR of cotyledon greening of hy1 mutants by treating with 

different periods of FR light exposure 

Phenotypes of hy1, lyn1 hy1 and jmj14-1 hy1 seedlings after exposure to 3-day 

dark, then the following light pre-treatments: (A) 1-day of either continuous dark 

(left) or continuous FR light (right) followed by 5-day continuous white light; (B) 

2-day of either continuous dark or continuous FR light followed by 5-day 

continuous white light; (C) 3-day of either continuous dark or continuous FR light 

followed by 5-day continuous white light. 
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Figure 4. 11 FR-HIR of cotyledon greening rate of the different genotypes 

A. WT, lyn1 and jmj14-1 seedlings greening rate; After 1 day FR exposure, the 

WT has a higher greening ability than jmj14 mutants. The differences are 

significant, n=100; 

B. hy1, lyn1 hy1 and jmj14-1 hy1 seedlings greening rate, n=100. 
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4.2.4 lyn1 causes a small degree of suppression of hy2-105 

4.2.4.1 Identification of the lyn1 hy2-105 double mutant 

Before doing any further experimental work with it, I assessed whether hy2-105 

is a KO mutant for the HY2 gene. hy2-105 phenotype shows only partially light-

grown seedling features (Figure 4.14). RT-PCR confirmed that the full-length HY2 

mRNA is not present in hy2-105 (Figure 4.12). Therefore, I refer to this genotype 

as hy2-105 KO. 

 

Figure 4. 12 HY2 mRNA was confirmed as absent in the hy2-105 KO plant (Col 

background) by reverse transcription  

(Top) RT-PCR with HY2 full-length primers. A 990 bp amplicon was amplified in 

the WT. (Bottom) RPS6 was used as an internal control. 

Confirmed hy2-105 plants were crossed with lyn1 to obtain F2 plants. Four lyn1 

hy2-105 double mutant plants were identified and selected from F2 plants by lyn1 

dCAPs assay and hy2-105 CAPs assay. lyn1 dCAPs assay shows that F2 (lyn1 

← 707	bp

← 990bp

WT  hy2-105
HY2

RPS6
(control)

1000	bp →
750	bp →

1000	bp →
750	bp →

500	bp →
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x hy2-105) plants no. 3, 9, 10, 11, 21 and 26 are all lyn1 homozygous mutants. 

Plant no. 2 is lyn1 homozygous WT and plant no. 23 is lyn1 heterozygous (Figure 

4.13 A). Plants no. 3, 9, 10, 11, 21 and 26 were selected to test their hy2-105 

genotype. hy2-105 CAPs assay shows that plants no. 3, 9, 10 and 11 are hy2-

105 homozygous mutants. Plant no. 21 is hy2-105 heterozygous and plant no. 

26 is hy2-105 homozygous WT. Therefore, plants no. 3 9 10 and 11 are identified 

as lyn1 hy2-105 double mutant plants (Figure 4.13 B). 

 

Figure 4. 13 Identification lyn1 hy2-105 double mutants 

A. lyn1 dCAPs assay for the identification of lyn1 mutants. PCR products of 

dCAPs assay of WT, lyn1 and lyn1 x hy2-105 F2 plants, digested with HaeIII 

restriction enzyme and separated on 2% agarose gel are shown.  

B. hy2-105 CAPs assay for the identification of hy2-105 mutants. PCR products 

of CAPs assay of WT, hy2-105 and lyn1 x hy2-105 F2 plants, digested with MfeI-

HF restriction enzyme and separated on 2% agarose gel are shown.  

After lyn1 hy2-105 double KO mutants were identified, four pools of F2 lyn1 hy2-

105 seeds were pooled together and grown on plates. As a preliminary result, the 

lyn1 suppression of hy2-105 was visible to the naked eye in 5 day-light grown 

seedlings. lyn1 hy2-105 seedlings had shorter hypocotyl length and larger 

cotyledons (Figure 4.14). Hypocotyl length and chlorophyll content were further 

quantified to determine the lyn1 suppression of hy2-105. The significance of 

differences among the different genotypes was assessed. 

WT   hy2-105   3    9   10 WT   hy2-105  11    21    26

B

A

WT lyn1 2   3  9   10   11  21     23  26

← 285	bp← 256	bp
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Figure 4. 14 lyn1 suppression of phenotype of hy2-105 

Image of individual 5-day light grown WT, lyn1, hy2-105 and lyn1 hy2-105 

seedlings. Seedlings were grown in white light (100 μmol m-2 s-1) for 5 days in 1% 

MS media. Scale bar=10 mm. 

4.2.4.2 Hypocotyl length 

lyn1 suppression of hypocotyl elongation was observed under 3 light fluence 

rates (10, 50 and 100 μmol m-2 s-1). Statistically significant differences between 

genotypes were tested by one-way ANOVA, and revealed that one or more 

comparisons are significantly different in all three light conditions. This was 

followed by Bonferroni and Holm multiple comparisons testing, which only pairs 

sample groups relative to a reference group. In the Bonferroni and Holm multiple 

comparisons, the single mutants, hy2-105 and hy1, are compared to WT, and the 

double mutant, lyn1 hy2-105, is compared to hy1. In all 3 light conditions, hy2-

105 hypocotyl length has a significant difference with that of the WT, its hypocotyl 

length being longer than WT (Figure 4.15). lyn1 hy2-105 hypocotyl lengths were 

always shorter than that of hy2-105 in any light conditions. However, the 

differences were only significant in intermediate and high fluence rates. Although 

lyn1 suppression of hy2-105 was seen in intermediate and high fluence rates, the 

extent of the suppression was different under the different fluence rates. The 

significance of the difference was highest at the intermediate fluence rate, so the 

lyn1 suppression of hypocotyl elongation is the greatest at this light condition. 

10 mm

WT                      lyn1 hy2-105    lyn1 hy2-105
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Figure 4. 15 lyn1 effect of hypocotyl length of hy2-105 

Seedlings of WT, lyn1, hy2-105 and lyn1 hy2-105 were grown in continued white 

light (10, 50 and 100 μmol m-2 s-1) for 5 days on 1% MS media plate.  

A. Low fluence rate light (10 μmol m-2 s-1), n=30; 

B. Medium fluence rate light (50 μmol m-2 s-1), n=20; 

C. High fluence rate light (100 μmol m-2 s-1), n=20. 
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4.2.4.3 Chlorophyll content 

lyn1 suppression as manifested by chlorophyll content of hy2-105 was also 

observed under the 3 light conditions (Figure 4.16). The same statistical test used 

to indicate the difference of hypocotyl length was also carried out in this assay. 

In all 3 light conditions, hy2-105 has lower chlorophyll content compared to WT. 

The differences are significant under intermediate and high fluence rates. lyn1 

hy2-105 chlorophyll content was higher than that of hy2-105 in all three light 

conditions. However, the difference was only significant in intermediate and high 

fluence rates, but not in lower fluence rate. lyn1 chlorophyll content was always 

higher than that of WT, but the extent of the suppression was different under the 

different fluence rates. The significance of the difference was highest at the 

intermediate and high fluence rates, so the lyn1 suppression of chlorophyll 

content is the greatest at this two light conditions (Figure 4.16 B and C).  

The purpose of testing the lyn1 suppression of hy2-105 was to determine whether 

lyn1 suppresses the hy1 mutation specifically or it does also any other PΦB 

synthesis defective mutant, like hy2-105. My hypothesis was that lyn1 can rescue 

any PΦB synthesis defective mutant, so I expected that lyn1 should also 

suppress growth and greening of hy2-105. Although lyn1 did not always show the 

suppression of hy2-105, it showed suppression in certain conditions, which is 

sufficient to support the hypothesis. The best light condition to observe lyn1 

suppression of hy2-105 turned out to be under the intermediate fluence rate light. 
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Figure 4. 16 lyn1 effect of chlorophyll content of hy2-105 

Seedlings of WT, lyn1, hy2-105 and lyn1 hy2-105 grown in continuous white light 

(10, 50 and 100 μmol m-2 s-1) for 5 days in 1% MS media.  

A. low fluence light (10 μmol m-2 s-1), n=3; 

B. medium fluence rate (50 μmol m-2 s-1), n=3; 

C. high fluence rate (100 μmol m-2 s-1), n=4. 
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4.2.5 lyn1 causes a detectable presence of phytochromobilin-
containing photochemically active phytochrome in hy1 and 
elevates its level in the WT 

This experiment was performed by the laboratory of Tim Kunkel, University of 

Freiburg. The intrinsic photochemical activity of the chromophore prosthetic 

group allows phytochromes to convert between the two forms, either the R light–

absorbing (Pr) form or the FR light–absorbing (Pfr) form. The Pr form absorbs 

maximally at 660 nm (and therefore less at 730 nm), while the Pfr form absorbs 

maximally at 730 nm (Li et al., 2011). The phytochromes kept converting between 

two photo-interconvertible forms and the level of photochemically active 

phytochromes can be detected as the average of absorbance change at 730nm 

(Figure 4.17 A). From the absorbance change diagrams received from three 

independently-grown seedling batches in Tim Kunkel’s laboratory, the averages 

of absorbance change were measured and plotted (Figure 4.17 B). The WT 

showed exceptionally clear photochemically active phytochrome signals. Such 

signals were virtually absent from hy1. Crucially, lyn1 caused a detectable 

photochemically active phytochrome level in lyn1 hy1. This can lead to a better 

light response in the double mutant. The statistical test indicates the difference of 

photochemically active phytochrome level between hy1 and lyn1 hy1 is significant. 

Unexpectedly, lyn1 had a significantly higher photochemically active 

phytochrome level than the WT. Therefore, the lyn1 mutation caused the 

appearance of a small amount of photochemically active phytochrome. 
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Figure 4. 17 Relative different amount of photochemically active phytochrome in 

4 genotypes 

A. Absorbance trace measurements of photochemical activity of phytochromes, 

representative individual experiments. Dark-grown seedlings were exposed to R 

light followed by FR light. R and FR light are consecutively applied several times 

(see chapter 2.8). Photochemical activity of phytochromes can be detected as 

the absorbance change at 730 nm by a ratio spectrophotometer. (Katrin 

Biergman and Tim Kunkel, University of Freiburg). 

B. Quantitation of spectrophotometically active phytochromes for dark-grown 

seedlings (n=3). 

4.2.6 Confirming whether lyn1 suppresses photoreceptor 
mutants phyA-211, phyB-9 and cry1-304 

Phytochromes are synthesized when phytochrome apoproteins covalently attach 

to PΦB in the cytoplasm. The hy1 mutation causes a PΦB biosynthesis defect 

which results in the light responses defect. According to the phytochromobilin-

containing photochemically active phytochrome level quantification assay, the 

hypothesis according to which lyn1 rescues the light response defect by 

increasing the PΦB biosynthesis in plastids was supported. Alternative support 
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for this hypothesis would be provided by evidence showing that lyn1 is unable to 

suppress a phytochrome apoprotein mutant. A series of experiments was carried 

out by studying the effect of lyn1 on phytochrome apoprotein defective plants, 

phyA and phyB, and cryptochrome apoprotein defective plants, cry1. If the 

hypothesis is correct, then lyn1 is expected to not rescue phyA, phyB and cry1 

under their diagnostic light conditions. This does not deny the possibility of some 

rescue of defects under generic conditions. Possibly, this could be due to the fact 

that photoreceptors cooperate and interact (see later). 

4.2.6.1 Identification of lyn1 cry1-304, lyn1 phyB-9 and lyn1 phyA-211 

To assay the effect of lyn1 on phytochrome apoprotein defective mutants, phyA-

211 lyn1, phyB-9 lyn1 and cry1-304 lyn1 were generated by crossing phyA-211, 

phyB-9 and cry1-304 with lyn1 to obtain double mutants from F2 plants. Because 

cryptochromes respond to B light, so cry1 causes response defects during B light 

treatment. Although phytochromes also respond to B light, they do not respond 

as efficiently as to R and FR light. Therefore, phyB causes response defects 

during R light treatment and phyA causes response defects during FR light 

treatment (Fankhauser and Casal, 2004). All three mutants are etiolated-like 

when they grow under their corresponding diagnostic light conditions. This 

characteristic was used to quickly identify cry1-304, phyB-9 and phyA-211 

mutants from F2 plants without the need for genotyping.  

cry1-304 mutant was selected by growing the F2 (lyn1 x cry1-304) seedlings 

under constant B light (50 μmol m-2 s-1). F2 plants no. 1, 3, 4, 5 and 6 were 

selected as they had long hypocotyl lengths when they grew under constant B 

light. lyn1 dCAPs assay shows that plant no. 5 is lyn1 homozygous mutant. Plants 

no. 1 and 4 are lyn1 heterozygous mutants. Plants no.3 and 6 are LYN1 

homozygous WT (Figure 4.18). Therefore, plant no. 5 is identified as lyn1 cry1-

304 double mutant. 
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Figure 4. 18 Identification lyn1 cry1-304 double mutants 

lyn1 mutants were identified from cry1-304 mutants by lyn1 dCAPs assay. PCR 

products of dCAPs WT, lyn1, F2 (lyn1 x cry1-304) plants no. 1, 3, 4, 5 and 6, 

digested with HaeIII restriction enzyme and separated on 2% agarose gel are 

shown.  

PhyB-9 mutants were selected by growing the F2 (lyn1 x phyB-9) plants under 

constant R light (50 μmol m-2 s-1). F2 plants no. 9-3, 9-4, 9-5, 9-6, 9-7, 9-8, 9-

9,11-1 and 11-2 were selected as they had long hypocotyl lengths when they 

grew under constant R light. lyn1 dCAPs assay shows that plants no. 9-4, 9-5, 9-

6, 9-7, 9-9 and 11-1 are lyn1 homozygous mutants. Plant no. 9-8 plant is LYN1 

homozygous WT. Plants no. 9-3 and 11-2 are lyn1 heterozygous (Figure 4.19). 

Therefore, plants no. 9-4, 9-5, 9-7, 9-9 and 11-1 are identified as lyn1 phyB-9 

double KO mutants. 

← 285	bp
← 256	bp

lyn1 x cry1-304

WT lyn1 1 3 4 5 6500	bp →

250	bp →
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Figure 4. 19 Identification lyn1 phyB-9 double mutants 

lyn1 mutants were identified from phyB-9 mutants by lyn1 dCAPs assay. PCR 

products of dCAPs WT, lyn1, F2 (lyn1 x phyB-9) plants no. 9-3, 9-4, 9-5, 9-6, 9-

7, 9-8, 9-9, 11-1 and 11-2 of digested with HaeIII restriction enzyme and 

separated on 2% agarose gel are shown. 

phyA-211 mutants were selected by growing the F2 (lyn1 x phyA-211) plants 

under constant FR light (30 μmol m-2 s-1). Using similar reasoning, I identified 

plant no. 8 plant is lyn1 homozygous mutants (Figure 4.20). Plants no. 1, 4 and 

5 are LYN1 homozygous WT. Plants no. 2, 3, 6 and 9 are lyn1 heterozygous. 

Therefore, plant no. 8 is identified as lyn1 phyA-211 double mutant. 

  

lyn1 x phyB-9

lyn1 x phyB-9

← 285	bp← 256	bp

← 285	bp← 256	bp

WT lyn1 9-3 9-4 9-5 9-6 9-7

WT lyn1 9-8 9-9 11-1 11-2

500	bp →

250	bp →

500	bp →

250	bp →
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Figure 4. 20 Identification lyn1 phyA-211 double mutants 

lyn1 mutants were identified from phyA-211 mutants by lyn1 dCAPs assay. PCR 

products of dCAPs WT, lyn1, F2 (lyn1 x phyA-211) plants no.1~9 of digested with 

HaeIII restriction enzyme and separated on 2% agarose gel are shown. 

Unexpectedly, I encountered two problems. The first was the old phyA-211 seeds 

had very poor germination rate. The second was that seedlings from new phyA-

211 and lyn1 phyA-211 showed segregation of phenotypes, namely some 

seedlings had long hypocotyl with small and unopened cotyledons and some had 

short hypocotyl with large and opened cotyledons, when they grew under FR light 

(Figure 4.21). I speculated that this was a result of a mixed phyA genotype within 

my seed pool. I addressed this by harvesting longer hypocotyl (arrowed in Figure 

4.21) and shorter hypocotyl seedlings (circled in Figure 4.21) separately, and 

then genotyping the phyA-211 mutation on both types of seedlings. 

 

lyn1 x phyA-211

← 285	bp
← 256	bp

WT lyn1 1 2 3 4 5 6 7 8 9

500	bp →

250	bp →
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Figure 4. 21 Germination and segregation of phyA-211 and lyn1 phyA-211 

Two very old pools (1 and 2) of phyA-211 seeds cannot germinate at all. New 

phyA-211 seed pool was propagated from the phyA plants which germinated from 

the old phyA-211 pools and used to cross with lyn1. Unexpected segregation 

occurred on both phyA-211 and lyn1 phyA-211. Short hypocotyl seedlings 

(circled) and long hypocotyl seedlings (arrowed) appeared in both phyA-211 and 

lyn1 phyA-211. 

The lyn1 dCAPS assay result confirmed that neither short nor long hypocotyl 

seedlings of phyA-211 were lyn1 mutants. Both short and long hypocotyl 

seedlings of lyn1 phyA-211 were lyn1 mutants (Figure 4.22) 

New phyA-211
seed pool-3

Old phyA-211 seed pool-2 Old phyA-211 seed pool-1

lyn1 phyA-211

lyn1 phyA-211
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Figure 4. 22 lyn1 dCAPs assay of re-identification phyA-211 and lyn1 phyA-211 

mutants 

PCR products of dCAPs WT, lyn1, long hypocotyl seedlings of phyA-211, long 

hypocotyl seedlings of lyn1 phyA-211, short hypocotyl seedlings of phyA-211 and 

short hypocotyl seedlings of lyn1 phyA-211 digested with HaeIII restriction 

enzyme and separated on 2% agarose gel are shown.  

After phyA-211 and lyn1 phyA-211 had been confirmed as having the correct 

genotype at the LYN1 locus in both long hypocotyl and short hypocotyl seedlings, 

only the long hypocotyl seedlings of phyA-211 and lyn1 phyA-211 were subjected 

to phyA-211 genotyping assay. Primer sequences of phyA-211 genotyping assay 

were provided by C. Fankhauser at the University of Lausanne, who provided 

phyA-211 seeds. The phyA-211 genotyping primers can only give a 1237pb 

amplicon in the WT. They cannot amplify the homozygous mutant phyA-211 

(Christian Fankhauser lab, personal communication). phyA-211 genotyping 

proved that phyA-211 and lyn1 phyA-211 long hypocotyl seedlings were both 

phyA-211 mutants (Figure 4.23). Their seeds were subsequently used for the 

further research. 

  

long hypocotyl seedlings  short hypocotyl seedlings

WT lyn1 phyA-211 phyA-211 phyA-211lyn1 phyA-211 lyn1 phyA-211

←285	bp
←256	bp

500	bp →

250	bp →
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Figure 4. 23 Identification phyA-211 mutants 

PCR master mixture contained the forward and reverse primers for both phyA-

211 genotyping assay and hy1 dCAP assay. (top band) phyA-211 long seedlings 

and lyn1 phyA-211 long seedlings produce no long amplicon. A 1237 bp amplicon 

was amplified in the WT. (Bottom band) hy1 dCAP primers were used as a control. 

4.2.6.2 Can lyn1 suppress photoreceptor mutants in white light? 

After lyn1 phyA-211, lyn1 phyB-9 and lyn1 cry1-304 were identified, they were 

grown together with WT, lyn1 and their respective single mutants in the 

intermediate white light (50 µmol m-2 s-1). As in the previous experiments, the lyn1 

effects on photoreceptor mutants were also observed through hypocotyl length 

and chlorophyll content quantification assay. If my hypothesis, according which 

lyn1 suppresses the hy1 light response defect by increasing PΦB biosynthesis 

but not affecting phyA-211, phyB-9 and cry1-304 photoreceptor apoprotein 

defects, was true, I expected that lyn1 would not suppress hypocotyl length and 

chlorophyll content of these three photoreceptor apoprotein mutants. The 

suppression was tested by comparing lyn1, phyA-211, phyB-9 and cry1-304 to 

WT. lyn1 phyA-211, lyn1 phyB-9 and lyn1 cry1-304 were compared to their 

respective single mutants, phyA-211, phyB-9 and cry1-304. The statistically 

significant differences between genotypes were tested by one-way ANOVA, then 

followed by Bonferroni and Holm multiple comparisons, which only pairs relative 

to a reference group. 

phyA-211    lyn1 phyA-211    WT
← 1237	bp

←289	bp

PhyA-211 primers

Control 
(hy1 dCAP primers)250	bp→

500	bp→

1000	bp→
1500	bp→
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4.2.6.2.1 Hypocotyl length 

According to the results, lyn1 seedlings had shorter hypocotyl length than the WT 

(Figure 4.24), a result similar to that shown in the last chapter. The difference 

between WT and lyn1 was significant. phyB-9 and cry1-304 showed very similar 

results. Both of them were longer than the WT (Figure 4.24 A and B). The double 

mutants, lyn1 phyB-9 and lyn1 cry1-304, were shorter than their respective single 

mutant control (phyB-9 and cry1-304). The differences were significant in both 

cases. In contrast, phyA-211 did not show a significant difference with the WT 

(Figure 4.24 C). lyn1 phyA-211 was shorter than phyA-211 and the difference 

was significant. Unexpectedly, lyn1 was found to suppress hypocotyl elongation 

under white light on all three photoreceptor mutants. 
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Figure 4. 24 lyn1 suppression of hypocotyl length of photoreceptor apoprotein 

mutants in 50 µmol m-2 s-1 white light 

A. lyn1 suppression of phyB-9, n=20; 

B. lyn1 suppression of cry1-304, n=20; 

C. lyn1 suppression of phyA-211, n=20. 
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4.2.6.2.2 Chlorophyll content 

Consistent with the result from the last chapter, the chlorophyll content of lyn1 

was higher than that of the WT, while in the WT it was higher than that of cry1-

304 and phyB-9 and lower than that of phyA-201, all the differences being 

significant (Figure 4.25). lyn1 phyB-9 and lyn1 cry1-304 both had a higher 

chlorophyll content than their respective single mutant control (phyB-9 and cry1-

304) (Figure 4.25 A and B). The differences were significant. Although lyn1 phyA-

211 was lower than phyA-211, the difference was not significant (Figure 4.25 C). 

Therefore, unexpectedly, lyn1 was capable of rescuing the chlorophyll content of 

phyB-9 and cry1-304. Because phyA-211 already had very high chlorophyll 

content, there was nothing for lyn1 to rescue.  
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Figure 4. 25 lyn1 suppression of chlorophyll content of photoreceptor apoprotein 

mutants in 50 µmol m-2 s-1 white light 

A. lyn1 suppression of phyB-9, n=3; 

B. lyn1 suppression of cry1-304, n=3; 

C. lyn1 suppression of phyA-211, n=3. 
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4.2.6.3 Can lyn1 suppress photoreceptor mutants in their diagnostic light 

wavelength? 

In its hypocotyl elongation and greening response, lyn1 causes suppression of 

photoreceptor mutants in white light. This, at face value, does not support my 

hypothesis of a rescue of hy1 based on enhanced plastid development leading 

to detectable chromophore synthesis. phyA, phyB and cry1, as active 

photoreceptors, mainly respond to FR, R and B lights, respectively. However, 

analysing the lyn1 suppression of their respective photoreceptor apoprotein 

mutants in white light, which contains all 3 types of monochromatic light may 

introduce unwanted additional factors affecting the mutant phenotypes. To gain 

clarity, another set of experiments was carried out to further determine the lyn1 

suppression of the three photoreceptor mutants by measuring the hypocotyl 

length and chlorophyll content over a range of fluence rates of the light 

wavelength that the photoreceptor specifically responded to. In other words, the 

lyn1 effect of hypocotyl elongation and chlorophyll content of phyA-211 in FR light, 

phyB-9 in R light and cry1-304 in B light were measured to generate a fluence 

rate response curve. This assay was set in 4 light conditions. In white light 

treatment, WT, lyn1, hy1 and lyn1 hy1 were grown together on a plate over a 

fluence rate range (0~100 µmol m-2 s-1) and used as the control. WT, lyn1, phyA-

211 and lyn1 phyA-211 were grown over a fluence rate range (0~15 µmol m-2 s-

1) of FR light. WT, lyn1, phyB-9 and lyn1 phyB-9 were grown over a fluence rate 

range (0~40 µmol m-2 s-1) of R light. WT, lyn1, cry1-304 and lyn1 cry1-304 were 

grown over a fluence rate range (0~50 µmol m-2 s-1) of B light. The 5-day old 

seedlings were harvested after exposure to different light fluence rates in each 

treatment. Their hypocotyl length and chlorophyll content were quantified as in 

the previous assays. 
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4.2.6.3.1 Hypocotyl length 

Hypocotyl measurement results were displayed as actual length and also as a 

ratio relative to the length of respective dark-grown seedlings of all genotypes, 

because dark-grown seedling hypocotyl length is found to differ among 

genotypes. I speculated this could be caused by different size of seeds, reflecting 

different size of embryos. The weights of seeds of each genotype were measured. 

As suspected, phyA-211, whose dark grown seedlings have a longer hypocotyl 

length, has larger seeds (about 0.031 mg/seed) than WT (about 0.024 mg/seed). 

phyB-9, whose dark grown seedlings have a shorter hypocotyl length, has 

smaller seeds (about 0.016 mg/seed) than WT. cry1-304 has similar hypocotyl 

length to the WT, because it has very similar size of seeds (about 0.023 mg/seed). 

Although double mutants of lyn1 combined with photoreceptor apoprotein 

mutations have similar size of seeds to the WT (between 0.021 mg/per seed and 

0.025 mg/per seed), the double mutants still exhibit shorter hypocotyl length of 

dark-grown seedlings than the WT. No differences in the length of dark-grown 

seedling are revealed by statistical testing among the WT, lyn1, phyB-9 and lyn1 

phyB-9 and among the WT, lyn1, cry1-304 and lyn1 cry1-304. lyn1 mutation 

causes a slightly reduced hypocotyl length. The dark-grown lyn1 single mutant is 

shorter than WT even when it has similar size of seeds (0.022 mg/per seed) as 

WT.  

Consistent with previous results, lyn1 has shorter hypocotyl length than WT and 

lyn1 hy1 has a shorter hypocotyl length than hy1 under any fluence rate of white 

light. lyn1 clearly suppresses hy1 under any fluence rate of white light (Figure 

4.26). The suppression is the most significant at 50 µmol m-2 s-1 fluence rate.  
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Figure 4. 26 Assessment of lyn1 suppression of hypocotyl length of hy1 over a 

fluence rate range of white light 

A. WT, lyn1, hy1 and lyn1 hy1 were grown in 0, 5, 10, 50 and 100 µmol m-2 s-1 

fluence rate of white light. lyn1 suppression of hy1 in white light was used as an 

experimental control for the lyn1 suppression of photoreceptor apoprotein 

mutants in monochromatic light. Y axis represents absolute hypocotyl length, in 

mm. Error bars represent SEM (n=20). 

B. As (A) but hypocotyl length expressed relative to the value in the dark for each 

genotype. 
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In R light, lyn1 phyB-9 does not have shorter hypocotyl length than phyB-9 in any 

fluence rate. Hence lyn1 does not show any suppression of phyB-9 (Figure 4.27). 

lyn1 single mutant has a shorter hypocotyl length than WT only at the highest 

fluence rate.  

 

Figure 4. 27 Assessment of lyn1 suppression of hypocotyl length of phyB-9 over 

a fluence rate range of R light 

A. WT, lyn1, phyB-9 and lyn1 phyB-9 were grown in 0, 2.5, 8, 26 and 40 µmol  

m-2 s-1 fluence rate of R light. Y axis represents absolute hypocotyl length in mm. 

n=20. 

B. As (A) but hypocotyl length expressed relative to the value in the dark for each 

genotype. 
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Under B light, lyn1 does not show any suppression of cry1-304 at any fluence 

rate (Figure 4.28). lyn1 single mutant has shorter hypocotyl length than WT only 

at the lower fluence rate. 

 

Figure 4. 28 Assessment of lyn1 suppression of hypocotyl length of phyB-9 over 

a fluence rate range of B light 

A. WT, lyn1, cry1-304 and lyn1 cry1-304 were grown in 0, 2.5, 12, 25 and 50 µmol 

m-2 s-1 fluence rate of R light. Y axis represents absolute hypocotyl length in mm. 

n=20. 

B. As (A) but hypocotyl length expressed relative to the value in the dark for each 

genotype. 
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Under FR light, although the statistical test indicates that phyA-211 has a 

significantly longer hypocotyl length than the other three genotypes, the ratios of 

four genotypes to their dark-grown seedling hypocotyl lengths indicate that lyn1 

does not suppress phyA-211 at any fluence rate (Figure 4.29). lyn1 single mutant 

has shorter hypocotyl length than WT only at the lower fluence rate. 

 

Figure 4. 29 Assessment of lyn1 suppression of hypocotyl length of phyA-211 

over a fluence rate range of FR light 

A. WT, lyn1, phyA-211 and lyn1 phyA-211 were grown in 0, 3, 8 and 15 µmol   

m-2 s-1 fluence rate of R light. Y axis represents absolute hypocotyl length in mm. 

n=20. 

B. As (A) but hypocotyl length expressed relative to the value in the dark for each 

genotype. 
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Overall the experiment asking whether lyn1 suppresses hypocotyl elongation on 

hy1 in white light, phyB-9 in R light, cry1-304 in B light and phyA-211 in FR light 

reveals that lyn1 does not substantially suppress photoreceptor apoprotein 

mutants under their diagnostic light wavelength. This result supports the 

hypothesis by which lyn1 rescues the light response by increasing the PΦB 

biosynthesis and not by amplifying light signalling overall. 

4.2.6.3.2 Chlorophyll content 

In white light, lyn1 hy1 has an increased chlorophyll level compared to hy1 and 

lyn1 also has an increased chlorophyll level compared to the WT across the entire 

fluence rate range (Figure 4.30 A). This is consistent with the previous results 

shown in the last chapter. The difference of chlorophyll level between hy1 and 

lyn1 hy1 and between lyn1 and WT becomes increasingly significant as the 

fluence rate increases. Therefore, lyn1 suppression strength increases with 

increased light fluence rate. In R light, lyn1 phyB-9 has a higher chlorophyll level 

than phyB-9 and lyn1 has a higher chlorophyll level than WT across the entire 

fluence rate range. lyn1 suppression of lyn1 phyB-9 increases with increased light 

fluence rate as the differences of chlorophyll level are more significant. The lyn1 

single mutant also shows an increasingly significant difference of chlorophyll level, 

compared to WT, when the fluence rate increases. This indicates that lyn1 can 

suppress phyB-9 on chlorophyll level in R light (Figure 4.30 B). In B light, lyn1 

suppression of cry1-304 has a similar outcome that on phyB-9 in R light. lyn1 

cry1-304 is slightly higher than cry1-304. lyn1 still exhibits a significant increase 

compared to WT (Figure 4.30 C).  
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Figure 4. 30 lyn1 suppression of chlorophyll level of phyB-9 and cry1-304 over a 

fluence rate range  

A. lyn1 suppression of hy1 in white light, used as a control treatment, n=20; 

B. lyn1 suppression of phyB-9 in R light, n=20; 

C. lyn1 suppression of cry1-304 in B light, n=20.  
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The measurement of chlorophyll on FR-grown seedling has a complex result, 

because FR-grown seedlings produce both Pchlide and chlorophyll in the FR light 

treatment. The proportion of Pchlide and chlorophyll content is not always 

consistent. The ratio between the fluorescence peak of Pchlide and chlorophyll 

is variable following different fluence rates of FR light. The chlorophyll 

measurement shows that all genotypes contain no chlorophyll in dark-grown 

seedlings and they start to accumulate chlorophyll with increased fluence rate 

(Figure 4.31 A). The chlorophyll levels of all 4 genotypes rapidly rise following the 

increased fluence rate, up to 2 µmol m-2 s-1 FR light. Then chlorophyll levels of 

phyA-211 and lyn1 phyA-211 continue to rise steadily following the increased 

fluence rate, even above 2 µmol m-2 s-1. Chlorophyll levels of WT and lyn1 are 

not increased as fast as those of phyA-211 and lyn1 phyA-211. The chlorophyll 

levels of WT and lyn1 almost overlap as do phyA-211 and lyn1 phyA-211 at any 

fluence rate, so lyn1 does not show a suppression of chlorophyll content. 

Meanwhile, Pchlide levels of all four genotypes are also enhanced following the 

increased FR fluence rate until 2 µmol m-2 s-1, then gradually decreased (Figure 

4.31 B). The Pchlide level of lyn1 and WT are both enhanced much faster than 

those of phyA-211 and lyn1 phyA-211 in low fluence rate of FR light (< 2 µmol m-

2 s-1). Pchlide measurement shows that lyn1 has a degree of unexpected 

interaction with phyA-211, because lyn1 phyA-211 had lower, rather than higher, 

Pchlide level than phyA-211 at any fluence rate, while lyn1 single mutant seemed 

to have an enhanced light response in the FR treatment, because lyn1 always 

has a higher Pchlide level than WT. Because the amounts of conversion from 

Pchlide to chlorophyll are different at different fluence rates, the conversion ratios 

between Pchlide and chlorophyll were also studied (Figure 4.31 C). The relative 

ratio between Pchlide and chlorophyll indicated that WT and lyn1 have higher 

proportion of Pchlide in the low fluence rate than phyA-211 and lyn1 phyA-211. 

As the fluence rate increased, WT and lyn1 convert Pchlide to chlorophyll much 
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faster than phyA-211 and lyn1 phyA-211 do. lyn1 does not show any effect of the 

conversion between Pchlide and chlorophyll under FR light treatment. 

Overall, for the three different light treatments, lyn1 always shows some 

suppression of chlorophyll level on the cry1-304 and phyB-9 single photoreceptor 

apoprotein mutants, under their diagnostic light wavelength. The suppression is 

significant on phyB-9 and very small on cry1-304. It does not show any 

suppression of phyA-211. This result appears to contradict my hypothesis, 

because I did not expect that lyn1 suppresses the chlorophyll level of 

photoreceptor apoprotein mutants. The implications will be addressed in the 

discussion later. 
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Figure 4. 31 lyn1 suppression of chlorophyll level of phyA-211, over a range of 

FR fluence rate light  

A. Chlorophyll level change at 664 nm 

B. Pchlide level change at 630 nm 

C. Ratio between Pchlide level (630 nm) and chlorophyll level (664 nm). 
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4.2.7 Overexpression of JMJ14 

JMJ14 was overexpressed in the WT in order to further understand JMJ14 

function. Due to time constrains, this analysis is preliminary, as only T1 plants 

were examined. In all the overexpressed plants the presence of the insertion was 

confirmed using pB2GW7 sequencing primers (Figure 4.32). Nearly one-third of 

the T1 overexpressed plants had larger rosette leaves than WT (Figure 4.33 A). 

The rest of the plants had similar size of leaves and longer shoots, possibly 

reflecting slightly earlier flowering, compared to WT (Figure 4.33 B). None of the 

T1 plants had a hy1 phenotype. 

 

Figure 4. 32 Confirming the presence of JMJ14 transgene in the T1 JMJ14 

overexpressed plants  

PCR amplicons amplified using pB2GW7 sequencing primers are about 3000 bp 

long. All the T1 plants contain the transgene. The negative control does not 

contain the transgene. 

 

T1_OX
+ -

3000	bp →2500	bp →
2000	bp →
1500	bp →

1000	bp →

← 3000	bp
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Figure 4. 33 WT plant overexpressed with JMJ14 

Comparison of phenotype between WT, T1 JMJ14 overexpressed WT and hy1. 

The plants were grown in the (180 μmol m-2 s-1) constant light for about four and 

half weeks. 

A. A T1_OX plant shows larger leaves than WT. 

B. A T1_OX plant showing longer shoots (earlier flowering) than WT. 

WT T1_OX hy1

B

WT T1_OX hy1

A
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4.3 Discussion 

4.3.1 jmj14 enhances the plastid compartment and plastome to 
nuclear genome ratio 

My hypothesis presumes that jmj14 rescues the light response by increasing 

chloroplast development. This increase was supported by both the chloroplast 

compartment quantitation and the plastome to nuclear genome ratio assays. 

jmj14 enhanced chloroplast compartment by increasing the size of individual 

chloroplasts rather than their amount. I also examined whether jmj14 enhanced 

the relative average size of chloroplast to cell plan area in both types of cell of 

cauline leaves. However, jmj14 only showed an increased chloroplast 

compartment in both cell types in the double mutants compared to hy1, but it did 

not in the single mutants compared to WT in mesophyll cells. This was supported 

by the result of the plastome to nuclear genome ratio assays. jmj14 always 

showed an increased plastome to nuclear genome ratio on the double mutants, 

lyn1 hy1 and jmj14-1 hy1 (relative to their hy1 control) in both light conditions, 

and in single mutants, lyn1 and jmj14-1, in dark conditions, with one exception, 

for lyn1 and jmj14-1 the plastome to nuclear genome ratio does not differ 

significantly with that of WT in 5 day-light grown seedlings. According to the 

observation of chloroplast compartment quantitation assay, this may be because 

chloroplasts have fully developed in mesophyll cells of adult plant leaves or the 

majority of cotyledon cells of light-grown seedlings. The WT cells were fully 

occupied by chloroplasts, reaching a ceiling, therefore the mesophyll cells of lyn1 

and jmj14-1 had no cellular space available for chloroplasts to further occupy. 

Although bundle sheath cells are also present in the seedlings, the plastome to 

nuclear genome ratios from the presumably much larger amount of mesophyll 

cells can overwhelm the smaller amounts of bundle sheath cells. Therefore, 

overall ratios would exhibit no difference between WT and the single mutants. 
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However, the chloroplast compartment and the plastomic to nuclear genome 

copy number ratio measurements in 5 day-light grown seedlings do both show 

that jmj14 has an impact on chloroplast size.  

Previously published data indicate that, as far as observed, there is a positive 

correlation between the plastid compartment and the plastome to nuclear 

genome ratio (Enfissi et al., 2010). This is in accordance with the results of 

simultaneously-increased chloroplast compartment and plastome to nuclear 

genome copy number ratio of this research. This suggests that jmj14 does not 

only cause an impact on the plastid compartment size, but also other aspects of 

chloroplast development, such as plastome to nuclear genome ratio. Nuclear 

chloroplast-related transcriptome responses reveal the likelihood of a regulatory 

master switch of chloroplast development (Richly et al., 2003). This was identified 

by studying the majority of nuclear genes for chloroplast-targeted proteins, 

involved in different biological functions, including amino acid metabolism, 

carbohydrate metabolism, secondary metabolism, other metabolic functions, 

photosynthesis (dark and light reactions), protein modification and fate, protein 

phosphorylation, sensing, signalling and cellular communication, stress response, 

transport, transcription, protein synthesis and other unknown functions (Richly et 

al., 2003; Biehl et al., 2005). These genes were classified into the clusters of co-

expressed genes. The expression of these genes was detected in many genetic 

and environmental contexts. The results showed that the expression of most 

genes was always upregulated or downregulated simultaneously in any 

conditions, i.e. most genes were coexpressed (Richly et al., 2003; Biehl et al., 

2005). This strongly suggests that any genetic mutation or environmental 

signalling affects chloroplast development in general. 

Whether the increased chloroplast development is the secondary effect of the 

light response, or a primary effect, remained unclear even after my observations 

of an enlarged chloroplast compartment. If it was a primary effect, then plastid 
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compartment size and the plastome to nuclear genome ratio should have also 

increased regardless of light. Although plastid compartment of dark-grown 

seeding is impossible to observe under DIC microscopy, plastome to nuclear 

genome ratio is still possible to quantify in 5-day dark-grown seedlings. Clearly, 

the light signal induced plastid development, so the plastids of dark-grown 

seedlings, etioplasts, have a generally lower plastome to nuclear genome ratio 

compared to the chloroplasts of light-grown seedlings. Even without the light, 

jmj14 still causes an increased the ratio in the double mutants compared with hy1, 

as well as in the single mutants compared with WT. This is in accordance to my 

expectation by which plastid development does not only increase in the light but 

also in the dark in lyn1 mutants. The increased plastome to nuclear genome ratio 

in 5-day dark-grown jmj14 seedlings strongly suggests that jmj14 effect of plastid 

compartment is a primary effect regardless of light. It also implies that general 

plastid development probably is also elevated by jmj14 in dark. 

4.3.2 jmj14 enhances tetrapyrroles synthesis 

jmj14 was found to increase the plastid genome copy number in the both dark 

and light, so plastid development was predicted to be elevated by jmj14 

regardless of light. If jmj14 increases the plastid development in general, then all 

the metabolic compound biosynthesis should be also increased. To further 

support this hypothesis, the tetrapyrrole compounds, Pchlide (directly) and PΦB 

(indirectly), were quantified. The fact that the lyn1 mutation increased Pchlide 

level in the dark had been supported by Pchlide level assays in my earlier work. 

FR block of greening response is an alternative way to assess the capacity to 

accumulate Pchlide, and its consequences, in jmj14 mutants. Both physiological 

strategies to quantify Pchlide level showed the predicted result. hy1 contains no 

active phytochrome and, as a result, FR treatment does not lead to the loss of 

PORA. There no free Pchlide accumulates, contrary to what happens in the WT, 

and very few of the FR-treated hy1 seedlings are bleached compared to WT. As 
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jmj14 increased the Pchlide synthesis, jmj14 mutants increased accumulation of 

Pchlide in dark-grown seedlings resulting in a higher bleaching rate on FR-treated 

seedlings upon transfer to white light. Because lyn1 hy1 and jmj14-1 hy1 present 

a rescue of the light responses absent in hy1, loss of PORA, absent in hy1, will 

occur in the double mutants, leading to a FR-block of greening. The accumulation 

of Pchlide and jmj14-rescued loss of PORA in FR-treated lyn1 hy1 and jmj14-1 

hy1 seedlings leads to an obvious photobleaching. Although Pchlide 

quantification assay showed an increased level triggered by jmj14 mutation 

during the experiments in my MSc, the increased photobleaching frequency in 

lyn1 and jmj14-1 only appeared in 1-day FR-treated seedlings. This is perhaps 

not surprising given that after 2 day FR-treatment, the bleaching was almost 

complete also in the WT. A remarkable phenomenon of a difference between the 

two allelic mutants, by which jmj14-1 caused a higher bleaching rate than lyn1 

was noticed. The greening rate of jmj14-1 was 5% lower than that of lyn1 when 

seedlings had just 1 day FR treatment, and the greening rate of jmj14-1 hy1 was 

nearly 15% less than lyn1 hy1 when seedlings had 3 days FR treatment. This 

may be explained by the result of the RT-PCR of JMJ14 cDNA, which failed to 

detect any cDNA in jmj14-1 but observed a very small amount in lyn1. Any cDNA 

present in lyn1 would still be from an mRNA which encoded a protein with an 

early stop codon. No full-length protein can possibly be produced. However, any 

potential truncated JMJ14 protein present in lyn1, containing the conserved JmjC 

domain, as discussed in the previous chapter, might cause the retention of some 

function of JMJ14, resulting in a significantly increased greening ability of the lyn1 

mutants compared with the jmj14-1 mutants. 

Whether the lyn1 increased photochemically-active phytochrome level in lyn1 hy1 

compared to hy1 in order to cause a small amount of increased light response is 

a key to know. Based on photochemically-active phytochrome quantification, I 

realized that the lyn1 mutation does cause an increased small but detectable 
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amount of photochemically-active phytochrome in lyn1 hy1. Additionally, an 

unexpected outcome is that phytochromobilin-containing photochemically active 

phytochrome level is even increased in the lyn1 single mutant. Photochemically 

active phytochrome is synthesized in the cytoplasm by binding the PΦB to the 

phytochrome apoprotein. There is an evidence shown that both WT and hy1 dark-

grown seedlings contain an excess amount of phytochrome A apoprotein. This is 

evidenced by the fact that artificial chromophores are incorporated into 

holoprotein when exogenously supplied to dark-grown seedlings (Murphy and 

Lagarias, 1997). Because seedlings always have sufficient phytochrome A 

apoprotein accumulated in the cytoplasm, any plastid synthesised PΦB can 

immediately bind to phytochrome A apoprotein in the cytoplasm to produce 

phytochrome A by a single light pulse. The increased photochemically active 

phytochrome level in lyn1 mutants is probably because of the increased the 

capacity of PΦB production along with a sufficient phytochrome A apoprotein. 

The small amount of photochemically active phytochrome detected reveals a 

small amount of PΦB being produced, and this, in turn, rescues light response in 

the double mutants. The increased amount of PΦB in both lyn1 and lyn1 hy1 can 

be explained by the lyn1-increased plastid compartment. The increased plastid 

development leads to enhance both plastid size and tetrapyrroles’ synthesis. 

Both the FR light block of greening and the measurement of phytochromobilin-

containing photochemically active phytochrome provide evidence to support the 

notion that jmj14 enhances the synthesis of tetrapyrroles, regardless of light. This 

indicates that jmj14 enhances the plastid development in general regardless of 

light.  

4.3.3 lyn1 partially rescues a PΦB synthase defect mutation, hy2-
105 

To confirm that lyn1 does not rescue the light response defect by rescuing hy1 

mutation specifically, looking at whether lyn1 also suppresses the effect of loss 
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of another enzyme in the PΦB biosynthesis pathway is an indirect way. However, 

the lyn1 suppression of hy2 was not obvious as that on hy1, because hy2 has 

shown a less light response defective phenotypes. Although the less lyn1 

suppression of hy2 is currently unclear, the less dramatic light response defect of 

hy2 possibly can be explained by two reasons. Existing hy2 mutants in Col and 

Ler ecotypes have found that still contain some mRNA which may afford a 

partially active enzyme with a lower affinity for converting biliverdin IXα to PΦB 

(Kohchi et al., 2001). Kohchi and collaborators indicated that the most hy2 

mutants, including hy2-1 and hy2-105, retain some hy2 mRNA. In this regard, the 

results of Kohchi were supported by the outcome of the monitoring of cDNA using 

RT-PCR on hy2 T-DNA insertion Salk line (SALK_104923). Kohchi and 

collaborators also found that hy2-105 contains relatively less hy2 mRNA than 

hy2-1, as well as other hy2 mutants of Col ecotype. Although both hy2 T-DNA 

insertion Salk line (SALK_104923) and hy2-105 contain some hy2 mRNA, the 

much lower amount of mRNA in hy2-105 was not sufficient to convert into cDNA 

template and then amplify a visible band by RT-PCR, in contrast to a clear cDNA 

amplicon of hy2-104. However, the phenotype of hy2-105 is still not as dramatic 

as that of hy1. It is possible that hy2 is a more physiologically leaky mutant and 

it contains some redundant enzymes to convert biliverdin IXα to PΦB. In 

Arabidopsis, PΦB synthase might be not the only enzyme to convert biliverdin 

IXα to PΦB. hy1 and hy2 mutants had been identified in other plant species 

(tomato and pea) (Terry, 1997). In both cases, the corresponding haem 

oxygenase mutants in these plant species showed less severe phenotypes 

(vanTuinen et al., 1996; Weiler et al., 1997). Kohchi suggested that the 

phenotypes might be determined by the relative allele strength of the two loci. 

Nevertheless, lyn1 still exhibited some suppressions of hy2-105 that was 

sufficient to support my hypothesis. This experiment determined that lyn1 does 

not suppress the hy1 mutation specifically. lyn1 also can suppress other PΦB 

synthesis defective mutants. This suggests that lyn1 rescues the light response 
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by compensating the haem biosynthetic pathway end product, PΦB. The 

elevated PΦB level, combined with the observation of an increased plastid 

genome copy number in the dark (consistent with an enlarged plastid 

compartment), suggests that an increased capacity of the PΦB biosynthesis 

pathway occurred in the mutant. Although the PΦB biosynthesis pathway is still 

largely blocked in hy1 and hy2, a small amount of PΦB biosynthesis may 

therefore now occur. jmj14 increases plastid development, and the small amount 

of PΦB synthesized in hy1 is elevated to become detectable. Consequently, more 

phytochrome molecules are synthesised in the cytoplasm to perceive light better. 

Therefore, jmj14 is predicted to be able to rescue any defect that cannot 

synthesise PΦB.  

4.3.4 lyn1 does not suppress photoreceptor apoprotein mutants 

The interpretation of these experiments was not trivial, because of some apparent 

contradictions. I expected that lyn1 would not suppress the growth and greening 

of photoreceptor apoprotein mutants. The assessment of hypocotyl phenotypes 

provided a seemingly clear-cut, expected result, by which lyn1 did not suppress 

hypocotyl length phenotypes of all 3 types of photoreceptor apoprotein mutant 

under their diagnostic light wavelength. The assessment of pigment phenotypes 

was less clear. lyn1 caused a phenotype suppression (an elevation) of chlorophyll 

content of phyB-9 and cry1-304 in R light and B light, respectively. These were 

unexpected results that did not meet my expectation. Nevertheless, lyn1 did not 

suppress phyA-211 in either white light or FR light conditions. However, the 

enhanced chlorophyll levels cannot simply be interpreted as lyn1 suppression of 

phyB and cry1. Because the lyn1 single mutants had an enhanced level of 

chlorophyll in R light and B light, the enhanced chlorophyll level probably is the 

result of increased tetrapyrroles synthetic capacity in the dark. In other words, the 

effect of the lyn1 and photoreceptor mutations are simply additive. According to 

the Pchlide quantitation, the increased chlorophyll level in lyn1 mutants is 
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probably due to the fact Pchlide level of lyn1 mutants is already increased in the 

dark. Because more Pchlide was produced in the dark, more chlorophyll was 

synthesized after exposing to the light. Moreover, increased chlorophyll level is a 

secondary effect of the rescued light response. Concerning double mutants, the 

most dramatic contrast between the outcomes of hypocotyl elongation (where 

there was no suppression) and greening assays (where there apparently was) 

concerns phyB. phyB dominates in regulating hypocotyl cell elongation in 

response to R light (Tepperman et al., 2004). Tepperman and collaborators found 

that phyA and phyB work cooporatively to account for 96% of the R light induced 

early response genes expression (Tepperman et al., 2006). Unexpectedly, those 

authors found that the majority of R light responsive genes remain relatively 

strongly responsive to R light signal in the phyB null mutant. In red light, the phyA 

phyB double mutant, but neither single mutant, had reduced LHCB gene 

induction and chlorophyll accumulation (Reed et al., 1994). This finding, 

combined with the fact of lyn1 increasing phyA holoprotein level, can contribute 

to explaining the enhanced chlorophyll level in lyn1 phyB, in addition to the 

enhanced plastid development capacity. jmj14-increased phyA can rescue the 

light response defect of lyn1 phyB, resulting in an enhanced chlorophyll level in 

the double mutant. Although phyA and cry1 were the major photoreceptors 

involved in hypocotyl growth regulation in blue light, phyA acts as pre-

programmed amplifier of certain cry1-regulated responses rather than interacting 

with cry1 (Whitelam et al., 1993; Casal and Boccalandro, 1995; Neff and Chory, 

1998). cry1 is the major photoreceptor involved in chlorophyll accumulation in 

blue light (Neff and Chory, 1998). In contrast, phyA is defective in the only 

photoreceptor responsive to FR light. Indeed, lyn1 did not suppress phyA in any 

light condition, which strongly supports my hypothesis. 

The measurement of greening after the FR light treatment is more complex as 

Pchlide and chlorophyll were both produced. The total amount of Pchlide or 
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chlorophyll depended on expression of the HEMA1 gene, whose product acts 

upstream in the Pchlide synthesis pathway. HEMA1, which encodes glutamyl-

tRNA reductase, is regulated by light, including an FR-HIR (McCormac and Terry, 

2002). HEMA1 expression is not induced in a very low-fluence rate response, but 

low fluence rate used here is already higher than the very low-fluence rate 

(McCormac et al., 2001). In this case, the effect of R light on HEMA1 expression 

was too small to be considered. The proportion between Pchlide and chlorophyll 

in the Pchlide synthesis pathway is dependent on the PORA level, which is 

regulated by the light signal. The way of FR-HIR degrades PORA was explained 

in the introduction of this chapter. The PORA catalysed reaction is a NADPH-

dependent trans-reduction of the double bond in ring D of Pchlide to Childe. This 

reaction requires light. During catalysis, POR first binds NADPH, then Pchlide to 

form a ternary POR-Pchlide-NADPH complex which is able to absorb light 

(Reinbothe et al., 1996). FR and R, which act as brake and inducer, both control 

the conversion rate between Pchlide and chlorophyll, as follows: in the low 

fluence rate, the Pchlide production was increased because FR-HIR induced 

HEMA1 expression in order to synthesise more Pchlide. Meanwhile, the majority 

of PORA was degraded by phytochrome action, activated by FR, while the 

fluence rate of R (present in the FR) was low and could only induce a small 

amount of conversion of Pchlide to chlorophyll. Therefore, Pchlide increased, as 

it kept accumulating in the low fluence rate. In the higher fluence rate, more 

Pchlide was synthesised given that HEMA1 expression is mediated by a FR-HIR 

(McCormac and Terry, 2002) and that HIRs increase under high irradiance. 

Meanwhile, PORA begun to be degraded in FR but only partially and R started 

to induce the conversion from Pchlide to chlorophyll. Although increased FR 

caused more degradation of PORA, the simultaneous increased R also induced 

more conversion. The overall conversion rate is still increased. More and more 

Pchlide converted into chlorophyll resulting in a decreased Pchlide level. phyA 

mutant is blind to FR, so it cannot detect FR. HEMA1 expression and PORA 
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degradation were no longer controlled by FR. As a result, Pchlide level in phyA 

mutant could not suddenly increase. All synthesised Pchlide could rapidly and 

completely convert into chlorophyll, so Pchlide accumulation was not apparent in 

phyA. 

It is worth noticing that the proportion of R to FR light is a fixed property of the 

light utilised as FR source, and therefore remains constant in any fluence rate. 

Given that I also observed the ratio of Pchlide to chlorophyll remained identical 

at all fluence rates of FR between lyn1 and the WT, I can conclude that lyn1 does 

not simply elevate the tetrapyrrole synthesis capacity prior to Pchlide without 

elevating the conversion to chlorophyll. Both were elevated to the same extent 

by the lyn1 mutation. I predict that lyn1 enhances the plastid metabolic capacities 

overall. 

4.3.5 Future work 

So far, the absence of JMJ14 has shown various impacts on plastid development. 

It is interesting to know what impacts can be caused if JMJ14 is overexpressed, 

especially on plastid development. This can help to discover more about JMJ14 

protein function, and its cell biological impact. The initial results in the current 

study have shown that the overexpressed T1 plants have a range of different leaf 

sizes. The different phenotypes of overexpressed T1 plants could be caused by 

the different expression level of inserted JMJ14 transgene. Alternatively, these 

could be effects of the transformation event, and not be transmissible. The results 

are therefore very preliminary. These T1 plants should be propagated to T2 and, 

to obtain the homozygous JMJ14 overexpressed plants, the T3 generation. All 

T3 progeny of a homozygous JMJ14-overexpressed T2 plant should survive on 

the antibiotic selective plates and not show segregation. The expression level of 

JMJ14 gene can be detected from these T3 overexpressed plants by qPCR. A 
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study on plastid development of JMJ14 overexpressed plants can then be carried 

out.  

4.4 Conclusion 

In summary, jmj14 enhances the plastid development regardless of light, 

because the chloroplast compartment analysis and plastid to nuclear genome 

copy number ratio assays suggest that lyn1 enhances plastid development not 

only in the light but also in the dark. jmj14 was confirmed to not only suppress 

hy1, because it can also rescue another PΦB synthesis defective mutation, hy2. 

The enhanced plastid development leads an increased Pchlide synthesis and the 

appearance of a detectable level of the previously missing PΦB. lyn1-enhanced 

PΦB level causes the appearance of a small but detectable amount of 

photochemically active phytochrome in hy1 (as well as an increased amount in 

the wild type), in turn rescuing the light response defect in hy1. I suspected that 

the increased tetrapyrrole levels resulting from the enhanced plastid development 

of jmj14 were caused by boosting the plastid metabolic capacities, resulting in a 

slightly rescued light response. The rescued light response further increases 

plastid development resulting in a “virtuous cycle”. This eventually results in 

clearly-increased light response. 
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Chapter 5 Result – Global Gene Expression 

Analysis 

5.1 Introduction 

5.1.1 Global gene expression analysis 

JMJ14 is identified as a histone lysine demethylase which can demethylate 

H3K4me2 and H3K4me3 by many studies (Jeong et al., 2009; Lu et al., 2010; 

Yang et al., 2010). Jeong and collaborators (2009) determined that JMJ14 

directly repress FT gene expression by H3K4me3 and H3K4me2 demethylation. 

According to the several studies of epigenetic marks among the whole genome, 

H3K4me2 and H3K4me3 methylation have been found to associate with gene 

expression (Zhang et al., 2009; Roudier et al., 2011). The data of Roudier 

identified that, among the whole genome, 23244 genes are H3K4me2 marked, 

17861 genes are H3K4me3-marked and 17666 genes are marked by both 

H3K4me2 and H3K4me3. Because JMJ14 can regulate the expression of 

H3K4me2 and H3K4me3-marked gene by histone demethylation, which genes 

are JMJ14-regulated by removing the di- and trimethyl groups from H3K4 to 

mediate light response is a key to assess in this study. Although the majority of 

genes are H3K4me2/3 marked, the expression of these genes is not all correlated 

with H3K4 marking level. Only H3K4me3 shows a positive correlation with 

transcript abundance but H3K4me2 does not (Zhang et al., 2009; Roudier et al., 

2011). Therefore, I am mainly forced to study H3K4me3-marked genes in global 

gene expression analysis. My hypothesis is that the JMJ14 H3K4me3-

suppressed genes remain in the active state in jmj14, resulting in an enhanced 

light response.  

To find jmj14-regulated chromatin modified genes or biological process is key to 

understanding the way of jmj14 rescues the light response of hy1. During my 
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previous MSc research, several genes were selected to study the lyn1 regulated 

gene expression. According to observations showing lyn1 enhanced plastid 

development, lyn1 was suspected to be a regulator of a nuclear-encoded, 

chloroplast-related gene TF. Therefore, genes such as HY5, GLK1, GLK2, 

APRR2, GNC, CGA1 and CRF2 (positive) and PIF1, PIF3 (negative regulators) 

were selected and their expression in the WT, lyn1, hy1 and lyn1 hy1 were 

analysed by qPCR. Meanwhile, the expression of some chloroplast-encoded 

genes such as rpoC1, psaA, ndhA and rbcL were also analysed. The expression 

of many chloroplast-encoded genes was up-regulated in lyn1 hy1 and lyn1 

compared to hy1 and WT, respectively. This supports the observation that lyn1 

enhances chloroplast development. However, none of the tested nuclear-

encoded chloroplast gene TFs showed a consistently increased expression in 

lyn1 hy1 and lyn1 compared to hy1 and WT, respectively. Only GLK1 showed 

just a slightly elevated expression (He, 2013). It is difficult to determine the 

significantly elevated expression of overexpressed nuclear-encoded genes which 

are induced by lyn1 through qPCR. Instead of doing analysis on the individual 

genes, the gene expression analysis was carried out on the global genes by RNA 

sequencing (RNA-Seq). RNA-Seq is a more effective and efficient way to 

determine lyn1-regulated global gene expression changes. 

RNA samples of four genotypes (WT, lyn1, hy1 and lyn1 hy1) were extracted 

from 5-day light- and dark-grown seedlings. The RNA-Seq was performed by the 

laboratory of Prof. G. Beemster’s, University of Antwerp. The expression of a total 

of 33602 genes from TAIR10 Gene Annotation Data 

(https://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/

annotation_data.jsp) were tested by revealing the presence and quantity of RNA 

in the samples. RNA-Seq data was analysed by myself to select a group of 

significantly differentially expressed genes through a series of processes. The 

whole strategy is illustrated in Figure 5.1. The RNA-Seq raw data was normalized 
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by CLC Genomics Workbench first, then the differentially expressed genes were 

selected by setting up serval filters. If the expression values of all three biological 

replicates of each genotype was above 4 reads, this genotype was indicated as 

“expressed”. The normalized gene expression values of sample were compared 

between different samples through FDR. FDR-based pairwise multiple 

comparisons are illustrated in Figure 2.2. The gene expression values of 

contrasts between the different genotypes under the same light condition and 

between different light conditions of the same genotype were indicated as 

significantly differentially expressed if the FDR p-value of any contrast was lower 

than 0.05. Finally, a filter for a minimum two-fold expression change was applied. 

This was carried out by calculating the average of the log2 value of gene 

expression of each sample. The log2 expression difference was calculated using 

the highest expression value minus the lowest expression value of one gene 

among the 4 genotypes within the same light condition. If the log2 expression 

difference within any one light condition was greater than 1, the gene was 

indicated as significantly differentially expressed gene. The significantly 

differentially expressed genes were clustered into several bins according to their 

gene expression pattern. Their biological functional were also assessed by gene 

ontology (GO) term overrepresentation analysis. 
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Figure 5. 1 Strategy of RNA-Seq analysis 

For details of the methods and the pairwise sample comparisons see section 2.10 

and Figure 2.2 

A previous researcher from my laboratory has summarized many categories of 

functional genes (metabolism, photosynthesis, cell wall, cell cycle, development, 

etc.) which were associated with processes in plants obtained from MAPMAN 

and manually supplemented with additional genes (López-Juez et al., 2008). 

These groups of functional genes were used to analyse the overrepresentation 

or underrepresentation in the gene clusters of interest on any biological process. 

The statistical tool to asses over/underrepresentation was the hypergeometric 

test, which assesses the significance of a contingency table (observed/expected). 

In particular, in this research, a hypergeometric test was performed to test the 

significance of the probability of finding the observed (or greater) number of 

genes for a particular function or property in the sample (the particular cluster of 

differentially expressed genes) relative to the frequency with which such function 

or property occurs in the entire genome.  
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5.1.2 Assessment of global developmental roles through 
comparative analysis with published transcriptome datasets. 

The main objective of this study is to identify which biological pathways are 

affected by the loss of LYN1. RNA-Seq analysis was carried out in order to 

determine the impact of the lyn1 mutation (see later in this chapter sections 5.2.2 

and 5.2.3). However, lyn1 may not affect a specific biological pathway. This may 

occur if, for example, jmj14 upregulates or modulates a very large number of 

genes, involved in multiple biological processes, at early developmental stages. 

Because jmj genes have been identified across multiple species and the 

evolutionary relationship analysis suggests that the Arabidopsis JMJ14 

homologues are nearly universally distributed in eukaryotes, the JMJ protein 

functions identified in other species may also be conserved in the Arabidopsis 

JMJ proteins. Many previous studies have found that JMJ14 homologues are 

tends to be involved in cell differentiation of several types of stem cell in wide 

range of mammal tissues (Takeuchi et al., 2006; Yamane et al., 2007; Dey et al., 

2008; Schmitz et al., 2011; Cellot et al., 2013; Johansson et al., 2014; 

Rasmussen and Staller, 2014). If the JMJ14 protein function, which is involved in 

cell differentiation, is conserved globally, then overrepresentation may not appear 

on any particular biological function in the RNA-Seq analysis. To understand 

whether lyn1 is involved in regulating gene expression at early developmental 

stages, I associated the existing observations and data from the Arabidopsis 

Gene Atlas (Schmid et al., 2005), which recorded global gene expression values 

in multiple plant tissues, at different developmental stages, with my own data from 

lyn1 RNA-Seq analysis. 

JMJ14 is a protein with clear homology to H3K4me3 demethylases of other 

organisms, so the jmj14 up-regulated genes are expected to be H3K4me3-

marked genes (or indirectly-dependent on such genes). A global analysis 

involving chromatin immunoprecipitation (ChIP) published by Roudier et al. (2011) 
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reported the H3K4me3 mark level of the entire genome in Arabidopsis whole 

seedlings and, separately, dissected roots. Determining the H3K4me3 marking 

state of differentially expressed genes identified in my RNA-Seq data using the 

data from Roudier and collaborators can confirm or rule out whether the jmj14 

up-regulated genes tend to be H3K4me3-marked genes. If the hypothesis that 

jmj14-regulated genes are not only involved in cell differentiation in early 

developmental stages, but are also H3K4me3-marked genes is confirmed, then 

the mechanism through which jmj14 rescues the light response defect of hy1 

would be convincingly explained.  

5.1.2.1 Gene expression analysis at early stages of differentiation 

Schmid and collaborators developed a gene expression map of Arabidopsis 

thaliana development across different tissues and organs of the plant for a total 

23257 genes (Schmid et al., 2005). This analysis was carried out by extracting 

RNA samples from different organs of 7-day old seedlings and 17-day old young 

plants of Arabidopsis, then using Affymetrix GeneChips which consist of 

hundreds of probes (a sequence of 25 bases oligonucleotide strands) that can 

hybridize the target cDNA sequence exactly. The gene expression estimates 

were normalised by gcRMA (GeneChip Robust Multiarray Averaging). The 

relevant samples for my study, which were extracted from different compartments 

of seedlings, are shown in Figure 5.2 and the compartment details are shown 

Table 5.1. I selected ratios between internal sets of data which represented the 

gene expression differences of Early vs. Later Development (6/5, 6/7), Ongoing 

vs. Late Development (17/13), Early vs. Completed Development (6/1), Ongoing 

vs. Completed Development (17/12) and Photosynthetic vs. Non-Photosynthetic 

organs (7/3). The genes whose expression are increased (above an arbitrary 

cutoff) from these lists of ratios can be used as a functional gene class which 

represents the early development genetic programme in plant growth, to assess 

whether these genes are overrepresented in the gene clusters of interest.  
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Figure 5. 2 Sample images to show the RNA samples collected from Arabidopsis 

at different developmental stages 

Seedlings were grown under conditions equivalent to those reported by Smith et 

al. (2005). Samples had been collected from 7-day seedlings (left) and 17-day 

young plants (right). The plants were dissected and the tissue samples of different 

plant compartments were labelled with numbers. The sample details are shown 

in Table 5.1 
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Sample No. Tissue Age 

17 rosette leaf 12 (newest leaf, early development) 17 days 

13 rosette leaf 4 (late development) 17 days 

12 leaf 2 (oldest leaf, complete development) 17 days 

7 seedling, green parts 7 days 

6 shoot apex, vegetative (early development) 7 days 

5 leaves 1+2 (late development) 7 days 

1 cotyledons 7 days 

3 root (none photosynthesis tissue) 7 days 

Table 5. 1 Table to show the details of RNA samples for the Affymetrix microarray 

carried out as the Arabidopsis Gene Atlas 

RNA samples were extracted from different organs of Arabidopsis at different 

developmental stages. 

5.1.2.2 Analysis of H3K4me3-marked level of the whole genome 

Roudier and collaborators generated epigenomic maps of multiple chromatin 

modifications from 7-day whole seedlings and roots of Arabidopsis (Roudier et 

al., 2011). This analysis was carried out by ChIP-Chip assay. Importantly, one of 

the chromatin modifications which Roudier reported on was H3K4me3. The array 

data and genome annotation of this study is displayed using a Generic Genome 

Browser at Epigara (Roudier et al., 2011). By cross-comparing Roudier’s data 

with lyn1 differentially expressed genes data, the lyn1 up-regulated genes can be 

assessed as to whether they tend to be H3K4me3-marked genes or not, based 

on the list of marked genes (statistically above background) reported in that study. 
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5.2 Results 

5.2.1 Selection of differentially expressed genes and variability 
of RNA-Seq samples 

By following the RNA-Seq data analysis strategy, A total of 21613 genes were 

identified as expressed. The expressed genes were used as "population" in the 

hypergeometric test for analysing the overrepresentation of biological function 

later. 19692 genes were selected as significantly differentially expressed genes 

through FDR estimation. A total of 5326 genes were finally selected as 

differentially expressed genes across genotypes (WT, lyn1, hy1 and lyn1 hy1) 

and not just between dark and light. 

The samples sent for RNA-Seq analysis included 3 biological replicates of each 

genotype and each light condition. This should give a robust RNA-Seq data 

analysis result. However, lyn1_dark, hy1_dark and lyn1_light samples did not 

show a relatively similar gene expression level among all their biological 

replicates. In both cases one biological replicate for a genotype and condition 

gave very different expression results to the others of the same material, in the 

case of both lyn1_dark and hy1_dark, even after I manually rejected the failed 

biological replicate of both lyn1_dark and hy1_dark. The two biological replicates 

showed a substantial expression difference for some genes. Nevertheless, all the 

samples were subjected to PCA, which was performed by a bioinformatics 

researcher at the University of Antwerp, and showed that there is sufficient 

similarity between samples from the same genotype, even though this is not the 

case for all genes. Additionally, results of preliminary qPCR analyses of the 

samples show very little variation for each genotype and condition (results not 

shown). Therefore, the large variability of RNA-Seq results between replicates of 

lyn1_dark and hy1_dark samples could have been caused by RNA degradation 

or occur during the sequencing process. Although the large variations of 
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lyn1_dark and hy1_dark samples did cause difficulties during the analysis, as 

they reduced the significance of the statistical test, they were both used in the 

later RNA-Seq data analysis. In other words, although one can fully trust the 

differentially expressed genes identified (there are no false positives), there may 

have been other unnoticed changes (there will be false negatives). The gene 

expression of biological replicate of lyn1_dark and hy1_dark samples were 

checked individually in the RNA-Seq data after normalization. One biological 

replicate of the lyn1_light sample was suspected of some mix of dark and light 

sample, which must have occurred during RNA-Seq processing given highly 

consistent results of preliminary qPCR analyses in my laboratory of the samples 

submitted (results not shown). We were unable to identify how this occurred. 

Fortunately, the other two biological replicates of lyn1_light samples showed the 

robustly consistent gene expression, so the odd biological replicate of the lyn1 

light sample was rejected directly. 

5.2.2 GO term analysis of total 5326 significantly differentially 
expressed genes 

As a first step, the gene ontology (GO) term of total 5326 significantly differentially 

expressed genes were analysed by Cytoscape in order to understand the cellular 

component, molecular function and biological process of these genes (Shannon 

et al., 2003; Maere et al., 2005). In the biological process term, the total 5326 

significantly differentially expressed genes have significant overrepresentation on 

response to stimulus, lipid localization and some metabolic processes (Figure 5.3 

A). In the cellular component term, they have overrepresentation on the 

endomembrane system and light-harvesting complex (Figure 5.3 B). In the 

molecular function term, they have significant overrepresentation on several 

binding functions (tetrapyrrole binding, haem binding, iron ion binding and oxygen 

binding), structural constituent of cell wall and some catalytic activity 

(monooxygenase activity and oxidoreductase activity) (Figure 5.3 C).  
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Figure 5. 3 GO term of total 5326 significantly differentially expressed genes 

The images were produced by Cytoscape. GO categories were shown in 

biological process (A), cellular component (B) and molecular function (C) (figure 

best viewed on the electronic version). Each GO category is represented as a 

node. The map was produced according to the p-values and number of genes in 

the cluster belonging to a certain GO category. The node size represents the 

number of genes in this GO category. Yellow nodes represent GO categories that 

are overrepresented at the significance level. The node colour represents the 

significance of the p-value, darker orange colour representing lower p-value and 

greater significance.  

5.2.3 Functional gene classification analysis 

The total significantly differentially expressed genes were manually analysed to 

see if any of my functional gene categories representing an individual process 

were overrepresented, as measured by the hypergeometric test. The result 

shows that many functions were overrepresented in the total list of significantly 

differentially expressed genes (Figure 5.4). The significantly differentially 

expressed genes include a disproportionate number of typical photosynthetic, 

hormone and defence and cell wall-related genes. This primary functional gene 

classification analysis cannot give a clue as to which biological processes or 

group of functional genes are lyn1-regulated. These significantly different 

expression levels may be the effect of lyn1 regulation or be caused by light. To 

identify the primary lyn1-regulted genes, these differentially expressed genes 

were clustered into different groups according to their expression pattern. A group 

of lyn1 up-regulated genes was expected to appear by clustering, then be used 

for further functional gene analysis. 
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Figure 5. 4 Functional gene classification analysis of total 5326 significantly 

differentially expressed genes  

Genes representing different gene ontology classes (functional categories) were 

selected and the frequency of their presence among the global differentially 

expressed genes (or clusters thereof) was quantified. Functional categories are 

represented in different colours. y-axis represents the probability of 

over/underrepresentation of each selected functional category among all the 

significantly, differentially expressed genes. Photosynthesis, cell wall and 

hormone and defence functional categories are overrepresented 

(hypergeometric test p value>1.3), a fact highlighted by a red outline. 

The total 5326 significantly differentially expressed genes were subsequently 

clustered into different numbers of bins (5, 10, 15 and 20) according to their gene 

expression patterns. The clearest group of lyn1-dependent genes was obtained 

by clustering into 5 bins (see Appendix Figure 7.8). Clustering into a different 

number of bins did not yield as clear lyn1-dependent genes (results not shown). 

According to the gene expression pattern of each cluster, genes of cluster 5 

showed a perfectly lyn1 up-regulated and light-independent behaviour (Figure 

5.5 A). This cluster then underwent the functional gene classification analysis. 

However, the hypergeometric test showed that only the cell cycle and protein 

fate-related classes of genes were overrepresented (Figure 5.5 B). Additionally, 
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neither a single gene from the functional gene list of chloroplast developmental 

(global) genes nor chloroplast translation-related genes was present in cluster 5. 

The rest of functional gene classes were all underrepresented. The 

overrepresented functions of cluster 5 do not directly explain the lyn1-induced 

biological phenomena. 

 

Figure 5. 5 Cluster 5 of differentially expressed genes reveals enrichment of 

biological process categories 
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A. Cluster 5, which is lyn1 up-regulated and light-independent, was obtained by 

K-means clustering of differentially expressed genes using MeV. x-axis 

represents genotypes (WT, lyn1, hy1 and lyn1 hy1) and light conditions (light and 

dark). Light and Dark samples are separated by solid lines. Four genotypes are 

separated by dotted lines. y-axis represents expression values (log2 scale) 

centred around the median for each gene. The pink line represents the average 

gene expression values of this cluster in log2 scale after normalization. 

B. Probability of over/underrepresentation of selected functional categories for 

cluster 5. Functional categories are represented in different colours. Cell wall and 

protein fate functional categories are overrepresented (hypergeometric test p 

value>1.3), a fact highlighted by a red outline. 

The RNA-Seq was analysed globally without taking attention on individual genes 

at the beginning. The fold expression changes of genes present within lyn1 up-

regulated clusters was ranked from large to small and visually inspected. Notably, 

HO3 and HEMA3, which are two enzymes involved in tetrapyrrole synthetic 

pathway, are present in cluster 5. Remarkably, HO3 gene expression (log2 scale) 

ratio of lyn1 hy1 / hy1 in both light is about 8-fold, while the ratio lyn1 / WT in the 

dark and in the light is about 9-fold and 4-fold respectively. The ratio is only 2-

fold in lyn1 hy1 / hy1 in the dark, probably, because of the variability within RNA-

Seq samples mentioned above (see Supplementary Table online). HEMA3 gene 

expression ratio of lyn1 hy1 / hy1 in the light is about 4-fold and whereas the 

ratios of lyn1 / WT in the dark, lyn1 hy1 / hy1 in the dark and lyn1 / WT in the light 

are all about 2-fold (see Supplementary Table online). 

More revealing results were obtained from other clusters. The cluster 1 of 

significantly differentially expressed genes shows a light up-regulated pattern of 

expression because all the genes were consistently highly expressed in the light 

and low expressed in the dark (Figure 5.6 A). This cluster also underwent the 

functional gene classification analysis. As expected, photosynthetic genes are 



 199 

highly overrepresented as they are light regulated (Figure 5.6 B). The metabolic 

process-related genes are also overrepresented in cluster 1. 

 
Figure 5. 6 Cluster 1 of differentially expressed genes reveals enrichments of 

biological function categories 

A. Cluster 1, which is light dependent, was obtained as per Figure 5.5. x and y 

axes are also labelled as in Figure 5.5. 

B. Probability of over/underrepresentation of selected functional categories for 

cluster 1, calculated as for Figure 5.5. Metabolism, photosynthesis and hormone 

and defence functional categories are overrepresented (hypergeometric test p 

value>1.3), a fact highlighted by a red outline. 
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Cluster 1 is a large cluster which contains a total of 1571 genes. I suspected that 

some genes of cluster 1 were not only light up-regulated but also lyn1-regulated. 

Therefore, genes of cluster 1 were further classified into 10 subclusters 

(Appendix Figure 7.9). From the gene expression patterns of these, it is apparent 

that subclusters 1.1 and 1.10 are light-dependent and also lyn1 up-regulated 

genes (Figure 5.7). Because the light-induced gene expression change is much 

stronger than lyn1 regulation, the lyn1-regulated and light-dependent genes did 

not appear as an individual group other than as a strongly light-dependent genes 

when the significantly differentially expressed genes of cluster 1 were sub-

clustered into fewer groups. 

 

Figure 5. 7 lyn1 up-regulated subclusters selected from Cluster 1 

Cluster 1, which contains light-dependent genes, was further classified into 10 

subclusters by K-means clustering using MeV. 

Subcluster 1.1 (left) and 1.10 (right) were the two subclusters which contained 

lyn1 up-regulated genes. They were obtained as per Figure 5.5. x and y axes are 

also labelled as in Figure 5.5. 

Subclusters 1.1 and 1.10 underwent a functional gene classification analysis. 

Subcluster 1.1 contains a slightly higher than expected number of 
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ribosome/translation-related genes and hormone-related genes. (Figure 5.8 A). 

Subcluster 1.10 exhibits over-representation of metabolic process and hormone-

related genes (Figure 5.8 B). Surprisingly, photosynthetic functional genes are 

not overrepresented in either of these two subclusters, 1.1 and 1.10. Additionally, 

neither a single gene from the functional gene list of chloroplast developmental 

(global) genes nor chloroplast translation-related genes is present in these two 

subclusters. This suggests that lyn1 may not regulate nuclear-encoded 

chloroplast genes directly. 

 
Figure 5. 8 lyn1 up-regulated and light-dependent subclusters 1.1 and 1.10 reveal 

enrichments of biological function categories 

y-axis represents the probability of over/underrepresentation of selected 

functional categories for lyn1 up-regulated and light-dependent subcluster 1.1 (A) 

and 1.10 (B). Function categories of ribosome/translation and hormone and 

defence are overrepresented in subcluster 1.1. Function categories of 

metabolism and hormone and defence are overrepresented in subcluster 1.10. 

This fact is highlighted by a red outline. 
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Through this analysis of functional gene classification of lyn1-regulated genes, 

the explanation of how lyn1 rescues the light response defect remains unclear. 

There are two possible reasons why a lyn1-regulated biological process is not 

clearly detected. One possible reason is that lyn1-regulated expression of a 

distinctive biological process which is not included in the functional gene classes. 

The other one is lyn1 regulates multiple biological processes, so that none of the 

biological processes show clear overrepresentation. Therefore, publicly available 

data from existing literature were used to further understand how lyn1 rescues 

the light response. 

5.2.4 Association of jmj14 function with early development 

In search for a common biological role of genes whose expression is affected by 

the mutation, I next considered the fact that JARID-family proteins have been 

found to play developmental roles in animal cells (see section 3.3.3). Genes with 

roles early or late in development are not annotated as such, however it is 

possible to identify genes expressed at different stages of development making 

use of publicly-available data. The expression of a total of 23257 genes was 

quantified by Affymetrix microarray analysis to generate an Arabidopsis gene 

expression map (Schmid et al., 2005). The data obtained are referred to as the 

Arabidopsis Gene Atlas. The overlap between those Affymetrix-represented 

genes with the total expressed genes (21612) of the RNA-Seq processed result 

was sought. 18644 genes overlapped, so about 85% genes of RNA-Seq data are 

covered in the study mentioned (as well as other analyses which are based on 

Affymetrix microarray). The Arabidopsis Gene Atlas includes samples 

representing the youngest shoot apices, containing the apical meristem, young 

leaf primordia, multiple stages of leaf development, all the way to senescing 

leaves. Multiple lists of genes whose expression changed during organ 

development could be generated, by comparing sets of data from within the Gene 

Atlas (see methods, section 2.10.3). For example, the expression values of all 
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genes in sample 6 (early seedling, meristem-containing shoot apex, see Table 

5.1) were divided by the expression values of the same genes in sample 5 (young 

leaf primordia) or 7 (whole green shoots of seedlings) to obtain two lists of genes 

whose expression changed between early and later development in 7-day old 

seedlings. The ratios 6/5, 6/7 and 17/13 represent Early or Ongoing vs. Late 

development (of shoot meristem-derived organs or leaves). The ratio 6/1 and 

17/12 represents Early or Ongoing vs. Completed Development. The ratio 7/3 

represents Photosynthetic vs. Non-Photosynthetic organs. The lists of 

differentially expressed genes resulting from each ratio were selected by setting 

up a threshold of 2 fold change. For example genes whose expression ratio (6/1, 

6/5, 6/7) was greater than two were considered to show elevated expression early 

in development. The genes resulting from this selection first underwent the 

functional gene classification analysis. All 3 ratios (6/5, 6/7 and 6/1) of 7-day 

seedlings represent very similar biological processes. They are overrepresented 

in ribosome/translation, transcription, cell cycle and development functional 

genes (Figure 5.9). Notably, neither a single gene from the functional gene 

categories of chloroplast developmental (global) genes nor chloroplast 

translation-related genes is present in 6/5 and 6/7. This suggests that genes 

involved in chloroplast development are not more highly expressed in the shoot 

apex or meristem before leaf initiation than they are later in very young leaves or 

in green shoots.  
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Figure 5. 9 Functional gene classification of the differentially expressed genes 

during the early development of 7-day old seedlings 

Probability of over/underrepresentation of selected functional categories for the 

genes whose expression differed between stages 6/5, 6/7 and 6/1. 6/5 and 6/7 

represent early vs. later development (or entry into differentiation) and 6/1 

represents early vs completed development of shoot tissues of 7-day old 

seedlings. The overrepresented functional categories are highlighted by red 

outlines. Function categories of cell cycle, cell wall, ribosome/translation and 

development are overrepresented in common.  

17/13 and 17/12 of the 17-day old plant samples also show very similar 

overrepresentation pattern of biological functions, different to the one from 

seedling samples. They both exhibit overrepresentation of ribosome/translation, 

cell wall, cell cycle and chloroplast translation-related genes (Figure 5.10). Only 
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the photosynthesis function is slightly overrepresented in 17/12, but not in 17/13. 

The overrepresented function of chloroplast translation suggests that 

chloroplasts have started to develop after leaf initiation.  

 

Figure 5. 10 Functional gene classification of differentially expressed genes 

during early development of 17-day young plants 

Probability of over/underrepresentation of selected functional categories for the 

genes whose expression differed between stages 17/13 and 17/12. 17/13 

represent early vs. late development and 17/12 represents early vs completed 

development of 17-day old young plants. The overrepresented functional 

categories are highlighted by red outlines. Function categories of metabolism, 

cell wall, cell cycle, ribosome/translation, development and chloroplast translation 

are overrepresented in common. 

The 7/3 ratio selection shows a completely different function which contains an 

overrepresented number of photosynthetic genes, ribosome/translation and 

chloroplast translation-related genes (Figure 5.11). Development of chloroplasts 

is, as expected, more active in photosynthetic organs as the function of 

chloroplast translation genes is highly overrepresented in this comparison. 
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Figure 5. 11 Functional gene classification of the differentially expressed genes 

between photosynthetic vs. non-photosynthetic organs (7/3) of 7-day old 

seedlings 

Probability of over/underrepresentation of selected functional categories for the 

genes whose expression differed between organs present in samples 7/3. 

Functional categories of metabolism, photosynthesis, ribosome/ translation, and 

chloroplast translation are overrepresented and highlighted by red outlines. 

The differentially expressed genes contained in these six ratios should include 

the regulators of cell entry into differentiation at early developmental stages, as 

long as such regulators themselves change in expression, and should contain 

their targets, the agents of development. The overrepresentation of genes in 

these lists was examined among the lyn1 up-regulated, differently expressed 

genes clusters from processed RNA-Seq data. The result shows that all the ratios 

are underrepresented in cluster 5 (Figure 5.12 A). Subcluster 1.1 shows 

overrepresentation of 17/13, 6/7 and 7/3-selected genes (Figure 5.12 B). 

Subcluster 1.10 shows overrepresentation of 6/5 and 7/3-selected genes (Figure 

5.12 C). Because the genes of cluster 1 are light-dependent genes, the ratio 7/3 

which represents photosynthetic vs. non-photosynthetic organs is always 

significantly overrepresented.  
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Figure 5. 12 Overrepresentation of genes which are active at a particular 

developmental stage among lyn1-dependent gene clusters 

6/7 6/5 and 6/1 (yellow) are genes whose expression differed between stages of 

early development of 7-day old seedlings. 17/13 and 17/12 (grey) are genes 
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whose expression differed between stages of development of 17-day old young 

plants. 7/3 are genes whose expression differed between photosynthetic and 

non-photosynthetic organs. Probability of over/underrepresentation of genes 

representing each of those developmental comparisons, among genes in lyn1 

up-regulated, light-independent gene cluster 5 (A) or lyn1 up-regulated, light-

dependent subclusters 1.1 (B) and 1.10 (C). The overrepresented developmental 

comparisons are highlighted by red outlines. Early vs. later development (6/5 and 

6/7) in 7-day old seedlings is overrepresented. The genes which are highly 

expressed in photosynthetic relative to non-photosynthetic organ are 

overrepresented in both light-dependent clusters (subclusters 1.1 and 1.10).  

To find out whether the overrepresentation of 17/13, 6/7 and 6/5-selected genes 

in subclusters 1.1 and 1.10 were a consequence of light induction, the 

overrepresentation of these ratios was also analysed in the rest of subclusters 

2~9. If the overrepresentation of 17/13, 6/7 and 6/5 in subclusters 1.1 and 1.10 

is a simple consequence of light induction, then these three ratios should also be 

overrepresented in the other clusters. The result shows that 17/13, 17/12 and 

7/3-selected genes (those which select for ongoing development or 

photosynthetic organs) are overrepresented in the rest of subclusters, but 6/7, 

6/5 and 6/1-selected genes (those which select for expression in young cells, 

entering differentiation, at the shoot apex), are not. (Figure 5.13). 
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Figure 5. 13 Overrepresentation of genes which are active at a particular 

developmental stage among light-dependent but lyn1-independent gene clusters. 

A. Subcluster 1.2~ 1.9, which are lyn1-independent and light-dependent, were 

obtained by K-means clustering of cluster 1 using MeV. x and y axes are labelled 

as in Figure 5.5. 

B. Probability of over/underrepresentation of genes which accompany cell entry 

into differentiation or represent ongoing development or photosynthetic activity, 

among lyn1-independent, light-dependent gene subclusters 1.2~1.9 of cluster 1. 

The overrepresented developmental comparisons are highlighted by red outlines. 
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The genes overrepresented are only those whose expression differed between 

stages of development in 17-day old young plants. In addition, genes which are 

highly expressed in photosynthetic relative to non-photosynthetic organs are 

always overrepresented among light-dependent clusters. 

5.2.5 Association of jmj14 function with H3K4me3-marked global 
genes 

Roudier and collaborators (2011) detected the presence of H3K4me3 mark along 

genes in the DNA of whole seedlings or roots using custom-designed whole 

genome tiling arrays. 17861 H3K4me3 genes were found to be marked in whole 

seedlings' DNA and 13117 H3K4me3 genes were found to be marked in the roots' 

DNA (Roudier et al., 2011). As an initial guide, the representation of the H3K4me3 

chromatin marked state of a small number of selected genes was observed online 

using the Arabidopsis epigenome (Epigara) viewer, and compared between 7-

day old whole seedlings and roots (Figure 5.14). Clearly, the photosynthetic 

genes (LHCB1.2, LHCB1.3, APRR2 and GLK1) have significant 

overrepresentation of the H3K4me3 mark (the brown bars representing mark 

above background) in the DNA from whole seedlings compared to that from roots. 

The constitutive genes (ACT2 and UBQ10) present significant H3K4me3 mark in 

both whole seedlings and roots. CHS is a key enzyme involved in the flavonoid 

biosynthesis process (Dao et al., 2011). It exhibits significant H3K4me3 mark in 

the roots, but barely so in the whole seedlings. In summary, the H3K4me3 

chromatin marking on my small selection of chloroplast-associated genes 

appears more frequently in green tissue, where photosynthesis occurs, than in 

roots. Following these initial observations, a more in depth examination appeared 

justified. After genes marked exclusively in green tissue were identified, a 

functional classification analysis of those genes was carried out. The occurrence 

of those genes among the gene clusters showing lyn1-dependence was 
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quantified. Finally, the frequency of presence of the mark among genes within 

photosynthesis or chloroplast development functional classes was assessed. 

 

 

 

 

 

 

Figure 5. 14 (in the following page) Apparent differential extent of H3K4me3 

chromatin marking associated with photosynthesis related genes in the DNA of 

whole seedlings and in the DNA of roots 

Roudier and collaborators (2011) extracted DNA samples from 7-day whole 

seedlings and separately from roots. The ChIP-Chip technique was used to 

quantify the amount of H3K4me3-marked DNA copies among the total genomic 

DNA (i.e. relative to total, input DNA) by the intensity of hybridisation. Each bar 

represents the frequency of H3K4me3 chromatin modification and the position of 

each bar corresponds to the histone marked location on the gene (the genomic 

position of the oligonucleotide to which hybridisation occurs). The height of each 

bar represents the intensity of hybridisation after normalisation, background 

subtraction, etc. Brown indicates that the frequency is statistically significantly 

above the background (control DNA hybridisation). Grey indicates that the 

frequency is not statistically different from background. Genes of interest were 

selected for visualisation, and the images displaying their map of marks 

downloaded from the Generic Genome Browser at Epigara 

(http://epigara.biologie.ens.fr/cgi-bin/gbrowse/a2e/). 
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According to the analysis of association of jmj14 function with early development, 

jmj14-regulated genes show an overrepresentation of genes expressed during 

early development in green tissue. Therefore, it is interesting to know whether 

jmj14 regulates the H3K4me3-marked genes in shoots, typically in the green 

organs of seedlings. The overlap between the list of H3K4me3-marked whole 

seedling genes with root genes was sought to obtain the H3K4me3-marked 

genes in green tissue. The non-overlapping whole seedling genes represent the 

H3K4me3-marked genes in shoots (or “green tissue”) only. 5291 of the 

H3K4me3-marked genes are found to present the mark in green tissue only 

(Figure 5.15).  

 

Figure 5. 15 Venn diagram showing the number of genes which are H3K4me3-

marked in common or uniquely in genomic DNA from whole seedlings or roots  

The group of genes marked in whole seedlings after subtracting those marked in 

both whole seedlings and roots represents genes marked in “green tissues” only.  
  

5291 genes
in green tissues

only (28.7%)

547 genes
in roots 

only (3%)

12570 genes 
in both

H3K4me3 marked 
in whole seedlings

(17861 genes)

H3K4me3 marked 
in roots

(13117 genes)
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The H3K4me3-marked genes in the whole seedlings and, separately, in the 

“green tissues” underwent functional gene classification to reveal the biological 

process they represented. Using a Venn diagram, a total of 17016 H3K4me3 

genes marked in the DNA of whole seedlings and 4668 H3K4me3 genes marked 

in the DNA of “green tissue” are found among the expressed genes from the 

processed RNA-Seq data, respectively. These were then treated as a group of 

samples to undergo the functional gene classification analysis. The H3K4me3-

marked genes in the whole seedlings exhibit overrepresentation of 

ribosome/translation, cell cycle, protein fate and signal transduction/ 

communication-related genes (Figure 5.16 A). H3K4me3-marked genes in the 

“green tissues” exhibit overrepresentation of photosynthetic genes and cell cycle-

related genes. (Figure 5.16 B). 
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Figure 5. 16 Functional classification analysis of H3K4me3-marked genes 

y-axis represents the probability of over/underrepresentation of selected 

functional categories for the H3K4me3-marked genes in the DNA of whole 

seedlings (A) and in the DNA of green tissues only (B). The overrepresented 

classes are highlighted by red outlines. Functional categories of cell cycle, 

ribosome/translation, protein fate and signal trand./communication are 

overrepresented in the DNA of whole seedlings. Functional categories of 

photosynthesis and cell cycle are overrepresented in the DNA of green tissues 

only. 

Because JMJ14 encodes a H3K4 trimethyl demethylase, the clusters which are 

defined as lyn1 up-regulated genes are probably the H3K4me3-marked if they 

are JMJ14 primary affected genes. The overrepresentation of total H3K4me3-

marked gene among all the gene clusters of interest was analysed to confirm if 

they were H3K4me3-marked genes. The result shows that all the gene clusters 
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of interest have significant overrepresentation on H3K4me3-marked genes in 

DNA of green tissues, with the exception of cluster 5 (lyn1-dependent light-

independent genes) (Figure 5.17 B). However, none of these clusters show 

overrepresentation on H3K4me3-marked genes in DNA of whole seedlings 

(Figure 5.17 A). 

 
Figure 5. 17 Over/underrepresentation of H3K4me3-marked genes among all the 

differentially expressed gene clusters of interest 

The gene clusters of interest include cluster 5 (lyn1 up-regulated and light-

independent), subclusters 1.1 and 1.10 (lyn1 up-regulated and light-dependent) 

and subclusters 1.2~1.9 (light-dependent only). y-axis represents the probability 

of over/underrepresentation of genes part of the gene clusters of interest among 

the H3K4me3-marked genes in the DNA of whole seedlings (A) and in the DNA 

of green tissues only (B). The overrepresented clusters are highlighted by red 

outlines. All subclusters of cluster 1 (all light-dependent genes) are 

overrepresented among the H3K4me3-marked genes in the DNA of green 

tissues only. 
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5.2.6 Association of H3K4me3-marked global genes with early 
development 

So far, I associated, through overrepresentation, the lyn1-regulated genes with 

genes active during cell entry into differentiation at an early developmental stage 

and with H3K4me3-marked chromatin. Are the genes active during cell entry into 

differentiation at an early developmental stage frequently (disproportionately) 

H3K4me3-marked genes? This was answered by analysing the 

overrepresentation of H3K4me3-marked genes in the DNA of whole seedlings 

and in that of green tissues among genes selected as the expression is increased 

at particular developmental stages, to see if the H3K4me3 mark is particularly 

present in genes expressed at any particular developmental stages. The results 

show that H3K4me3-marked genes in the DNA of whole seedlings and in that of 

roots are greatly overrepresented among the genes upregulated in all early 

developmental stages (Figure 5.18).  
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Figure 5. 18 Overrepresentation of H3K4me3-marked genes among genes 

selected for their increased expression at particular developmental stages 

y-axis represents the probability of over/underrepresentation of genes which 

accompany cell entry into differentiation or represent ongoing development or 

photosynthetic activity among the H3K4me3-marked genes in the DNA of whole 

seedlings (A) and in the DNA of green tissues only (B). The overrepresented 

developmental comparisons are highlighted by red outlines. All the groups of 

genes are very strongly overrepresented among H3K4me3-marked genes in the 

both DNA of whole seedlings and green tissues only. 
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Additionally, the overrepresentation of H3K4me3-marked genes in the DNA of 

both whole seedlings and green tissues in the photosynthesis-related genes, 

global chloroplast developmental genes (a group of genes largely involved in 

chloroplast gene transcription, protein import and division) and chloroplast 

translation-related genes were analysed to reveal if it is possible that jmj14 

promotes early development by particularly regulating chloroplast-related genes 

through H3K4me3 histone modification. The results show that the chloroplast 

translation genes are always underrepresented among the H3K4me3-marked 

genes in the DNA of whole seedlings and in that of green tissues (Figure 5.19). 

The global chloroplast development-associated genes are overrepresented 

among H3K4me3-marked genes in the DNA of whole seedlings but not in that of 

green tissue only. The photosynthesis-associated genes are overrepresented 

among H3K4me3-marked genes in DNA of green tissues but not of whole 

seedlings. 
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Figure 5. 19 Overrepresentation of H3K4me3-marked genes among genes 

classified as chloroplast developmental (global) genes, chloroplast translation-

related genes and photosynthesis-related genes 

y-axis represents the probability of over/underrepresentation of the H3K4me3-

marked genes in the DNA of whole seedlings (A) and in the DNA of green tissues 

only (B) among genes within the following functional classes: chloroplast 

developmental function (global) genes, chloroplast translation-related genes and 

photosynthesis-related genes. The overrepresented functional categories are 

highlighted by red outlines. Chloroplast developmental function (global) genes 

are overrepresented in the DNA of whole seedlings and photosynthesis-related 

genes are overrepresented in the DNA of green tissues only.  

5.3 Discussion 

5.3.1 Association of jmj14 regulation with H3K4me3 
demethylation 

Gene expression is closely related to chromatin state and it can be regulated by 

chromatin modification (Sequeira-Mendes et al., 2014). H3K4 methylation, which 
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found that the up-regulation of FT gene expression in jmj14 mutants is coupled 

with the elevated H3K4 methylation (Jiang et al., 2008; Yang et al., 2010). The 

association between expression level of FT gene and the enrichment of H3K4 

methylation was assessed in vivo. The qPCR result confirms that FT gene 

expression is significantly increased in jmj14 compared to WT. To confirm 

whether the increased FT gene expression level accompanies an increased level 

of H3K4me1/2/3 in FT chromatin, the enrichment of H3K4me1/2/3 on FT 

chromatin at the transcriptional start site and middle region of the gene was 

determined by ChIP-qPCR. It found that H3K4me3 and H3K4me2 at the 5’ end 

of the transcribed region of FT chromatin were increased in jmj14-1 compared to 

WT. H3K4me1 was not increased at this same region. In the central region of FT 

chromatin, only the H3K4me2, in contrast to H3K4me3 and H3K4me1, was 

enriched in jmj14-1 (Yang et al., 2010). Finally, whether JMJ14 directly bind to 

FT gene and repress FT gene expression was confirmed using transgenic plants 

expressing the Jmj4::FLAG fusion protein. Jmj4::FLAG protein was detected by 

ChIP assay using FLAG-specific antibody. It found that JMJ14 binding is 

significantly enriched at the 5’ end of the transcribed region compared to other 

regions. Therefore, the JMJ14 is determined to directly bind and repress FT 

expression by H3K4me2 and H3K4me3 demethylation. A similar assay was also 

performed on JMJ18 and confirmed that JMJ18 repress FLC gene expression by 

directly binding FLC chromatin and demethylating H3K4me2/3 (Yang et al., 2010). 

The H3K4 methylation activity was also assessed in vitro. There is substantial 

evidence to show that JMJ14 is much more efficient at H3K4me3 demethylation 

and less efficient at H3K4me2 and H3K4me1 demethylation in vitro (Lu et al., 

2010; Yang et al., 2009; Jeong et al., 2009). Probably, JMJ14 can also readily 

demethylate H3K4me2 in vivo. Although the majority of genes are marked by 

H3K4me2, H3K4me3 or both. H3K4me3 methylation occurred at the promoter 

region of genes that leads to a positive correlation with transcript abundance and 

this does not show in H3K4me2 (Zhang et al., 2009; Roudier et al., 2011). 
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H3K4me2 is highly enriched when genes were intermediately expressed, 

whereas it is less enriched when genes were either less or highly expressed. 

Therefore, it is very unlikely that jmj14-regulated genes for rescuing light 

response would be H3K4me2-marked, although this cannot be completely ruled 

out. Analysis of the correlation between jmj14-regulated genes and H3K4me2-

marked genes will be more complicated, because when changing the marking 

state, gene expression can be either up- or down-regulated and the expected 

gene expression pattern will become unpredictable. If H3K4me2 is also 

potentially regulated by jmj14, then it will be necessary to study the H3K4 marking 

state on lyn1 directly by ChIP-Seq. According to all the studies of the association 

of H3K4 methylation with gene expression, I predicted that the jmj14 mutant 

causes a defect of H3K4me3 demethylation that increases the expression level 

of JMJ14-regulated genes in jmj14 compared to WT.  

According to the results shown in the last chapter, I realized that jmj14 enhances 

plastid development, even in the dark. A hypothesis immediately followed. jmj14 

may rescue light responses, defective in hy1, by primarily regulating plastid 

genes, in turn increasing chloroplast development later in the light. Based on this 

hypothesis, the study was initially focused on finding the lyn1-enhanced 

expression of chloroplast biogenesis regulatory genes. The lists of H3K4me3-

marked genes in the WT DNA from whole seedlings and roots were obtained 

from the existing literature (Roudier et al., 2011). Several representative genes 

were selected to study their H3K4me3 chromatin marking states in the DNA of 

whole seedlings or of roots. As a very preliminary assessment, the hypothesis 

was supported by comparing the H3K4me3 marking state between different 

categories of gene. The photosynthesis-related genes are all significantly marked 

by H3K4me3 compared to other types of genes. As mentioned in chapter 1, the 

level of H3K4me3 peaks at the 5’-ends of the coding region of actively transcribed 

genes and gradually decreases towards the 3’-ends of the genes (Roudier et al., 
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2011; Dong and Weng, 2013). This characteristic is clearly observed in Figure 

5.14. LHCB1.2, LHCB1.3, APRR2 and GLK1 are typical light-induced and 

nuclear-encoded chloroplast marker protein or biogenesis regulators. CHS 

catalyses the initial step of flavonoid biosynthesis. Flavonoids are important plant 

secondary metabolites that provide floral pigments. CHS gene expression is 

influenced by UV light (Dao et al., 2011). Unlike these photosynthesis-related 

genes, the light-induced CHS gene is not involved in chloroplast development. 

Additionally, the comparisons of H3K4me3 chromatin marking state between 

whole seedlings and roots among different categories of genes also support the 

hypothesis. Because all four photosynthesis-related genes are significantly 

marked in DNA of the whole seedlings and are not in the roots, photosynthesis-

related genes may be regulated by H3K4me3 demethylation in green tissues 

where chloroplasts are present. In contrast, CHS and constitutive genes do not 

have a significantly higher frequency of H3K4me3 chromatin marking in the whole 

seedlings. This observation suggests it is worth exploring the possibility that jmj14 

rescues the light response by directly regulating chloroplast biogenesis regulators. 

Accordingly, studying the H3K4me3-marked gene in the green tissue may be 

critical. 

Unfortunately, the study of Roudier and collaborators only examined whole 

seedlings and roots and not just the green part of seedlings. The H3K4me3-

marked genes in the green organs were manually processed by searching for the 

overlap between these two H3K4me3-marked gene lists of whole seedlings and 

roots. The list of H3K4me3-marked genes in the green region of seedlings was 

expected to show very similar biological functions to the list of whole seedlings, 

because the majority of 7-day whole seedlings sample materials are shoots. 

Although the shoots do not just contain the green organs but also the hypocotyl, 

the majority of tissue of 7-day light-grown seedling’s samples is from the green 
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tissues as the hypocotyls are short. The shoots' data were assumed as green 

tissue data because the small amount of mixture of hypocotyl tissue is negligible. 

The analysis returned to the RNA-Seq data. Once the H3K4me3-marked 

chromatin genes in the whole seedlings and green tissues were obtained, all the 

clusters of interest (lyn1 up-regulated cluster 5 and subclusters 1.1 and 1.10) 

were analysed as to whether they showed overrepresentation of H3K4me3-

marked genes. If these clusters show significant overrepresentation on 

H3K4me3-marked genes, then they would be more likely to be jmj14 up-

regulated the genes. Unfortunately, the H3K4me3-marked genes are always 

underrepresented in cluster 5 in both the DNA of whole seedlings and green 

tissues (Figure 5.13). Since cluster 5 actively excluded any light regulated genes, 

this may have selected against the mark. Probably, the genes of cluster 5 are not 

JMJ14 directly targeted. They are downstream of JMJ14-regulated pathway and 

have no effect of rescuing light response. The gene expression patterns of 

subcluster 1.1 and 1.10 exactly support this idea. Apart from the light influence, 

the genes of these two subclusters are up-regulated in lyn1. In the light, the 

expression of these genes is strongly increased in all genotypes. However, the 

increased expression in lyn1 is still retained in the light. The overrepresentation 

of H3K4me3 green tissue marked genes among the genes of subcluster 1.1 and 

1.10 suggests that the genes of these two subclusters are more likely to be jmj14-

dependent (Figure 5.17 B). The overrepresentation of H3K4me3-marked genes 

also on other gene subclusters (1.2~1.9) suggests that it is possible that the 

impact of the mark on expression is an important factor in the light regulation of 

gene expression, because H3K4me3 has been found as an important component 

for representative light-regulated gene transcription during Arabidopsis seedling 

photomorphogenesis (Guo et al., 2008). In addition, there is not even a single 

chloroplast development-associated gene and chloroplast translation gene is 
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present in the jmj14 up-regulated clusters. Therefore, it is very unlikely that jmj14 

rescues light response by directly regulating chloroplast-associated genes. 

However, H3K4me3-marked genes do not show a similar overrepresentation in 

the whole seedlings. The possible reason is that not all of the genes in the 

H3K4me3-marked gene list of the Roudier’s data are JMJ14-regulated. In 

Arabidopsis, JMJ15 and JMJ18 also display H3K4me3 demethylase activities 

(Liu et al., 2010; Yang et al., 2012a,b). Using the global H3K4me3-marked genes 

as a biological function class to analyse the overrepresentation of JMJ14-

regulated H3K4me3-marked genes in the hypergeometric test cause absence of 

significant overrepresentation. Unfortunately, the overrepresentation of 

H3K4me3-marked genes in green tissues cannot fully indicate whether such 

genes are significantly overrepresented in the gene clusters of interest. This is 

because the non-overlapping genes in the whole seedlings list are not the total 

H3K4me3-marked genes in the green tissues. Some genes are H3K4me3-

marked in both roots and shoots. Removing all the overlapping H3K4me3-

marked genes from the list of whole seedlings also removes many genes which 

are H3K4me3-marked in both of roots and shoots. The remaining whole seedling 

genes are the H3K4me3-marked genes in green tissues only. Using the list of 

H3K4me3-marked genes in green tissue only as a biological function class 

reduces the size of the class substantially, resulting in a reduced expected ratio 

of H3K4m3- marked genes to the population. The hypergeometric test may now 

show a significant overrepresentation of H3K4me3-marked genes. It is more 

convincing if the H3K4me3-marked genes are significantly overrepresented in 

both whole seedlings and green tissues. Another disadvantage of using the 

H3K4me3-marked gene list from the Roudier’s data is that it is not certain that all 

the jmj14 regulated H3K4me3-marked genes are present on the lists. Because 

JMJ14 is predicted to remove the H3K4me3 marks, WT shows the H3K4me3 

chromatin marking state when the markers have already been removed. jmj14 
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mutants would fail to remove the marks, so the H3K4me3 chromatin marking 

state of jmj14 may contain additional genes. Even the genes of cluster 5 show no 

overrepresentation of H3K4me3-marked genes, but they still have the possibility 

to be regulated by jmj14. In summary, the association between H3K4me3-

marked genes and jmj14-regulated gene clusters 1.1 and 1.10 indicates to some 

extent that jmj14-dependent genes can be modified by H3K4me3 demethylation.  

Surprisingly, the presence of HO3 and HEMA3 in cluster 5 was observed when 

jmj14-dependent genes of each cluster of interest were ranked by fold change 

and considered for possible ChIP assay. The elevated expression of HO3 in 

particular in jmj14 mutants is very relevant to the initial hypothesis by which jmj14 

may rescue light responses by directly regulating chloroplast development, as 

HO3 has a redundant function with HO1 (Davis, 2001; Emborg et al., 2006). This 

clearly requires further study. 

One further issue deserves consideration. The “hormone and defence” functional 

category is overrepresented in both lyn1-dependent clusters 1.1 and 1.10. 

Recent studies reveal that chromatin modification plays a role in plant defence 

responses. Plants have a potential ability to resist biotic and abiotic stress by 

activating defence genes in a stereotypic defence response (Boller and Felix, 

2009). It has been observed that defence genes become primed after plants 

undergo stress, in order to respond to a subsequent stress, even a low level one, 

with a more rapid and robust activation of defence response or stress tolerance. 

Histone modification has been found present after stress, and has been predicted 

to act as a memory for defence response in Arabidopsis (van den Burg and 

Takken, 2009). The mark poises the expression of defence gene from enhanced 

activation by gene priming. In particular H3K4 methylation has been found to 

strongly correlate with the occurrence of priming (Conrath, 2011; Jaskiewicz et 

al., 2011). Stress induces a memory of the primary infection on defence genes 

by H3K4 methylation, and as a result the expression of these genes can be 
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amplified during a second stress stimulus. Therefore, the overrepresentation of 

genes which represent “hormone and defence” function in lyn1 up-regulated 

clusters 1.1 and 1.10 means they are probably involved in defence priming by 

H3K4 trimethylation. Given that mutants that are attenuated in pathogen defence 

are often compromised in gene priming (Kohler et al., 2002; Durrant and Dong, 

2004), jmj14 is very likely to play a role in defence gene priming in Arabidopsis.  

5.3.2 Association of jmj14 regulation with early development 

The big question of this project remains which biological process jmj14 regulates 

to rescue the light response. As mentioned above, jmj14 was suspected to 

enhance light response by increasing chloroplast development. Thus, the study 

was forced on finding the lyn1-increased chloroplast genes expression at the 

beginning. However, all the lyn1 up-regulated gene clusters (5, 1.1 and 1.10) do 

not show a significant overrepresentation on any biological function related to 

chloroplast biogenesis except the overrepresentation of metabolism in subcluster 

1.10 (Figure 5.7). According to the functional gene classification results and the 

information contained in the existing literature, another hypothesis emerged: 

jmj14 may regulate genes involved in (or at least active during) cell entry into 

differentiation at an early developmental stage; this would lead to an increased 

chloroplast development, resulting in an enhanced light response.  

Fortunately, Schmid and collaborators studied how transcriptional programmes 

control Arabidopsis development by analysing global gene expression during 

development at multiple stages (Schmid et al., 2005). These data were manually 

processed to obtain several lists of genes which were actively expressed during 

cell entry into differentiation. The lists selected for genes which are active at the 

shoot apical region or in early leaf developmental stages. These lists of genes 

are defined as the representative genes of different stages of development. By 

analysing the overrepresentation of these lists of genes on subclusters of cluster 
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1, the overrepresentations of genes particularly active at the shoot apex (6/7 and 

6/5) appear on the lyn1-dependent subclusters 1.1 and 1.10 (Figure 5.9). 

Analysing the rest of subclusters (1.2~1.9) suggests that those 

overrepresentations are not just a general consequence of the response to light, 

rather the rest of subclusters include a disproportionate number of genes 

selected as expressed specifically in young leaves (17/13 and 17/12). Sample 12, 

13 and 17 are collected from leaves of 17-day old plants. Although 17/13 and 

17/12 represent different development stages (17/13 represents the ongoing 

development vs late development and 17/12 represents the ongoing 

development vs completed development), they probably have already passed the 

point of observation during which the influence of lyn1 regulating gene expression 

changes is apparent. Additionally, the expression of chloroplast-associated 

genes is not significantly elevated during cell entry into differentiation in 7-day old 

seedlings and increased later in 17-day old plants. This also suggests that jmj14 

does not rescue light response by regulating chloroplast development directly. In 

summary, the association of the jmj14-regulated genes with the early 

development (activity in the tissues in the close vicinity of the shoot meristem) 

suggests that light-dependent jmj14-dependent genes are specifically enriched 

in meristem or primordia-active genes and may therefore be involved in cell entry 

into differentiation at an early developmental stage. 

My analysis suggests that it may not be easy to identify individual genes making 

a major contribution to explaining the lyn1 phenotype. However some potentially 

significant genes can be observed. “Cell cycle” was an overrepresented function 

in cluster 5. By reviewing the cell cycle genes present in cluster 5 (genes 

dependent only on lyn1) it is difficult to associate their functions with the impact 

of jmj14, because only 11 cell cycle genes are present in this cluster. One among 

them which may be of particular interest is CDC48B, the Arabidopsis homologue 

of CDC48. Cell division cycle 48 (CDC48) was first identified in yeast (Moir et al., 
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1982). cdc48 mutation was found to cause an apparent block of nuclear division 

in yeast (Moir et al., 1982). CDC48 was also found to be involved in cell division 

and growth during cell proliferation processes particularly at low temperature in 

zebrafish embryonic cells (Imamura et al., 2012). Rapid cell division is often the 

first sign of exit from the stem cell state, and conversion into a progenitor cell. In 

Arabidopsis, cell division rate is limited by CLAVATA3 (CLV3) in the central zone 

of the meristem (Clark et al., 1995). When cells exit stemcell-ness and enter a 

differentiation stage, cells move to primordia. Cells in primordia can be argued to 

be progenitor cells. The cell division rate is no longer repressed by CLV3, so cells 

rapidly divide and expand. Evidence showed that clv3 mutant has enlarged 

meristems (Grandjean et al., 2004). Therefore, the expression of genes which 

regulate cell division rate is very likely to be increased as cells initiate a 

differentiation stage. Because jmj14 is predicted to be involved in cell entry into 

differentiation, the simultaneously increased expression of genes which 

associate with cell proliferation would be explained. 

5.3.3 Association of H3K4me3 demethylation with early 
development 

Through the study of jmj14, the H3K4me3 demethylation and early development 

are indirectly connected, assuming that the function of JMJ14 is indeed that in its 

genomic annotation. Whether H3K4me3 demethylation and early development 

can be directly connected, a prediction of such a function of JMJ14, was also 

analyzed. The H3K4me3-marked genes in whole seedlings and green tissues are 

both significantly overrepresented among all the lists of genes which active during 

cell entry into differentiation in different early developmental stages (Figure 5.18). 

This strongly suggests that the genes which are active during cell entry into early 

differentiation at early development is very likely to be regulated by H3K4me3 

demethylation. 
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Because there is not even a single chloroplast associated gene is present in 

neither jmj14-dependent cluster of interest (5, 1.1 and 1.10) nor the genes which 

are involved in cell entry into differentiation at the early developmental stage of 

6/7 and 6/5, the initial hypothesis which JMJ14 directly regulates chloroplast 

biogenesis can be rule out. Before this hypothesis was completely rejected, the 

overrepresentations of H3K4me3-marked genes among global chloroplast 

development-associated genes and chloroplast translation genes were analysed 

(Figure 5.14). The overrepresentation among H3K4me3-marked genes of the 

chloroplast development (global) functional gene class suggests that such genes 

are disproportionately marked, and therefore may be regulated by H3K4me3 

demethylation. The fact that H3K4me3-marked genes in green tissue only show 

no overrepresentation of either global chloroplast development-associated genes 

or chloroplast translation genes is probably a result of the fact that active plastid 

development is as important during root as it is during shoot development.  

5.3.4 Future work 

Before the RNA-Seq experiment was carried out, expression of several 

chloroplast-associated nuclear genes was quantified by qPCR for finding out if 

any chloroplast development TFs are lyn1-regulated. After the global gene 

expression analysis and association with published literature, I realized that the 

study should particularly focus on the H3K4me3 modified genes which are also 

involved in cell entry into differentiation at the early developmental stages from 

cluster 1.1, 1.10 and 5. The ideal follow-up experiment, instead of examining 

expression of individual genes by qPCR, should be the ChIP followed by qPCR. 

ChIP antibodies are available which will bind and help select modified histones 

carrying the mark of interest, together (if crosslinking has been carried out) with 

the genomic region they are associated with. Antibodies selecting for H3K4me3 

are expected to precipitate a greater number of copies of the target genes from 

jmj14 than from WT chromatin. However, JMJ14 is histone demethylase, the 
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histone methylation state associated with the expression of genes reported by 

Schmid et al. (2005) corresponds to the WT, in which methyl groups may have 

already been removed from the histone. This means some genes whose 

expression can be modified by H3K4me3 are missed. If the histone methylation 

state is tested in jmj14, more genes should appear within the list. Therefore, one 

potential further experimental approach would be to examine the H3K4me3-

marked genes in samples dissected from shoot apices, young leaf primordia and 

cotyledons as carried out by Schmid et al. (2005), but this time comparing mutant 

and WT. 

5.4 Conclusion 

Through studies on two existing publications, the mechanism through which 

jmj14 rescues the light response defect has been, to some extent, revealed. In 

summary, jmj14 causes a defective H3K4me3 demethylation of target nuclear-

encoded genes which in turn keeps these genes active beyond their level when 

JMJ14 is functional. These jmj14 activated genes are fundamental genes 

involved in cell entry into differentiation at the early developmental stages, among 

which are those involved in ribosome/translation, transcription, cell cycle and 

metabolism, but not directly involved in chloroplast development. The overall 

increased development also encompasses the development of plastids, not only 

in the light but also in the dark. Although these genes are also light-induced genes, 

the increased expression of these genes is not due to the light signal directly. The 

light signal is the secondary factor that enlarges the initial light response 

compensation from the enhanced chloroplast development in the differentiation 

stages, resulting in a major rescue of the light response in the hy1 mutant.  
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Chapter 6 General Discussion 

6.1 How does lyn1 rescue the light response defect? 

6.1.1 Is enhanced chloroplast development in lyn1 a primary or 
secondary effect of the mutation?  

Since lyn1 was isolated, I have been assessing the fundamental impact of jmj14 

in rescuing the light response deficiency of hy1 through diverse assays. The initial 

question was whether lyn1 rescues light responses by (a) direct amplification of 

the weak light response in hy1 or (b) due to lyn1 primarily causing enhanced PΦB 

level or etioplast development, and subsequently enhancing chloroplast 

biogenesis, resulting in a rescued light response. Ultimately, this is to question 

whether the primary impact of lyn1 is or is not based on an alteration of light 

signalling. Although hy1 cannot produce a sufficient level of phys, a very small 

amount of phys is still synthesised. This has been supported by the observation 

of hy1 has an intermediate phenotype between that of dark- and light-grown 

seedlings. This implies a leaky synthesis of haem in hy1, due to the fact that HO1 

is not the only enzyme to catalyse the conversion of haem to biliverdin IXα. In 

Arabidopsis, the HO gene family contains 4 members, HO1 to HO4 (Davis, 2001; 

Emborg et al., 2006). It can also be categorized into 2 subfamilies, one including 

HO1-like genes and the other constituted by the HO2 gene alone, according to 

their cellular functions and phylogenetic relationships (Davis, 2001; Emborg et al., 

2006). Although the HO2 gene product has been found to also affect biliverdin 

IXα synthesis and has a significant effect of photomorphogenesis (Emborg et al., 

2006), HO2 does not play the same role as HO1 (Davis, 2001). The HO2 cellular 

function is currently unknown. Its unique function, which is different to that of other 

HOs, could be determined by its poor solubility (Emborg et al., 2006). HO1 has 

been found to be responsible for the majority of biliverdin IXα synthesis because 
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it has been found to be the dominant isoform for phytochrome assembly and has 

clearly the highest expression level compared with other family members, 

whereas HO2 expression level is intermediate and HO3 and HO4 expression 

levels are the lowest (Matsumoto et al., 2004; Emborg et al., 2006). Although the 

oxidative cleavage of haem is mostly based on HO1, HO3 and HO4 also have 

the capacity to synthesise biliverdin IXα. ho3, ho4 and ho3 ho4 mutants do not 

share the severe phenotype of hy1. The hy1 ho3 ho4 triple mutant shows an 

enhanced photomorphogenesis defect compared to hy1 (Emborg et al., 2006). It 

is possible that HO3 and HO4 can partially rescue the deficiency of oxidative 

cleavage of haem which is caused by loss of HO1 in hy1. A low level of production 

of phys mediated by other HOs leads to a very weak but visible light response. 

lyn1 acts as an amplifier to enlarge this weak light response, and in turn enhances 

chloroplast biogenesis, resulting in turn in an enhanced capacity for phy synthesis, 

largely rescuing light responses. In this case, the enhanced chloroplast 

development is a secondary effect, and one can predict that jmj14 should not 

have any impact in the absence of a light signal. This hypothesis has been 

overturned by three crucial assays, which are the analysis of plastid to nuclear 

genome copy number ratio in dark-grown seedlings and the quantitation of 

Pchlide and phytochromobilin-containing photochemically active phytochrome. 

Overall, these three assays suggest that development of plastids had been 

boosted before they converted to chloroplasts. Once seedlings are exposed to 

light, chloroplasts rapidly form. An enhanced chloroplast development in lyn1 

immediately leads to elevating light responses in early development. 

Subsequently, enhanced light response induces a further enhancement of 

chloroplast development. This became a virtuous cycle, eventually resulting in 

clearly increased light response. According to this scenario, which the data favour, 

enhanced chloroplast biogenesis is the primary effect of the lyn1 mutation. 
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6.1.2 How does lyn1 increase the extent of plastid development 
regardless of light? 

Once the primary effect of lyn1 had been identified, a second question 

immediately arises: how does lyn1 enhance plastid development? According to 

the analysis of plastid to nuclear genome copy number ratio, the plastid 

compartment was increased by lyn1 not only in the light but also in the dark. 

Furthermore, chloroplast compartment analysis suggests that lyn1 increases the 

chloroplast compartment by increasing chloroplast size. I proposed that the lyn1 

mutation increases plastid development in the dark by enlarging plastid size, 

which ultimately requires enhanced or prolonged growth. The enhanced plastid 

development may, as a consequence, simultaneously enhance tetrapyrrole 

synthesis. Indeed, the assays quantifying tetrapyrrole synthesis support this 

hypothesis. However, I do not know whether lyn1 primarily increases plastid 

development in general, which leads to an increased tetrapyrrole synthesis, or 

whether lyn1 primarily regulates the expression of genes of the tetrapyrrole 

synthetic pathway-related enzymes, which in turn leads to an increased plastid 

development via retrograde signalling. In the second scenario, some enzymes, 

such as HO family enzymes, could possibly be affected by jmj14. I tried to 

coordinate all the evidence to explain the function of lyn1, but some 

contradictions remain between these conclusions and some current models of 

processes involved in chloroplast development, as will be described in the 

following section. 

6.1.2.1 lyn1 boosts general plastid biogenesis during cell entry into 

differentiation very early in development 

Plant development, or the development of a plant organ such a leaf, is initiated 

by originally-identical cells acquiring individual identities, and them doing so while 

growing and at the right locations and times. Leaf development can be analysed 
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through this "cellular perspective" (Kalve et al., 2014). According to such a 

perspective, one can consider a cell as going through a series of consecutive 

stages. Initially, fully undifferentiated cells in the central zone of the shoot apical 

meristem undergo slow division. During this stage, expressed genes would 

primarily be considered housekeeping genes. In a second stage, cells exit 

stemcell-ness and enter a differentiation route, which initially involves rapid 

proliferation, to generate the number of future mesophyll cells (or those of other 

identities). Meanwhile, together with organelle growth, plastids rapidly proliferate 

to increase in number. Cells would, at this stage, be at the flanks of the shoot 

meristem and have entered leaf primordia. Although the leaf primordia can still 

be considered part of the meristem, cells are no longer considered to be stem 

cells. At this time, cells in the subepidermal layer of the Arabidopsis meristem 

contain abundant plastids but very little sign of photosynthetic chloroplast 

development (Charuvi et al., 2012). In a third stage, cells in those very early 

primordia initiate full differentiation, including greening and full chloroplast 

development. A green organ forms. It is at this stage that one would expect the 

most abundant expression of photosynthesis-associated genes. Finally, I could 

consider a fourth stage in which cells no longer build new organelles, and 

eventually enter senescence in order to recycle cellular materials. Such a 

sequence is approximately the one seen in a differentiating maize leaf. Although 

the first, "stem cell" stage is almost by definition not present (since a leaf is being 

analysed), stages two, three and four can be observed, involving the expression 

of plastid housekeeping genes, then that of photosynthesis-associated genes, 

then that of senescence-associated genes (Chotewutmontri and Barkan, 2016).  

The analysis of the transcript profile changes in the lyn1 mutant, together with 

that of presence of the associated histone modification in genes expressed at 

different stages of development, allow an overall hypothesis in which the mutation 

enhances the expression of genes active in the transition between stages 1 and 
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2. Such genes are active at the meristem but are associated with exit from 

stemcell-ness, and their action accompanies early plastid development. The most 

promising explanation of how jmj14 rescues the light response defect is that jmj14 

increases the overall development and simultaneously encourages plastid 

development in these early developmental stages, which subsequently leads to 

a somewhat enhanced building of chloroplasts. This slightly enhanced 

chloroplast development can promote, via photoreceptor rescue, a slightly 

enhanced light response, which in turn elevates chloroplast biogenesis in a 

virtuous cycle, resulting in a substantially increased light response. This scenario 

is supported by the majority of assays, especially the global gene expression 

analysis. Notably, the increased tetrapyrrole synthesis (Pchlide and PΦB) can be 

explained as the unavoidable result of the generally boosted plastid biogenesis. 

In other words, lyn1 enhances plastid biogenesis and simultaneously increases 

the capacity of the tetrapyrrole synthesis pathway. However here a difficulty 

arises. As hy1 has a defect in the oxidative cleavage of haem, increasing the 

capacity of the tetrapyrrole synthesis pathway can lead to a greater accumulation 

of haem. Haem acts as a positive regulator of chloroplast development through 

its role in retrograde signalling (Woodson et al., 2011). Elevated haem would be 

the easiest explanation for the gun phenotype of the hy1 mutant. Stronger 

retrograde signalling should lead to greater PhANGs gene expression even in 

lyn1 hy1 under treatment with NF or other plastid-toxic drugs, or at least the same 

level of gene expression as that in hy1. However, the gun phenotype assays 

which were performed by the previous researchers contradict this prediction. 

PhANGs gene expression is elevated under NF in hy1 relative to the wild type. In 

other words, hy1 is a gun mutant. One previous study (as mentioned in chapter 

1.4.4) showed PhANGs expression decreased in lyn1 hy1 compared to hy1. This 

phenomenon was also supported by microscopy observations. The GFP reporter 

which is driven by LHCB promoter was present in the seedlings among which the 

lyn1 mutant was originally identified, since it formed the basis for the genetic 
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screen. In the presence of NF, the fluorescence of the reporter was elevated in 

hy1, and reduced in WT and lyn1 hy1 (López-Juez, personal communication). 

Because of the observation that lyn1 eliminates the gun phenotype of hy1, 

according to these two assays, my initial hypothesis was that lyn1 impacts plastid 

development directly and somehow increases the PΦB level.  

6.1.2.2 lyn1 eliminates accumulation of haem 

Another scenario is my initial hypothesis that lyn1 directly regulates nuclear-

encoded chloroplast proteins, especially the chloroplast-associated TFs and the 

enzymes which mediate the tetrapyrrole synthesis pathway, and in turn increases 

plastid development. Although qPCR and RNA-Seq analyses do not show any 

enhanced chloroplast TFs, remarkably HO3 is found among the genes of cluster 

5 which are light-independent and lyn1-dependent, from the analysis of RNA-Seq 

data. HO3 gene expression is significantly increased by the lyn1 mutation 

compared to the control. This immediately raises the possibility that lyn1 may 

increase HO3 production, which in turn unblocks the PΦB synthesis pathway. In 

this way, more PΦB is synthesised and less haem is accumulated, resulting in 

an enhanced phytochrome production and reduced retrograde signalling. The 

reduced accumulation of haem would reduce the expression of PhANGs. This is 

in accordance with the observation that lyn1 eliminates the gun phenotype of hy1 

in the presence of NF. However, this observation has to be understood together 

with another one resulting from previous research (described in section 1.4.5). 

Previous researchers in my laboratory determined that PhyA apoprotein 

remained stable in the light, undegraded in the lyn1 hy1 mutant. PΦB synthesised 

by HO3 and HO4 can bind multiple phytochrome apoproteins (Shekhawat and 

Verma, 2010). The continued presence of PhyA apoprotein in the cytoplasm in 

the light suggests that while some extra HO activity is probably present in lyn1 

hy1, that amount is small. In addition, the HO3 gene carries only H3K4me2 and 

not H3K4me3 modifications (according to data from Roudier et al., 2011), making 
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it less likely to be a direct target of JMJ14 action. Although jmj14 is more efficient 

at H3K4me3 demethylation, it is still possible that jmj14 regulates HO3 by 

H3K4me2 demethylation. Alternatively, lyn1 might carry at HO3 a mark which is 

absent in the WT. Finally, lyn1 might be a higher hierarchical regulator that 

indirectly regulates HO3 expression. To further confirm whether lyn1 increases 

PΦB level in lyn1 mutants by increasing the HO3 gene expression, my laboratory 

is currently generating a lyn1 hy1 ho3 triple mutant for further research. Any 

extent of rescue of hy1 by lyn1 due to elevated HO3, should disappear in the 

triple mutant (i.e. ho3 would reverse the suppression of hy1 by lyn1). 

Another attractive gene of interest whose expression is slightly elevated by the 

lyn1 mutation is HEMA3. HEMA3 is also found in the above-mentioned cluster 5. 

HEMA1 and HEMA2 are the two most common glutamyl-tRNA reductases that 

have been widely studied. As mentioned before, glutamyl-tRNA reductases are 

the rate-limiting enzymes in the initial step of the tetrapyrrole synthesis pathway. 

Increasing HEMAs can enhance tetrapyrrole synthesis by boosting upstream 

intermediates. HEMA1 is expressed in all regions of the plant, but HEMA2 is only 

expressed at low levels in roots and flowers (Kumar et al., 1996). Under normal 

conditions HEMA3 expression is very low (Matsumoto et al., 2004), so HEMA3 

probably acts like HO3 and HO4, to complement glutamyl-tRNA reductases' 

activity if the dominant HEMA1 and HEMA2 enzymes are not present. 

Interestingly, HEMA3 is an H3K4me3-marked gene, hence potentially directly 

regulated by JMJ14.  

In all truth, I cannot at present conclude whether or not the enhanced chloroplast 

development in lyn1 is related to a reduced tendency to accumulate haem, 

because I do not understand whether, or how, haem accumulation impacts 

chloroplast development in hy1. On the one hand hy1 exhibits reduced plastid 

development, even in the dark. On the other, in the presence of NF, it exhibits 

enhanced PhANG expression, beyond that observed in the wild type. 
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Understanding whether tetrapyrrole retrograde signals explain the phenotype of 

lyn1 needs a better understanding of the role of tetrapyrrole retrograde signals in 

chloroplast development. 

An investigation from my laboratory has shown that lyn1 suppresses cue8, which 

is a chloroplast protein import defective mutant (Loudya and López-Juez, 

personal communication). It was found that lyn1 cue8 has a significantly higher 

chlorophyll content than cue8. CUE8 encodes TIC100, which is a subunit of a 

Translocon of the Inner membrane of Chloroplasts (TIC) complex. Because this 

complex has channel activity when it is reconstituted in vitro, it is proposed to be 

a general TIC translocon (Jarvis and López-Juez, 2013). Chloroplast protein 

import requires TIC and Translocon of the Outer membrane of Chloroplasts (TOC) 

components on the inner and outer membrane, respectively. Currently, some 

evidence indicates that photosynthetic proteins and non-photosynthetic 

(housekeeping) proteins are imported separately through different TOC 

complexes on the outer membrane. It is not clear whether these different types 

of proteins are imported into the stroma by sharing the same TIC complex 

channel or through a different channel on the inner membrane. If the imports of 

two types of proteins share the same TIC complex channel, then lyn1 cannot 

simply rescue the chloroplast defect of cue8 by importing more non-

photosynthetic proteins. Therefore, HO3 and HEMA3 cannot be import into 

plastid and subsequently convert haem to Biliverdin IXα even the production of 

HO3 and HEMA3 is increased. If non-photosynthetic proteins are imported 

through a different TIC complexes channel which is established without the CUE8 

subunit on the inner membrane, then lyn1 mediating tetrapyrrole synthesis, by 

regulating HO3 and HEMA3 gene expression, becomes possible. The possibility 

of this modal gradually reduced during the progression of the research but is still 

under the consideration. The fact that lyn1 is able to rescue a general chloroplast 
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defect in cue8 becomes one of the stronger indications that the primary effect of 

the lyn1 mutation is a primary boost of plastid biogenesis. 

6.2 Importance of the analysis of epigenetic 

mechanisms beyond this study 

Epigenetic mechanisms have been proposed to play crucial roles in a variety of 

organisms’ development. Typically, they are important in embryonic stem cell 

differentiation and self-renewal and somatic cell reprogramming in mammals. 

The earliest development stage of multicellular organisms is a zygote, which is a 

totipotent stem cell containing a single genome and can give rise to hundreds of 

cell types (Mitalipov and Wolf, 2009). The inner cell mass of the blastocyst, which 

develops from the zygote, is made of embryonic stem cells (Evans and Kaufman, 

1981; Thomson et al., 1998). Embryonic stem cells are pluripotent, having the 

capacity to generate all cell lineages of the developing and adult organism by 

differentiation (Gaspar-Maia et al., 2011). They are also self-renewing cells that 

have the ability to proliferate in the same state. A gene expression programme of 

embryonic stem cells responds to developmental cues to make the decision of 

remaining at a self-renew stage or entering into a differentiation stage (Young, 

2011). Compared to multipotent somatic cells which usually generate cells of the 

tissue in which they are, embryonic cells have a more unrestricted differentiation 

capacity (Dzierzak, 2005; Kriegstein and Alvarez-Buylla, 2009). Although the 

differentiation capacity of the somatic cell is restricted, pluripotent stem cells can 

be technically induced from differentiated somatic cells to regain the pluripotency 

through somatic cell reprogramming (Jaenisch and Young, 2008). Studying of 

stem cell pluripotency is important for regenerative medicine, tissue engineering 

and disease modelling in the clinic. 
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Determination of cellular identity is depent on the lineage-specific regulatory gene 

expression programme which is closely controlled by epigenetic marks. These 

epigenetic marks participate in the transcriptional activation, establishing a 

poised state for activation in response to development cues or keeping a silent 

state of the lineage-specific regulatory gene expression by chromatin 

modifications (Young, 2011). Chromatin exists in either heterochromatin or 

euchromatin form according to their differential compaction. Heterochromatin is 

intensely stained and more compact, a “closed” chromatin form, compared to 

euchromatin, an “open” form (Heitz, 1928). The ratio between euchromatin and 

heterochromatin being much higher in pluripotent stem cells than in differentiated 

cells reveals that chromatin is naturally “opened” in pluripotent stem cells 

(Meshorer and Misteli, 2006). In other words, chromatin is “closed” and more 

heterochromatin appears in differentiated cells. Epigenetic marks such as DNA 

methylation and histone modification are important factors to maintain chromatin 

state. DNA methylation is more stable and inheritable (Gaspar-Maia et al., 2011). 

DNA methylation at promoters has been shown to silence the expression of 

“lineage-specific regulatory genes” during cell differentiation (Bird, 2002). 

However, DNA methylation is probably dispensable for initial lineage specification 

in early embryos. Lacking all three DNA methyltransferases, mouse embryonic 

stem cells still can self-renew and can even begin to differentiate (Jackson et al., 

2004; Tsumura et al., 2006). Like DNA methylation, histone modification is also 

important in regulating the expression of lineage-specific regulatory genes. The 

active histone marks, H3K9ac, H3K27ac, H4K5ac, H3K4me3 and H3K36me3, 

are highly correlated with pluripotency of undifferentiated cells (Cota et al., 2013; 

Li et al., 2015). In addition to the H3K4me3 histone mark which has been well 

described in this thesis, H3K36me3 is another interesting active histone 

methylation mark which is sharply enriched after promoter and consistently 

present along the transcribed region in mammals (Bannister et al., 2005; Barski 

et al., 2007). This indicates that, unlike H3K4me3 promoting the transcriptional 
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initiation, H3K36me3 is associated with transcriptional elongation. H3K9me3, 

H3K27me3 and H2AK119u (H2A-K119 monoubiquitination) are the most 

common of the well known repressive marks (Cota et al., 2013). H3K9me3 is 

located in the promoter region to repress the self-renewal and pluripotency of 

lineage-specific regulatory genes by silencing their expression during cell 

differentiation. This has been further supported by western blot and 

immunofluorescence analyses showing that H3K9me3 are enriched in 

heterochromatin (Meshorer et al., 2006). Although H3K27me3 and DNA 

methylation are both involved in the establishment and maintenance of gene 

silencing in the promoter region, H3K27me3 is more often recruited onto CG-rich 

promoters and DNA methylation preferentially occurs in the promoters with low 

CG density (Hagarman et al., 2013; Xie et al., 2013; Rose and Klose, 2014). 

Interestingly, functionally opposite histone marks can synchronously exist at the 

same promoter regions. The activating mark (H3K4me3) and repressive mark 

(H3K27me3) are both found on the bivalent domains to poise expression of 

lineage-specific regulatory genes. Bivalent histone modifications prevent 

premature differentiation through H3K27me3 repression and simultaneously 

keep genes poised for rapid expression upon differentiation by H3K4me3 

activation (Bernstein et al., 2006; Pan et al., 2007). 

6.3 Applications of this work 

6.3.1 Silencing of JMJ14 homologues in rice bundle sheath cells. 

The study of JMJ14 function has revealed that rather than acting as the 

chloroplast developmental-associated TFs (such as HY5) or their negative 

regulators (as COP1), which directly regulate chloroplast biogenesis, JMJ14 can 

be determined as a distinctive chloroplast biogenesis regulator which acts 

through an alternative route to boost chloroplast development. As mentioned in 

chapter 1.3.1, HY5 has been identified as a chloroplast biogenesis positive 
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regulator (Jiao et al., 2007; Li et al., 2011; Arsovski et al., 2012), whereas COP1, 

DET1 and DDB1 are identified as chloroplast biogenesis negative regulators 

(Jiao et al., 2007; Li et al., 2011). The genes encoding their homologues, LeHY5, 

LeCOP1LIKE, HP2 (the homologue of DET1) and HP1 (the homologue of DDB1) 

have been studied in tomato (Liu et al., 2004). All of them showed the same 

function, regulating light responses, as their homologues in Arabidopsis, 

respectively. Because HY5 is required for LHCB transcriptional expression in 

Arabidopsis (Lee et al., 2007; Waters et al., 2008), repressing LeHY5 leads to 

normal plastid numbers but clear deficiencies in both abundance and 

organization of thylakoids in tomato. hp1 mutation induces an increased plastid 

number and a typical thylakoid structure and grana stacking. Meanwhile, the 

study of Liu and collaborators (2004) found that repressing LeHY5 reduces 

chlorophyll accumulation and repressing LeCOP1LIKE enhances chlorophyll 

accumulation in tomato leaves and fruits (Liu et al., 2004). This reveals that 

manipulation of light signal transduction can modulate activity of the chloroplast 

biogenesis pathway that may ultimately improve the efficiency of crop yields. 

However, HY5, COP1, DET1 and DDB1 all function in a same biological pathway. 

Overexpressing or repressing these chloroplast biogenesis regulators does not 

enhance chloroplast development to a dramatic extent, with the exception of 

DET1, but silencing of DET1 has multiple other effects. In contrast, JMJ14 

enhances chloroplast development through a completely different pathway. It 

would be interesting to investigate whether repressing JMJ14, while 

simultaneously enhancing HY5 or repressing COP1, DET1 and DDB1, can 

generate a dramatically increased chloroplast development mutant which may be 

worthy of study in other species for commercial utilization. 

JMJ704 is the closest homologue of JMJ14 in rice. There have been very few 

studies of JMJ704 function. The most recent study found that JMJ704 is a positive 

regulator of rice bacterial blight (BB) resistance (Hou et al., 2015). Xanthomonas 
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oryzae pv. oryzae (Xoo) is a BB pathogen which can cause serious disease in 

rice. JMJ704 gene expression level is up-regulated after Xoo infection and 

reaches the maximum level after 24 hours. The jmj704 knock-down mutant is 

more susceptible to Xoo compared to WT. The preliminary result from Hou et al., 

(2015) showed that global methylation levels of H3K4me2/3 increased in jmj704 

mutants. This, as expected, suggests that JMJ704 is a potential H3K4me2/3 

demethylase. Moreover, it was found that the expression of several negative 

master regulators of BB resistance were up-regulated in jmj704 whereas 

H3K4me2/3 marks were enriched in those genes. Therefore, JMJ704 is proposed 

to repress BB resistance negative regulators via H3K4me2/3 demethylation. If I 

want to enhance chloroplast development in rice by silencing JMJ704, an 

enhanced disease susceptibility may also occur.  

As shown in chapter 4.1.1, chloroplast development is almost saturated in 

mesophyll cells, so it is difficult to further increase the chloroplast development in 

those cells. In contrast, bundle sheath cells have less developed chloroplast 

compared to mesophyll cells, so there is a greater possibility to increase the 

chloroplast development in bundle sheath cells. My lab collaborators who are 

working on the C4 rice project are interested in using this gene in their study. The 

majority of plants, including Arabidopsis and crop plants such as rice, are C3 

plants. Compared to C3 plants, C4 plants carry out more efficient photosynthesis, 

specifically faster carbon fixation because they almost completely avoid 

photorespiration. My lab collaborators are developing a “cutting-edge” rice for the 

future by converting C3 rice to C4 rice and resulting in a better yielding C4 rice 

(Hibberd et al., 2008). Additionally, they are using different strategies to further 

increase the photosynthesis in C4 rice. jmj14 has shown that it directly or 

indirectly up-regulates chloroplast development, which leads to an enhanced 

greening in Arabidopsis. According to the alignment of JMJ14 homologues, 

OsJMJ704 has the closest phylogenetic relationship in rice with AtJMJ14. The 
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Osjmj704 mutation may also enhance chloroplast development and 

photosynthesis in the rice bundle sheath cells. Studying OsJMJ704 may help the 

C4 rice project to roll into the next phase. Clearly the development of converting 

C3 rice into C4 rice and enhancing photosynthesis will surely lead to considerable 

economic benefit to the grower.  

6.3.2 Stress tolerance and JMJ14 homologues 

Since JMJ14 shows a close phylogenetic relationship with JMJ15 and JMJ18, 

JMJ14 may regulate the targets of the other paralogues. There is one study which 

focused on the stress tolerance of JMJ15-overexpressing plants (Shen et al., 

2014). The authors used the Affymetrix Arabidopsis ATH1 Genome Array to 

quantified the gene expression in those plants. They found that a third of the 

down-regulated genes are stress-responsive signalling protein genes when 

JMJ15 is overexpressed. They confirmed that 85% of down-regulated genes are 

H3K4me2/3 marked genes. Therefore, JMJ15 was proposed to down-regulate 

stress-responsive signalling protein genes by H3K4me2/3 demethylation. 

Additionally, the authors found that half of the JMJ15 down-regulated and 

H3K4me2/3 marked genes are TFs. Thus, JMJ15 was proposed to act as a 

higher hierarchical regulator. They particularly assessed the salt stress tolerance 

of overexpressed JMJ15 plants and jmj15 loss-of-function mutants by growing 

these two types of mutants on a 1/2 MS media containing NaCl. The 

overexpressed JMJ15 plants have an enhanced plant tolerance to salt stress. In 

contrast, the loss-of-function jmj15 mutants have a reduced stress resistance.  

In the study of rice JMJ704 regulating BB resistance, the GO analysis of 

significantly expressed genes between rice jmj704 mutant and WT also reveals 

that “response to stress” was significantly enriched (Shen et al., 2014). As 

OsJMJ704 and AtJMJ15 are the closest homologues of JMJ14 in rice and 

Arabidopsis, respectively, jmj14 may have a similar function of mediating stress 
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response and regulating TFs. Indeed, the GO term of total significantly expressed 

genes from the RNA-Seq analysis has shown that the categories of “response to 

stress” were significantly enriched by the jmj14 mutation. This suggests that jmj14 

might be involved in regulating stress response. Probably, jmj14 is also a higher 

hierarchical regulator that enhances light response by regulating some TFs which 

might not have been detected by the RNA-Seq data analysis. Although this 

project is not focused on the stress response of jmj14, this could be further 

researched as a separate project.  

6.4 Conclusion 

The work shown in this thesis is a project continuing from the work of previous 

researchers and my MSc study, and which focused on the lyn1 impact on 

chloroplast development. Through the work in this project, the conclusions 

achieved, and the further studies of potential promise are summarized below: 

1. The LYN1 gene was confirmed to be JMJ14. JMJ14 has been studied with 

regards to controlling flowering time and mediating gene silencing by other 

research groups, but none of those studies had noticed a function in 

regulating chloroplast development. Fortunately, my laboratory identified 

lyn1 by screening a suppressor of a light response defective mutant.  

2. More studies were carried out to assess the lyn1 suppression on hy1 and 

the function of LYN1. Interestingly, lyn1 was found to boost plastid 

development by increasing the plastid compartment and the tetrapyrrole 

synthesis pathway regardless of light.  

3. The jmj14-regulated cellular function was investigated by global gene 

expression analysis. The most likely scenario is that jmj14 enhances plastid 

development by elevating meristem or primordia-active genes which 

modulate the transition towards cell differentiation in the early development 

stages.  
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4. The histone marking state of these meristem or primordia-active genes can 

be further studied in future by ChIP and expression of these genes can be 

quantified by ChIP-qPCR.  

5. The study of JMJ14 homology helped me to consider other potential 

functions of JMJ14. Among the JMJ14 homologues, OsJMJ704 would be the 

primary candidate to have conserved the same function which is regulating 

chloroplast development in rice. The study of OSJMJ704 in the C4 rice 

project may make a great contribution for future life on planet Earth. 
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Appendix 

 

Figure 7. 1 lyn1 effect of protochlorophyllide level in the dark. 

Protochlorophyllide was extracted form 0.025g of 5-day-old dark grown seedlings 

and incubated in dimethyl formamide (DMF) in the dark. The fluorescence 

emission spectra recorded using 433nm excitation. The peak of emission at 

approximately 631nm corresponds to protochlorophyllide. n=6. 
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Figure 7. 2 Chloroplast compartment quantification in mesophyll cells of rosette 

and cauline leaves 

A. Observation of chloroplast development under DIC microscopy 

B. Quantifying the cell index of WT, lyn1, hy1 and lyn1 hy1. 
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Figure 7. 3 JMJ14 location on Arabidopsis genetic map  

This figure shows the location of JMJ14 and the genetic linkage of JMJ14 with 

other genes which are involved in this project. The doubles mutants can be 

generated because the mutations are not linked except for cry1. The Figure was 

generated from chromosome viewer at The Bio-Analytic Resource for Plant 

Biology. 
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Figure 7. 4 pGEM®-T Easy Vector map 

Figure showing pGEM®-T Easy Vector Systems was reproduced from Promega 

manual script. 
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Figure 7. 5 pDONRTM201 Vector map  

Figure reproduced from Invitrogen Manual "Gateway pDONR Vectors" vers. E, 

27 June 2007, 25-0531 
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Figure 7. 6 GatewayTM Destination Vector pB2GW7 vector circle map  

Figure from (Karimi et al., 2002).  
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Figure 7. 7 Schematic domain structure of JMJ14 homologues 
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Figure 7. 8 All clusters resulting from the k-means clustering of all differentially 

expressed genes 

Clustering of significantly, differentially expressed genes according to the gene 

expression pattern of 4 genotypes (WT, lyn1, hy1 and lyn1 hy1) and both light 

conditions (light and dark). Clustering used k-means algorithm, Euclidean 

Distance as a similarity metric, and a limit of 5 clusters for clustering total 

differentially expressed genes. x-axis shows genotypes and light condition. Light 

and Dark samples are coloured in red and black respectively and separated by 

solid lines. Four genotypes are separated by dotted lines. Except lyn1_light, 

lyn1_dark and hy1_dark which have 2 biological replicates, the rest of samples 

all include 3 biological replicates. The y-axis shows expression values (log2 scale) 

centred around the median for each gene. The pink lines represent the average 

of gene expression values in log2 scale after normalization. Cluster 1 is light up-

regulated. Cluster 5 is light independent and lyn1 up-regulated. Custer 1 and 5, 

highlighted by red outlines, are the gene clusters of interest. 
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Figure 7. 9 Sub-clusters resulting from the k-means clustering of differentially 

expressed genes present in cluster 1 

Re-clustering of cluster 1 of significantly, differentially expressed genes according 

to the gene expression pattern of 4 genotypes (WT, lyn1, hy1 and lyn1 hy1) and 

both light conditions (light and dark). Clustering used k-means algorithm, 

Euclidean Distance, and a limit of 10 clusters for re-clustering genes included in 

cluster 1 of differentially expressed genes. Axes and legend as for Figure 7.8. 

Subclusters 1.1 and 1.10, highlighted by red outlines, are light up-regulated and 

lyn1 up-regulated, and are the gene clusters of interest. 
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Table 7. 3 Multiple sequence alignment of JMJ14 homologues 
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