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Tiivistelmä – Referat – Abstract 

 

Plant lives and grows in variable environment and climate conditions. Everyday plants can be 

confronted with a variety of abiotic (temperature, light, salt, water availability) and biotic stress 

(pathogens, insects etc). These abiotic and biotic stress can halt plant growth and influence crop 

productivity. Plant has evolved signaling mechanism and different responses to adapt or 

respond with these unfavorable environmental conditions. Our group’s previous research 

identified a new mutant in the model plant Arabidopsis thaliana with a striking phenotype – 

when the plants ages it progressively becomes yellow and eventually the entire plant is white. 

The mutant was named “white” after its striking appearance. The phenotype is associated with 

increased accumulation of mRNA transcript for stress and senescence regulated genes. Mapping 

of the mutation identified a 4 bp deletion in a gene EGY1 that encodes a metalloprotease located 

in the chloroplast. To identify molecular mechanisms that regulate this unusual type of 

premature senescence, a suppressor mutants screen was performed in the white mutant, and 

three suppressors that restore normal appearance to the plant was identified. Mapping of one 

of these suppressors, identified a mutation in STAY GREEN1 (SGR1) as a likely candidate. SGR1 

encodes the protein that catalyze the first step in chlorophyll breakdown, removal of Mg2+ from 

chlorophyll. The overall aim of my master thesis was to understand the molecular mechanisms 

behind the development of the age and chlorophyll related phenotypes in the white mutant and 

its two suppressors S1 and S2. Furthermore, with gene expression analysis, plant stress and 

senescence responses were studied in white, S1 and S2. By complementation method I proved 

that mutations in SGR1 gene caused the development of suppressor mutant phenotype and 

restoration of wild type allele of SGR1 gene restore white phenotype in suppressor mutant. 

Measurements of chlorophyll concentration provided further evidence that the mutation in 

SGR1 stabilizes the suppressor mutant phenotype, stops chlorophyll breakdown and keep the 

leaves green. Gene expression study using qPCR with marker genes provided insight of 

molecular changes within these phenotypes. 

Avainsanat – Nyckelord – Keywords 

SGR1, white, S1, S2 
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1 INTRODUCTION 

Plant lives and grows in variable environment and climate condition. Everyday plants can be 

confronted with a variety of abiotic (temperature, light, salt, water availability) and biotic stress 

(pathogens, insects etc.). These abiotic and biotic stress can halt plant growth and influence crop 

productivity. Plant has evolved various signaling mechanism and different responses to adapt or 

respond with these unfavorable environmental conditions. Our group's previous research identified 

a new mutant in the model plant Arabidopsis thaliana with a striking phenotype – when the plants 

ages it progressively becomes yellow and eventually the entire plant is white. The mutant was 

named “white” after its striking appearance. The phenotype is associated with increased 

accumulation of mRNA transcript for stress and senescence regulated genes. Mapping of the 

mutation identified a 4 bp deletion in a gene EGY1 that encodes a metalloprotease located in the 

chloroplast. To identify molecular mechanisms that regulate this unusual type of premature 

senescence, a suppressor mutant screen was performed in the white mutant, and three suppressors 

that restore normal appearance to the plant was identified. Mapping of one of these suppressors, 

identified a mutation in STAY GREEN1 (SGR1) as a likely candidate. SGR1 encodes the protein that 

catalyze the first step in chlorophyll breakdown, removal of Mg2+ from chlorophyll. The goal of this 

thesis is to further characterize the white mutant and its suppressors mutants in relation to 

regulation of chloroplast function and plant senescence.  

 

2. LITERATURE REVIEW 

2.1 Chloroplast and it’s structural components 
Plant use photosynthesis to make their own food by capturing the solar energy and convert it into 

the chemical energy in the form of useable oxygen and carbon (sugar). Photosynthesis maintain 

sustainable environment on earth by providing oxygen and food, thus it is essential to develop life 

on earth. This process takes place within a cellular organelle of plant cells named chloroplast. The 

chloroplast is a member of diverse prototypical autonomous organelles plastid and possess unique 

kind of metabolic power, mainly found in plants, higher algae and some protists (Roston et al., 

2018). Chloroplasts develop from the integration of eukaryotic hosts and photosynthetic 
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prokaryotes through an ancient symbiotic process (Gao et al., 2018) Shape of the chloroplast vary 

from plant to plant and can be spheroid, discoid, filamentous and ovoid. Chloroplast have important 

and special structures that allows photosynthesis. Complex structure of chloroplast harbor two 

outer chloroplast membrane (chloroplast envelop) and one folded inner membrane called thylakoid 

(Gao et al., 2018). 

                               

  Fig 1: Structure of chloroplast. Adapted from Britannica. 

(https://www.britannica.com/science/chloroplast) 

 

Light-dependent reactions of photosynthesis occurs in thylakoid membrane. Thylakoid structure 

composed of two domains, the grana domain and the stroma lamellae domain. The grana domain 

consists around 5-20 layers of stacks of cylindrical thylakoid membrane disks. On the other hand, 

pairs of stroma lamellae domain connect the grana stacks. Thylakoid membrane composed of 

phospholipids and galactolipids. These lipids are important to maintain the integrity of thylakoid 

membrane (Yoshitake et al., 2017). Thylakoid lumen is aqueous portion of thylakoid surrounded by 

thylakoid membrane. Thylakoid lumen plays a vital role in photophosphorylation by receiving 

protons pumped from thylakoid membrane (Sprague, 1987; Kirchhoff, 2013).  
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2.2 Chloroplast proteins  

The chloroplast genome contains approximately 120-130 genes, most of them encodes 

photosynthetic machinery proteins and other components required to develop organelles structure 

(Jensen and Leister, 2014). Several thousands of chloroplast proteins are involved in photosynthesis, 

hormone synthesis and other processes localized in the chloroplast (Uniacke and Zerges, 2009). 

Hence, the chloroplasts contain more proteins than their genome can code for and most of these 

proteins are encoded from the nuclear genome and transported into the chloroplast post 

transcriptionally (Jarvis and López-Juez, 2013). Proteomics study identified that chloroplast 

thylakoid contains 116 integral membrane proteins, 89 luminal proteins, 68 luminal peripheral 

proteins and 62 stromal peripheral proteins (Peltier et al., 2000, 2002). Thylakoid membrane 

contains four integral membrane protein complexes photosystem I (PSI), photosystem II (PSII), 

cytochrome b6f complex and F-ATPase(Gao et al., 2018). PSI and F-ATPase located in thylakoid 

stroma and PSII located in thylakoid grana. On the other hand, cytochrome b6f is evenly located 

throughout the membrane. Plastoquinone and Plastocyanin are shuttle proteins that carry electron 

from PSII to cytochrome b6f and cytochrome b6f to PSI respectively.  

 

 

 

                        

 

 

Fig 2: Thylakoid disc with membrane associated and luminal proteins. Adapted from Wikimedia. 

(https://upload.wikimedia.org/wikipedia/commons/d/de/Thylakoid_disc.png) 

 

Photosystem I 

Cytochrome b6f 

Photosystem II Oxygen evolving complex 

Plastocyanin Plastoquinone 

Ferrodoxin 

ATP synthase 

NADP reductase 
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2.3 Functions of chloroplast 

One of the main functions of the chloroplast is photosynthesis. Photosynthesis occurs inside a big 

complex protein system called photosystems. There are two types of reaction centers in 

photosystem PSI and PSII. Chloroplast photosystem contains chlorophyll, a green pigment and other 

photosynthetic pigments such as carotenoids, phycobiliproteins require for energy conversion 

during photosynthesis (Croce and van Amerongen, 2014). Chlorophyll binds with PSI designated at 

P700 (absorbs light maximum at 700nm wavelength) and chlorophyll binds with PSII designated as 

P680 (absorbs lights maximum at 680nm wavelength). PSI and PSII binds to chlorophyll, chlorophyll 

and other pigments become excited upon the absorption of sunlight (through light harvesting 

complex I and II) and transfer this excited energy to the photosynthesis reaction center. In PSI and 

PSII the charge become separated and start to linear electron flow across the membrane from PSII 

to PSI with the help of cytochrome b6f complex ultimately NADP+ is reduced to NADPH, and ATP 

produced by F-ATPase(Croce and van Amerongen, 2014). This ATP combine with NADPH and acts 

as an energy source require for sugar synthesis from carbon dioxide by the dark reaction 

(Pfannschmidt, 2003).  

            

   Fig: 3 Light dependent reactions of photosynthesis in chloroplast. Adapted from Wikipedia.  

       (https://en.wikipedia.org/wiki/Photosystem) 
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In addition to photosynthesis chloroplasts perform other activities that are crucial for the growth 

and development of plants. Synthesis of defense related phytohormones including salicylic acid, 

jasmonic acid, abscisic acid, ethylene occur in chloroplast (Lu and Yao, 2018). Synthesis of 

antimicrobial compound camalexin also occurs in chloroplast (Nafisi et al., 2007). Chloroplast also 

synthesize primary metabolites such as fatty acids, amino acids, callose, lignin etc. It is also 

responsible for the assimilation of sulphur and nitrate from soil. Beside these chloroplasts is a site 

for calcium signaling and acts as a generator for reactive oxygen species (Nafisi et al., 2007). 

Chloroplast has also major role in plant senescence (see more 2.5).  

 

2.4 Development of Chloroplast 

Chloroplast evolved from an endosymbiotic process where an eukaryotic host and photosynthetic 

prokaryotes integrated (Hernández-Verdeja and Strand, 2018). Throughout the evolution process 

photosynthetic prokaryotes transferred most of its genes to the eukaryotic host. As a result, 

photosystem complexes are encoded by both nuclear and plastid genomes. Proper plastid 

development requires the accurate coordination between two genomes. This coordination and 

precise signaling process termed as “retrograde signaling” (Chan et al., 2016). Retrograde signaling 

is complex network of signaling that can be divided into two coordinated operation: biogenic control 

which is generated by the plastid as it develops from a proplastid and operational control that acts 

in a mature chloroplast in response to environmental stimuli (Chan et al., 2016). Till now four major 

retrograde signaling pathways have been discovered: (1) tetrapyrrole biosynthesis signaling 

pathway, (2) plastid gene expression triggered pathway, (3) signal deriving from disturbed plastid 

metabolism and (4) reactive oxygen species triggered signaling pathway (Hernández-Verdeja and 

Strand, 2018) . Retrograde signaling regulates expression in response to environmental stress and 

developmental cues that effect photosynthesis and development of chloroplast (Chan et al., 2016). 

For proper growth and development of chloroplast and for optimal photosynthetic activity, 

chloroplast proteome must be accurately organized, maintained and properly regulated through 

proteolytic cleavage(Nishimura, Kato and Sakamoto, 2017). There are around 616 genes encoding 

proteases in the Arabidopsis thaliana genome (Kmiec et al., 2016). A combination of biochemical, 

genetic and bioinformatics analysis have characterized 20 protein degrading machines with more 

than 50 constituents in chloroplast so far (Hernández-Verdeja and Strand, 2018). The protein 

degrading machinery in chloroplast can be classified in three distinct types of biochemical categories 
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include serine proteases, metalloproteases and aspartyl proteases. On the other hand, based on 

their physiological role, the chloroplast proteome has been categorized into two functional aspects 

include (1) chloroplast protein biogenesis and (2) chloroplast maintenance or remodeling proteome 

(Hernández-Verdeja and Strand, 2018).  

Chloroplast protein biogenesis requires organized action between proteases/peptidases and 

transcription/translational machineries (Hernández-Verdeja and Strand, 2018).  Some of the 

important proteases/peptidases involve in chloroplast biogenesis are: 

 SPP: Stromal processing peptidase, a metallopeptidase with N-terminal catalytic zinc finger 

motif. This peptidase removes N- terminal targeting peptide from precursor proteins 

(Teixeira and Glaser, 2013). 

 PreP1/P2: Pre-sequence peptidases PreP1 and PreP2 are also metallopeptidases digest 

target peptide fragments cleaved by SPP (Kmiec, Teixeira and Glaser, 2014). 

 CtpA: C-terminal processing protease A is serine-lysine protease present in thylakoid lumen. 

This protease cleaved C-terminal extension of D1 subunit of PSII and influence PSII repair 

mechanism (Anbudurai et al., 1994; Teixeira and Glaser, 2013). 

 Rhomboid: Rhomboid is a serine protease localized in intramembrane space of inner 

envelop, participate in regulated intramembrane proteolysis within the chloroplast inner 

envelop (Adam, 2015). 

 EGY1/2: Ethylene-dependent gravitropism-deficient and yellow-green 1 is a metalloprotease 

regulates abscisic acid responsive gene expression in response to ammonium stress 

(Sakuraba et al., 2012). This protein is required for normal chloroplast development and 

function (Chen, Bi and Li, 2005). 

In chloroplast maintenance or remodeling proteome three prokaryotic-like proteases play the most 

vital role in maintaining of chloroplast structure (Nishimura, Kato and Sakamoto, 2017). These are: 

 FtsH: It is an ATP-dependent metalloprotease found in thylakoid membrane. This protein 

takes part in PSII repair caused by photodamaged, degrade unassembled protein and 

maintain thylakoid structure (Ostersetzer and Adam, 1997). 

 Clp: Clp is an ATP-dependent multiheteromeric serine protease found in chloroplast stroma. 

Conditional suppression of Clp protein reshape nuclear transcriptome , induce autophagy 

and chloroplast unfolded protein response (Ramundo et al., 2014). 
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 Deg: Deg is endopeptidase consisting trypsin-type protease. Arabidopsis genome contains 

at least five Deg proteases found in chloroplast membrane, lumen and stroma (Sun et al., 

2010). These proteases are associated with proteolytic cleavage of impaired D1 subunit 

during PSII repair mechanism induce by photoinhibition (Huesgen, Schuhmann and 

Adamska, 2006). 

 

2.5 Plant senescence 

All living organism go through programmed cell death at the end of their life after they aged, and 

plants are no exception. This biological aging process with programmed cell death is called 

senescence. Senescence comes from the Latin word “Senescere” means to grow old and defined as 

the age dependent gradual degeneration and deterioration process of organs, cells, tissues and the 

entire organism (Lim, Kim and Gil Nam, 2007) . There are two distinctive levels of plant senescence, 

organ level and organismal level. Organismal senescence can be seen in rice, soybeans etc. where 

the entire plant dies during their harvesting time. On the other hand, organ level senescence can be 

seen in leaves. For example, changes of leaf color or death of autumn leaves (Woo et al., 2013).  

Although leaf senescence is an organ level senescence, however, in many cases it is connected to 

organismal death (Lim, Kim and Gil Nam, 2007). Leaf senescence is an active and regulated 

deterioration process. During senescence, leaf changes it’s cells structure and gene expression (Lim, 

Kim and Gil Nam, 2007), their biomolecular components are broken down and transfer the resulting 

products into other organs such as seeds or fruits (Gregersen et al., 2013). The earliest phenomena 

of changes in cellular structure during leaf senescence is the breakdown of chloroplast structure 

(Pyung, Hyo and Hong, 2007). Yellowing of leaf is one of the most noticeable and visible aspect of 

leaf senescence caused by destruction of chloroplast (Tamary et al., 2019). Chloroplast breakdown 

starts by changes its thylakoid grana structure and composition and formation of lipid droplet 

(Pyung, Hyo and Hong, 2007). Although nucleus and mitochondria remain intact until the last stage  

to provide energy for the progression of this senescence process (Pyung, Hyo and Hong, 2007). Key 

features of the last stage of senescence are vacuolar collapse, condensation of chromatin, DNA 

laddering etc. (Pyung, Hyo and Hong, 2007). Biochemical manifestation during leaf senescence 

includes depletion of polysome and ribosome that reduce protein synthesis, reduction of anabolism, 

hydrolysis of protein and other macromolecules such as membrane lipid (Pyung, Hyo and Hong, 

2007). Senescence associated proteases are responsible for the hydrolysis of proteins. 
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Phospholipase D, phosphatidic acid phosphates, lipoxygenase, lytic acyl hydrolase etc. are involve 

in membrane lipid metabolism (Pyung, Hyo and Hong, 2007). This membrane lipid mostly undergoes 

oxidation reaction to provide energy require to complete the senescence stage (Pyung, Hyo and 

Hong, 2007). Chloroplast breakdown leads to the progressive loss of proteins such Rubisco (Ribulose 

bisphosphates carboxylase) and CAB (Chlorophyll a/b binding protein) (Pyung, Hyo and Hong, 2007). 

Forward and reverse genetic approach have identified genes that involved in leaf senescence 

(Breeze et al., 2011). Pathogenesis related genes such as H1N1 expression induced during the later 

stage of senescence (Pontier et al., 1999). Furthermore, higher expression of ELI3 (Early light-

inducible protein) induced leaf senescence (Pyung, Hyo and Hong, 2007).  Similarly, SAG-12 and 

LSC54 is also highly expressed during leaf senescence (Pyung, Hyo and Hong, 2007). Some of the 

regulators of the senescence process incudes hormones. Downregulated ethylene signaling or 

induced cytokine signaling delayed the senescence process (Lim, Kim and Gil Nam, 2007). 

 

2.6 Role of chloroplast in leaf senescence 

Leaf senescence occurs naturally in a synchronize manner triggered by senescence associated genes 

in developed leaves (Lim, Kim and Gil Nam, 2007). However, senescence can also be activated 

unnaturally due to nutrient deficiency, darkness or environmental stress (Tamary et al., 2019). It is 

accompanied by degradation of chloroplast, protein and nucleic acids (Tamary et al., 2019).  

Chloroplast contain about 70% leaf protein (Lim, Kim and Gil Nam, 2007) which are degraded during 

chloroplast breakdown, assimilation of carbon is replaced by catabolism of chlorophyll into non- 

green components. This increased catabolism helps to convert cellular components into exportable 

nutrients and supplied it into the growing vegetative and reproductive organs (Lim, Kim and Gil 

Nam, 2007); (Tamary et al., 2019). 

In addition to degradation of chloroplast proteins, also other components need to be degraded and 

recycled. For example, degradation of chlorophyll involves three different cellular organelles, 

chloroplast, endoplasmic reticulum (ER) and vacuole. The process of converting chlorophyll b to 

chlorophyll a begins in the chloroplasts by enzymatic reduction, followed by demetallation process. 

In demetallation process Mg ion is removed from chlorophyll with the help of the enzyme 

magnesium dechelatase. Subsequently the phytol ring is degraded and chlorophyll a converted into 

Pheophytin (phenin)(Tamary et al., 2019), followed by dephytylation of pheophytin to 
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pheophorbide a. This pheophorbide a is linearized and produce primary fluorescent chlorophyll 

catabolite (pFCC) which is a colorless pigment. This pFCC are transported into ER from chloroplast 

and modified by cytosolic enzyme and finally it transfers into the vacuole as a non-fluorescent 

chlorophyll catabolites (Kuai, Chen and Hörtensteiner, 2017).  

 

                 

 Fig 4: Leaf senescence (changes of leaf color in Autumn) 

 

2.7 Mutagenesis screen to understand gene function 

To understand plant functions several different types of genetic, molecular biology and protein 

related methods form the basis for designing various experiments. 

Different molecular methods such as in situ hybridization, RNA blotting etc. are used to get the 

information about where and how the gene is functioning  and regulating (Østergaard and Yanofsky, 

2004). For example, if the protein encoded by a gene in the nuclear genome is localized to the 

chloroplast, it can be hypothesized that this gene is involved in some aspect of chloroplast 

development or function. However, it remains a challenge to find out a specific function for a gene. 

One way to overcome this difficulty, is to identify a mutation of that gene and compare it with wild 

type plant, this process is called mutagenesis screen. Mutagenesis screening is now performed in a 

variety of ways as described below: 
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2.7.1 Forward genetics Screen 

Forward genetics screen is one of most used and classical tools to unmask the function of a gene 

(James et al., 2013). In this method, random mutations are introduced into large number of wild-

type seeds through chemical treatment or insertional mutagenesis with for example Agrobacterium 

tDNA insertion. Chemical mutations introduce single nucleotide polymorphism in the genome 

(Østergaard and Yanofsky, 2004). The most used chemical mutagen which can introduce thousands 

of mutations in each plant is ethyl methane sulfonate (EMS). By chemical mutation, it is possible to 

find out recessive mutation in given gene from M1 mutagenized population by screening fewer than 

5000 plants (Greene et al., 2003). Typically, M1 mutagenized population are planted and matured 

and the resulting M2 populations are screened for the preferred phenotype (Østergaard and 

Yanofsky, 2004). To remove the extra mutations from the desired mutant line caused by chemical 

mutagen, the F2 generation of the plants needed to back crossed at least for three times with the 

corresponding wild type plants(Østergaard and Yanofsky, 2004). The main aim of forward genetic 

screen is to use mutants to discover all genes assigned to a particular process (Østergaard and 

Yanofsky, 2004). 

 

2.7.2 Reverse genetics screen 

Reverse genetics is strategy to identify a particular gene function by studying the phenotypes 

(Sessions et al., 2002). It starts with the gene of interest and the goal is to see if there is a phenotype 

in the mutant plant.  Establishment of  Agrobacterium transferred (T-DNA) insertion mutations in 

Arabidopsis genome is one of revolutionary steps to study reverse genetics (Sessions et al., 2002) .  

  

2.7.3 Map-based screen 

Forward genetics screening have lots of advantages, but sometimes it is hard to isolate the mutated 

gene because there is no tag that would directly allow to clone the desired mutated gene 

(Østergaard and Yanofsky, 2004). Map-based screening or positional cloning is a strategically 

effective method of isolating genes that are mutated either by chemical mutagenesis or by 

radiation. This positional cloning is the combination of two approaches. One tool contains a 

chromosomal marker whose chromosomal position is already known, and the second tool contains 
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a mapping population that segregate for the desired mutation into the gene of interest. This 

mapping population generally created by crossing the mutant plant of a specific ecotype with a wild 

type plants of a different ecotype (Østergaard and Yanofsky, 2004).  

 

2.7.4 Next generation sequencing and CRISPR/Cas9 for mapping mutation 

Next generation sequencing (NGS) technology combines bulk segregant analysis and whole genome 

sequencing  has proven effective for identification of mutation (James et al., 2013). Different types 

of crossing scheme have been using to map mutant by sequencing. These include crossing the 

mutant with diverged strain followed by one round of selfing (Schneeberger et al., 2009), mapping 

by sequencing with back cross the mutant etc. (James et al., 2013). NGS technology have made it 

possible to map suppressor mutation (Austin et al., 2011). NGS technology provides a huge amount 

of genetic information that can save time, help to overcome lots of difficulties caused by 

experimental assays. An important aspect of NGS is, it replaced the traditional map-based cloning 

of mutation. Instead, it directly uses whole genome sequencing method to identify and score 

mutation (Sarin et al., 2008). NGS mapping technology overcome the background noise problem by 

fine refinement of the region of interest by prior genetic analysis (Sarin et al., 2008). SHORE mapping 

is an approach developed by Schneeberger (Schneeberger et al., 2009) who used 500 pooled F2 

population to identify a mutation in Arabidopsis by Illumina Genome Analyzer Sequencing 

(Schneeberger et al., 2009). 
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 Fig 5: An example of how NGS technology map mutation. Adapted from (Kumawat et al., 2019). 

 

 Along with next generation sequencing CRISPR/Cas9 is becoming popular and powerful genome 

editing  tool to generate mutants (Schiml, Fauser and Puchta, 2014). This technology helps to reveal 

functions of plant gene and improve crops yield. CRISPR/Cas9 method use a single guide 

RNA(sgRNA) to target specific DNA sequence and generates a double strand break (DSB) at three 

base pairs upstream from the PAM (protospacer adjacent motif) sequence (Liu et al., 2019). This 

DSB repairs through non-homologous end joining (NHEJ) or homology-directed repair (HDR) (Cong 

et al., 2013). This NHEJ frequently can introduce indel (insertion-deletion) mutation in DSB site and 

that can induce frameshift mutation on the target gene (Liu et al., 2019). Liu et al used CRISPR/Cas9 
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tools to introduce high efficiency target deletion of transcription factor involved in floral 

development in Arabidopsis (Liu et al., 2019). 

 

2.8. Introducing new genes into plant genomes with Agrobacterium 

Agrobacterium tumefaciens is generally addressed as “nature’s genetic engineer” because it has an 

outstanding ability to transfer parts of its DNA into plant genome. This T-DNA is flanked by a short 

repetitive sequence (25base pairs) both their left and right borders(Zambryski, 1988). This T-DNA 

define any sequence between those borders and can directly integrate into a random manner in 

pant genome (Alonso et al., 2003). T-DNA collections simplify the process of finding mutant plants 

with a knockout gene of interest (Østergaard and Yanofsky, 2004).  At the Salk Institute database 

precise location of around 90,000 T-DNA insertion lines has recorded (Alonso et al., 2003). This kind 

of database are available to order any T-DNA insertion lines. Floral dip technique is the popular and 

widely used method to introduce T-DNA into  Arabidopsis plants through Agrobacterium 

transformation (Bechtold and Pelletier, 1998). 

 

2.9 Mutants defective in chloroplast function 

Chloroplast is responsible for the photosynthesis and CO2 fixation (Buchanan, Gruissem and Jones, 

2000). Genes require for chloroplast development starts expression from the beginning of 

chloroplast development and decrease their expression once a mature chloroplast is produced. On 

the other hand, genes required for photosynthesis are highly expressed at the later stage of 

chloroplast development (Bisanz-Seyer et al., 1989). Some examples of the mutants that blocks 

different stages of chloroplast development are cla1, pac, edd1, slp, and apg2 etc (Reiter et al., 

1994) ; (Mandel et al., 1996); (Uwer, Willmitzer and Altmann, 1998); (Apuya et al., 2001); 

(Motohashi et al., 2001). cla1 encodes a novel protein conserved throughout the evolution process 

requires for chloroplast development (Mandel et al., 1996). pac mutants are defective in carotenoid 

biosynthesis and accumulate low level of chlorophyll compare to the wild type plants. This protein 

is important for ribosome synthesis, cellular response to light stimuli etc. (www.arabidopsis.org). 

EDD1 gene encodes plastid and mitochondrial localized glycyl-tRNA synthetase. edd1 mutant have 

defective leaf pattern (Moschopoulos, Derbyshire and Byrne, 2012). SLP gene encodes stomatin like 
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protein which is require for the organization of respiratory super complexes in Arabidopsis (Gehl et 

al., 2014). APG2 gene encodes a protein which is important for the organization of thylakoid 

membrane and intracellular protein transport (www.arabidopsis.org). Some examples of the 

mutants that affects photosynthetic machinery or photosynthesis are EGY1, SGR, etc (Chen, Bi and 

Li, 2005); (Shimoda, Ito and Tanaka, 2016). 

 

2.10 EGY1 gene and its functions 

Ethylene-dependent gravitropism-deficient and yellow-green 1 (egy1) is a mutant of EGY1 (egy1-1, 

10bp deletion in the gene) gene identified by map-based cloning from mutagenized Arabidopsis 

lines (Chen, Bi and Li, 2005), egy1-2 is a tDNA mutant allele. The egy1 mutant plants shows dual 

phenotype, abnormal gravicurvature in hypocotyls and yellow-green cotyledons (Chen, Bi and Li, 

2005).  The EGY1 gene encodes a 59KDa membrane-associated ATP-dependent metalloprotease 

which contain eight transmembrane domains at the C-terminal part of the protein (Chen, Bi and Li, 

2005). This metalloprotease is essential for the development and organization of thylakoid 

membrane, organization of lamellae in chloroplast. It is necessary for the accumulation of 

chlorophyll and chlorophyll binding protein into chloroplast membrane from PSI and PSII (Chen, Bi 

and Li, 2005). This protein is also required for the regulation of nuclear gene expression triggered 

by ammonium ion. In in vitro assays, EGY1 catalyze β-casein degradation (UniProtKB; 

https://www.uniprot.org/uniprot/Q949Y5). Other processes proposed to be regulated by EGY1 

include: response to ethylene and light stimulus, and negative gravitropism (Chen, Bi and Li, 2005).  

In a different line of research, a mutant was isolated that is hypersensitive to ammonium ion, named 

ammonium overly sensitive 1 (amos1). It shows severe chlorosis under ammonium stress (Yu et al., 

2016). Using map-based cloning revealed that amos1 is an allelic mutation of egy1 (Yu et al., 2016). 

amos1 is a true null allele (no expression of EGY1 gene) and it has 1071bp deletion from the gene 

EGY1. amos1 is essential to maintain chloroplast integrity and to regulate the expression of the 

genes induced by ammonium stress. 
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                                         Fig 6: 7 weeks old leaf rosette of egy1 mutant 

 

2.11 white mutant  

From our group’s research a new mutant “white” was identified. The mutant phenotype was 

observed as leaves become white as the plant ages, but despite of this mutation, the plant is still 

able to complete its life cycle. This mutant was identified using marker-based mapping and genome 

sequencing. A 4bp deletion was found in gene EGY1, hence the white mutant is a new allele of egy1. 

For simplicity, this new allele will be referred to as the white mutant in this thesis.  The mutant 

phenotype is associated with increased accumulation of mRNA transcript for stress and senescence 

regulated genes. 
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Fig 7: 7 weeks old leaf rosette of Col-0 (wild type) and white mutant plants respectively. 

 

2.12 SGR gene and its functions 

Chlorophyll depletion is the reason for loss green color from the leaf, which is the visible 

manifestation of leaf senescence (Sakuraba et al., 2012). Any defects in chlorophyll degradation 

pathway delay the leaf senescence process (Sato et al., 2018). Pheophytin a is an essential 

component of photosynthesis formed from the conversion of chlorophyll a. The first step of 

conversion light energy to chemical energy is charge separation which occur in the reaction centre 

of PSII, pheophytin a act as a primary electron acceptor and accept electron from chlorophyll a 

(Holzwarth et al., 2006). The conversion of chlorophyll a to pheophytin a is catalyzed by Mg- 

dechelatase (Christ and Hörtensteiner, 2014). This enzyme helps to extract Mg from chlorophyll 

moiety and synthesize pheophytin a. Mg-dechelation is an essential and necessary process in the 

construction PSII because assembly of PSII starts with the formation of D1/D2 complex of which 

pheophytin a is a crucial component(Nickelsen and Rengstl, 2013). This Mg- dechelatase enzyme is 

encoded by Mendel’s green cotyledone gene; STAY GREEN (SGR). SGR mutated gene display strong 

stay green phenotype(Sato et al., 2007). SGR gene is attached with light harvesting complex of PSII 

and all other six enzymes that catalyzed chlorophyll degradation process and form a large complex 

(SGR-chlorophyll catabolic enzymes-LHCII complex)(Sakuraba et al., 2012). 

Col-0 white 
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 Arabidopsis has three SGR gene designated as SGR1, SGR2 and STAY-GREEN LIKE (SGRL)(Shimoda, 

Ito and Tanaka, 2016). SGR1 and SGR2 gene product can extract Mg from chlorophyll a but not 

active or less active in case of chlorophyllide a. On the other hand, SGRL has higher activity on 

chlorophyllide a (Shimoda, Ito and Tanaka, 2016). None of the SGR gene product can extract Mg 

from chlorophyll b. The other name of SGR1 is NYE1(NON-YELLOWING 1)(Ren et al., 2007). 

 

2.13 Suppressor mutation and its screening 

A suppressor mutation is the mutation in a second gene that suppress the phenotype of existing 

mutation. This suppressor mutation can reverse the existing mutation and restore the normal 

phenotype seen before the background mutation. In other word it can be stated that a suppressor 

mutant can restore the original phenotype despite of the presence of original mutation (Prelich, 

1999). Suppressor mutant has been proven beneficial and important to identify biological function 

of a gene. It has also been proven helpful to identify new mutation site which can affect biological 

process of interest.  There are two vital reason of using suppressor mutant. First, many genes are 

not feasible for identification by direct genetic selections, a preexisting or induced mutation at 

different site of the same gene quite often sensitize the background mutation and allowed to 

identify the components. Secondly, suppression of pre-existing phenotype create a relationship 

between two genes which might not be possible by other methods (Prelich, 1999). 

There are two categories of suppressor mutant; informational suppressor and functional 

suppressor. Informational suppressor alters the information pathway from DNA to protein. In other 

word, it halts the nonsense or frameshift mutation. For example, suppression of stop codon, mRNA 

degradation mutants etc. Suppressor screening strategy depends on some factors such as the 

mutation is viable or not, scoring of mutation is possible or not etc.  

The goal of our suppressors mutant screen was to find mutations that re-store more normal growth 

to the white mutant. In other words, we are looking for mutations not in EGY1, but rather mutations 

in other genes that would suppress the white mutant phenotype. 
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2.14 Suppressor screening of white mutant 

Identification of suppressors for the white mutant was made by EMS mutagenesis. In F2 generation, 

plants were screened for restoration of green leaves. This screening identified two novel suppressor 

allele in SGR1 gene. This suppressor mutant name Suppressor 1(S1) and Suppressor 2(S2). Both S1 

and S2 has point mutation in SGR1 gene but at different location.  The main purpose of this thesis 

is to prove that mutation of SGR1 gene suppress the white mutant phenotype and restore more 

normal growth phenotype. 

                           

 

                              

        

    Fig 8: 8 weeks old Col-0, white, S1 and S2 plants. (Photo courtesy -Tuomas Pukko). 

Col-0/wild white mutant 

S1 mutant S2 mutant 
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2.15 Selection of marker genes for qPCR 

In preliminary experiments performed before this thesis work, the white mutant phenotype 

correlated with increased expression of genes related to plant defense and senescence responses. 

To investigate this fact and to get further insight of molecular effects caused by the white mutant, 

13 marker genes were selected based on their role in photosynthesis and plant senescence 

response. Three housekeeping (PP2AA3, TIP41 and YLS8 ) genes were used for the normalization of 

the data. Marker genes are: 

 LHCB2.2, LHCB2.4 and LHCB1.1 – All of them are light harvesting complex binding (LHC) 

proteins, binds with different pigments of chlorophyll. Essential components in light 

harvesting for photosynthesis. 

 VDE1: Violaxanthin de-epoxidase catalyze two step epoxidation reaction to produce 

xanthophylls during the light reaction. This gene produces a regulatory protein which is 

responsible for protecting photosynthesis apparatus by absorbing excessive light energy and 

converting it into heat. 

 RBCS2B: Produce ribulose biphosphate carboxylase, an enzyme which catalyzes the 

carboxylation process in D-ribulose diphosphate. This carboxylation process is the 

preliminary event of carbon dioxide fixation.  

 DIN10: Dark inducible 10, this gene encodes an enzyme glycosyl hydroxylase which 

synthesize raffinose, an oligosaccharide which acts as a food source for the plants during the 

dark induced stress. 

 ELIP2: Early-light inducible protein 2 involved cellular response in high light intensity, heat 

and regulate chlorophyll biosynthetic process.  

(https://www.arabidopsis.org/servlets/TairObject?type=locus&name=At4g14690) 

 Transcription factor NFXL1 and WRKY75. 

 Marker genes for hormone signaling PR1 and JAZ1: PR1 is pathogenesis related protein 1. 

Expression of this gene is induced by salicylic acid. 

(https://www.arabidopsis.org/servlets/TairObject?accession=locus:2064294). 
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 JAZ1 encodes a nuclear localized protein. Jasmonic acid stimulation causes increased 

expression of this gene. 

(https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19180). 

 Marker genes for cell death and senescence response PLA2A and SAG-13. PLA2A encodes 

lipid acyl hydrolase enzyme which catalyze lipid metabolism. Involve in defense response 

against pathogen and also responsive to hypoxia. 

(https://www.arabidopsis.org/servlets/TairObject?type=locus&name=At2g2656 

 SAG-13 encodes a senescence associated protein required for the regulation of defense 

response, Expression is induced by ROS . 

(https://www.arabidopsis.org/servlets/TairObject?name=AT2G29350&type=locus 
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3 OBJECTIVES OF THE STUDY 

The overall aim of this study was to understand the molecular mechanisms behind the development 

of the age and chlorophyll related phenotypes in the white mutant and its two suppressors S1 and 

S2. Furthermore, with gene expression analysis plant stress and senescence responses were studied 

in white, S1 and S2. To unravel these: 

 

 suppressor mutants S1 and S2 were transformed with a tDNA construct containing the 

wildtype SGR1 sequence. If this restore the white mutant phenotype to the suppressor, it 

will provide direct proof that the mutations in SGR1 is the cause of the suppressor 

phenotype.  

 

 Suppressor 1 and suppressor 2 both have mutations in SGR1, but at different places. As a 

complementary method a segregating F2 population for S1 and S2 was used to confirm that 

the mutations in SGR1 segregates together with the suppressor phenotype. 

 

 Expression of SGR1 gene produce one of the key enzymes which facilitates chlorophyll 

breakdown process during plant senescence.  Chlorophyll content was measured in white 

mutant and suppressor mutants to see the if there is any effect of chlorophyll breakdown 

process because of SGR1 mutation. 

 

 The white mutant phenotype correlates with increased expression of genes related to plant 

defense and senescence responses. Real time quantitative PCR (qPCR) was used to measure 

mRNA expression of a selected set of defense and senescence genes in white mutant and its 

suppressor mutants. 
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4 MATERIALS AND METHODS 

4.1 Plant material 
Arabidopsis Columbia (Col-0) accession was the wildtype (WT) ecotype and used for all experiments 

as a control and as a background line for all mutants. All mutants and T-DNA insertion lines used in 

this study are listed in the table 1. The seeds of white mutant and suppressor mutants were obtained 

from previous work in our own group. 

 

Table 4.1: Mutant and transgenic lines used in this study. 

 

4.2 Growth conditions 

Seeds were sown at high density on a 1:1 peat: vermiculite mixture and kept in dark at 40C for 2 

days for stratification. Afterwards, plants were transferred into the growth room for germination 

for 1 week. Next, Plants were transplanted into fresh pots to grow individually at low density (5 

plants/pot). All the plants were grown in growth room in 12-hour light/12-hour dark period 

(220µmol of photons m-2s-1), day/ night temperature 230C/190C, 50-60% relative humidity. For gene 

expression and chlorophyll analysis, two or three weeks before the experiments plants were moved 

into a growth chamber with similar light and temperature conditions. For agrobacterium 

transformation and segregation analysis, plants were moved into long day greenhouse. The 

temperature of Long day greenhouse varied from 230C/300C cloudy day/sunny day, 190C at night, 

45% relative humidity, light intensity 245µmol m-2s-1/2000µmol m-2s-1 cloudy day/sunny day. 

Name Description Mutation/Transgene/Background 

Col-0 Wild type Control plant. 

white Mutant 4 base pairs deletion in gene EGY1. 

egy1-2 T-DNA insertion line T-DNA insertion in gene EGY1. 

Suppressor-1 (S1) Suppressor mutant White mutant background, point mutation in gene 

SGR1. 

Suppressor-2 (S2) Suppressor mutant White mutant background, point mutation in gene 

SGR1. 
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4.3. PCR  

4.3.1 PCR primers design for Segregation analysis 

Homozygous plants of S1 and S2 phenotype were identified in F2 segregating progenies by PCR with 

gene specific primers. S1 and S2 both have point mutation (Single nucleotide polymorphism) in the 

same gene SGR1 but at different location. For that reason, we designed two different types of 

marker. SNPs are one of the most common polymorphisms can be found in both natural populations 

and in induced mutations. There are several techniques used to detect SNPs for example restriction 

fragment length polymorphisms (RFLPs) and Cleaved amplified polymorphic sequences (CAPS). 

CAPS: A CAPS marker is designed based on sequence polymorphism that can creates or eliminates 

a restriction enzyme (RE) recognition site (Konieczny, A., Ausubel, F.M., 1993). To design this marker 

a gene specific primer is used. Minimum 20 base pairs of DNA sequences are recommended for 

primer which is flanking SNP and create or eliminate RE site. Then PCR is used to amplify the specific 

sequence. Then the product is cut down by the appropriate restriction enzyme. After digestion 

agarose gel electrophoresis is used to detect length polymorphism. To identify S2 phenotype, we 

designed a CAPS marker which has a Taq1 RE site (TCGA) in wild type DNA fragment. In mutant 

fragment this RE site was eliminated because of polymorphism. 

Derived CAPS (dCAPS): In a CAPS marker there is a need of the SNP to be located into the RE site 

but in case of dCAPS a new RE site is created or eliminated. This marker incorporate RE site into the 

PCR product by creating one or more mismatch to the wild type fragment (Neff et al., 1998). To 

identify S1 phenotype we designed a dCAPS marker which introduced a mismatch to the forward 

template strand (in forward primer) and created a Dde1 RE site (CTNAG). After digestion 

polyacrylamide gel electrophoresis is used to detect the length polymorphism. 

All the primers were designed by using Primer3web software, version 4.1.0 (http://primer3.ut.ee/). 

Restriction mapping was done by using GenScript restriction mapping analysis tools 

(https://www.genscript.com/tools/restriction-enzyme-map-analysis). 

 

4.3.2 DNA Isolation 

DNA was isolated from leaf samples of F2 segregating progenies of S1 and S2 phenotype, Col-0, 

white mutant and egy1-2 mutant plants. One leaf was cut from the respective plant and added into 
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a 2ml screw-cap tube with added glass beads. 630µl of plant miniprep buffer (buffer recipe in 

appendix 8.1) was added to the tube and tightly screwed the cap. Afterwards the tube was put into 

Precellys tissue homogenizer with the following program 3X10 Sec 6000rpm a 30Sec break. Then 

centrifuged the tissue in a microcentrifuge at 13,500 rpm for 5 minutes and 500 µl of supernatant 

transferred into a new tube. An equal volume of isopropanol was added and the tubes centrifuged 

at 13,500 rpm for 15 minutes. The supernatant was carefully discarded without touching the pellet 

at the bottom of the tube. Afterwards, again centrifuged the tube for 10 sec at 13,500 rpm and 

remaining isopropanol was pipetted out. The pellets were dried using speedVac (vacuum 

concentrators) on medium heat for 2 to 3 minutes until all isopropanol evaporated. Afterwards the 

pellet was dissolved by adding 100 µl of sterile water and stored at -20C for further use. 

 

4.3.3 Genotyping using CAPS marker 

For S2 segregating population CAPS marker were used for genotyping. A master mix were prepared 

containing all the reagents for PCR (Master mix recipe in appendix 8.2). Master mix was divided into 

respective tubes and 1µl isolated genomic DNA was added into the corresponding tubes. Col-0 used 

as a control and H2O used a negative control. Then the tubes were inserted into a PCR machine and 

ran the PCR program. PCR primer sequences and program protocol are in appendix 8.3 and 8.5 

respectively. Then the PCR products were restriction digested by Taq1 restriction enzyme 

(restriction digestion reaction in appendix 8.6) for overnight at 650C. After restriction digestion the 

digested samples were run in 1% agarose gel using standard protocol. 1kb DNA ladder (Generuler, 

Thermoscientific) used as a molecular marker. The size of the PCR products was determined by 

comparing with molecular marker. Wild type samples and control sample gave two products, size 

around 500bp and 250bp. Mutant samples gave one product, size around 800bp. 

 

4.3.4 Genotyping using dCAPS marker 

For S1 segregating population dCAPS marker were used for genotyping. Protocol and reaction 

program were same as CAPS. After PCR, products were digested by Dde1 restriction enzyme 

(restriction digestion reaction in appendix 8.7) for overnight at 370C. After restriction digestion, the 

digested samples were mixed with 5X DNA tracking dye and run in polyacrylamide gel using standard 
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protocol (in appendix 8.8). Wild type samples and control sample gave two products, size around 

120bp and 20bp. Mutant samples gave one product, size around 140bp. 

 

4.3.5 Gateway cloning primer and PCR 

To clone the whole SGR1 gene into agrobacterium two different sets of primer were designed. One 

for the long construct and other for the short construct. Forward primer of the long and short 

construct was designed around 1700bp and 820 bp upstream from the start codon of SGR1 gene. 

Gateway cloning primers are in appendix 8.9 and 8.10 Col-0 genomic DNA was used as template. 

Phusion polymerase was used in this PCR because it has high fidelity, 3´exonuclease activity and 

more suitable to amplify longer amplicons. PCR master mix reaction and PCR program detail are in 

appendix 8.11 and 8.12 respectively. After PCR, samples were run in 1% agarose gel using standard 

protocol. 1kb DNA ladder (Generuler, Thermoscientific) used as a molecular marker. The size of the 

PCR products was determined by comparing with molecular marker. Long construct gave band at 

around 3600bp and short construct gave at 2600bp. 

 

4.3.6 Purification of long and short construct 

PCR product was purified according to the Qiagen PCR purification kit protocol. The concentration 

of purified product was measured using NanoDrop 2000 (Thermoscientific). Concentrations of Long 

and short construct was 48.82ng/µl and 9.24ng/µl respectively. 

 

4.4 Gateway cloning 

Gateway cloning method was developed and commercialized by Invitrogen in late 1990, is based on 

the site-specific recombination system used by bacteriophage. Bacteriophage λ used this 

recombination system to enter it’s DNA into E.coli chromosome. In gateway cloning method, DNA 

fragments can transfer into different cloning vectors without disrupting it’s reading frame. This 

method has donor vector (attL1-gene-attL2) which carried the desired DNA fragment needs to be 

transferred and destination vector (attR1-ccdB-attR2) where the desired fragment will be subcloned 
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((Hartley, Temple and Brasch, 2000). From destination vector it will then transfer and clone into 

bacteria for example E.coli. 

 

4.4.1 Plasmid used for gateway cloning 

In this study two different kinds of plasmid vector were used for cloning 

1. pDONR/Zeo was used as donor vector, which is zeocin resistant and has M13 sequence in its 

gene. 

2. pMDC100 was used as destination vector, which is kanamycin resistant and has AscI and PacI 

restriction enzyme recognition sites. 

 

4.4.2. BP Reaction to create entry clone 

Reaction Components Long construct Short construct 

PCR product 3µl 3.5µl 

Donor vector pDONR/Zeo 0.5µl 0.5µl 

H2O  - 0.5µl 

BP clonase enzyme 1µl 1µl 

 

All the reaction components were mixed well by vertexing and spun down. The mixture was kept at 

room temperature for overnight incubation. 

 

4.4.3 Transformation of entry clone in to E.coli 

1µl of Proteinase k was added into each tube and incubated for 10min at 370C. After incubation 1µl 

of BP reaction was taken out from each tube and transferred separately to new tube and added 

50µl of H2O to each tube and mixed well. Rest of BP reaction was kept in -200C for future use. For 

transformation DH5α competent cells was used. DH5α competent cells was taken out from -800C, 

placed immediately in ice and was thawed in ice. 100µl cells were added in each tube, mixed gently 

by flicking the tubes 4 to 5 times and incubated on ice for 10min. After incubation the reaction 

mixture was heat-shocked for 90s at 420C in a water bath. After heat shock the tubes were removed 
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from the water bath and placed immediately on ice. 1ml of LB medium were added in each tube 

and incubated for 1 hour at 370C onto a shaker. The donor vector contains zeocin resistance gene, 

thus LB agar medium containing zeocin were prepared to identify and select the appropriate 

colonies with desired clone. To prepare LB plates, 7.5g bacto agar was added into 500ml of Milli-Q 

H2O and autoclaved at 1210C and 15psi of pressure for 15min. 50µg/ml zeocin was added into LB 

media after cooling it down and poured 25 ml media in each plate. 4 LB media plates were prepared, 

2 plates/construct. 50µl and 100µl volume of ligation mixture was used for each construct and was 

spread onto 4 different plates. The Plates were incubated at 370C for overnight to grow the colonies. 

 

4.4.4 Colony PCR 

The Colonies which showed growth in selection plates were picked up for colony PCR to check if the 

colonies with transformed plasmids contain our desired gene of interest or not. For colony PCR 3 

tubes prepared/construct. 400µl of sterile H2O was taken in each tube. 3 different colonies/ 

construct were taken out by using toothpick (fresh in each time) and dipped into water. This is how 

the bacteria was incorporated into water. Then all the tubes were placed into a heat block at 950C 

for 10min. Afterwards the toothpicks were removed from the tubes and the tubes were spun down. 

1µl of supernatant from the was used for PCR. The primers (CAPS) which was used for genotyping 

S2 plants was used in colony PCR (these primers amplify part of the SGR1 gene). The PCR master 

mix and the protocol were same as described in appendix 8.2 and 8.5 respectively. After PCR the 

samples were run in 1% agarose gel using standard protocol. The samples which gave 800bp size 

product, were identified as a true colony containing the desired construct. 

 

4.4.5 Liquid culture of the selected colonies 

30ml LB medium was prepared according to protocol containing 50µg/ml zeocin. Then the media 

was divided 6 different falcon tubes, 5ml/tube. The toothpicks which was used in colony PCR were 

dipped into the corresponding tubes according to their number and construct. All the samples were 

incubated at 370C for overnight. 
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4.4.6 Isolation of Plasmid DNA 

Plasmid DNA was isolated using GeneJET plasmid purification kit (Thermofisher scientific). 1.5ml 

media from each LB media tubes were transferred into new eppendorf tubes according to their 

number. All the tubes were centrifuged at 8000rpm for 2min for harvesting the cells from the media. 

Supernatant were removed carefully and again added more media and centrifuged. The steps were 

repeated until all the cells were harvested into the new tubes. 250µl of resuspension buffer was 

added into the tube and mixed well by vortexing. Then, 250µl of lysis buffer was added into the tube 

and mixed well by inverting the tube 4-5 times. Afterwards 350µl of neutralization buffer was added 

into the tube and mixed well by inverting the tubes. Then the tubes were centrifuged at 13500rpm 

for 5min. Supernatant were transferred into GenJET purification column and the column was 

centrifuges at 13500rpm for 1min. Supernatant were thrown away from the isolation tube and 

placed the column on the tube again. 500µl of wash buffer was added into the column and 

centrifuged for 1min at 13500rpm. Supernatant were discarded and the washing step were 

repeated for 2 times. Then the empty column was also centrifuged for 1min to make sure all the 

wash buffer was removed. The column was transferred into new 1.5ml collection tube and added 

50µl of elution buffer onto the column and incubated for 2min. Then the tube was centrifuged for 

1min at 13500rpm. Purified plasmid DNA was stored at -200C for future use. The concentration of 

purified plasmid was measured using Nanodrop 2000 (ThermoScientific) at wavelength of 260nm. 

Concentrations of purified plasmid DNA from Long and short construct was 503.3ng/µl and 

513.56ng/µl respectively. 

 

4.4.7 Sequencing of BP clone plasmid DNA 

Plasmid DNA isolated from BP cloning reaction was sent to StarSEQ GmbH, Germany for sequencing. 

M13 primer was used to detect the entry clone and SGR1 primer was used to identify our cloned 

gene. The reaction mixture was prepared according to company protocol. 
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4.4.8 LR Reaction to create expression clone 

Reaction Components Long construct Short construct 

Digested pDONRTM/Zeo with SGR1 gene 1µl 1µl 

Destination vector pMDC100 1µl 1µl 

H2O 2µl 2µl 

LR clonase enzyme 1µl 1µl 

 

All the reaction components were mixed well by vertexing and spun down. The mixture was kept at 

room temperature for overnight incubation. 

 

4.4.9 Transformation of expression clone in to E.coli 

The procedure was same as described in the transformation process of entry clone. But the LB plates 

contain kanamycin instead of zeocin and the concentration is 50µg/ml. 

 

4.4.10 Colony PCR 

Colony PCR protocol was same as described above (4.4.4). 

 

4.4.11 Liquid culture of the selected colonies 

30ml LB medium was prepared according to protocol containing 50µg/ml kanamycin. Then the 

media was divided 6 different falcon tubes, 5ml/tube. The toothpicks which was used in colony PCR 

were dipped into the corresponding tubes according to their number and construct. All the samples 

were incubated at 370C for overnight. 

 

4.4.12 Isolation of Plasmid DNA from expression clones 

The plasmid DNA was isolated using GeneJET plasmid purification kit (Thermofisher scientific). The 

procedure was same as described above (4.4.6). Concentrations of purified plasmid DNA from Long 
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and short construct was 337.29ng/µl and 189.19ng/µl respectively. 

 

4.4.13 Control digestion of clones 

Purified plasmid DNA isolated from each construct were undergone for double digestion with AscI 

and PacI RE to check the incorporation of construct into the plasmid. The reaction components were 

described in appendix 8.13. The reactions were incubated at 370C for overnight. The digested 

samples were run in 1% agarose gel using standard protocol. 

 

4.5 Transformation and insertion of LR plasmid DNA to Agrobacterium 

Agrobacterium strain GV3101 electrocompetent cells used to transform LR plasmid DNA by 

electroporation.  

 

4.5.1 Transformation 

0.5µl plasmid DNA from each construct was diluted separately in 50µl of sterile H2O and kept in ice. 

Two electroporation cuvettes were kept in ice also. Agrobacterium strain was taken out from -800C 

and immediately placed in ice for thawing. 100µl agro strain was added into each tube, mixed gently 

by flicking the tubes 4 to 5 times. Then reaction mixtures were transferred to separate cuvettes for 

electroporation. The cuvettes were placed into electroporation machine to pass the electrical 

impulse for 5.7ms-1. Then the cuvettes were taken out from the machine, 1ml LB media was added 

into each cuvette and mixed it well. Then the mixtures were transferred into new tubes, placed onto 

a shaker and incubated for 2h at 280C.  

 

4.5.2 Preparation of LB agar plate 

4 LB agar plates (2plates/construct) were prepared according to the recipe described earlier. 3 

different antibiotics kanamycin 50µg/ml, gentamycin 50µg/ml and rifampicin 20µg/ml were added 

into each plate. The samples were taken out from 280C and diluted into H2O. Each construct was 
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diluted in 2 different ratios, 1:10 and 1:200. 1µl of diluted sample from each ratio were spread onto 

different LB plates and kept at 280C for 2days to grow. 

 

4.5.3 Liquid culture of Agrobacterium  

Picked two colonies from each construct using toothpicks and dipped into tube containing 5ml LB 

media/colony. This LB media contained kanamycin 100µg/ml, gentamycin 50µg/ml and rifampicin 

20µg/ml. All the tubes were incubated at 280C for 48h in a shaker. After 48h of incubation, 1ml of 

cultured samples were taken out from each construct and transferred into bigger flask separately 

with 100ml LB media containing above mentioned antibiotics. All the flasks were incubated at 280C 

for 24h onto a shaker. 

 

4.5.4 Colony PCR 

50µl of cultured bacterial sample (which grown in 280C for 24h) was taken out from each construct 

and transferred into a new tube. The tubes were centrifuged at 13500 rpm for 2min. LB media from 

the tubes were discarded and the pellet was dissolved by adding 500µl of sterile H2O into each tube. 

Then 2µl of SDS was added into each tube and mixed well by vertexing. Afterward the tubes were 

incubated at 950C for 15min. Then the tubes were centrifuged at 13500 rpm for 1min. 1µl of sample 

was used for colony PCR. In this PCR Phusion polymerase was used instead of Taq polymerase. PCR 

primers and protocol were same as mentioned in appendix 8.3 and 8.5 respectively. PCR product 

were run in 1% agarose gel using standard protocol for confirmation. 

 

4.6 Floral dipping 

100ml cultured agrobacterium cells from each construct transferred into a new 50ml falcon tube. 

Agrobacterium cells were collected by centrifugation at 4000rpm for 15min at room temperature. 

The steps were repeated 2 times until all the cells were suspended at the bottom as a pellet. The 

pellet was resuspended in 5% freshly prepared sucrose solution. Just before the dipping 45µl Silwet 

L-77 with 0.03% concentration was added to each tube. It was added just before dipping because it 

would kill the agrobacterium, if it was added too early. S1 and S2 plants were used for floral dipping. 
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Above-ground parts of flowering plant was dipped in agrobacterium solution in a plastic bag for 2 

to 3sec with gentle agitation and was made sure that the flowers were really dip into the solution. 

Dipped plants were placed on their side into a tray and the tray was covered with saran wrap for 

overnight to ensure and maintain high humidity. Next day, the plants were set into normal growth 

position and allowed to grow until the seeds were became mature. Afterwards the seeds were 

harvested from both genotypes. 

 

4.7. Selection of transgenic complementation lines 

To select transgenic complementation lines the seeds were undergone surface sterilization and 

planted onto MS plates. Surface sterilization of seeds were done in laminar hood to reduce 

contamination. First, seeds were sterilized with 70% ethanol (EtOH)and 2% Triton X-100 for 10 

minutes onto a shaker. Afterwards, the solution was removed carefully by using pipette and seeds 

were washed 3 times with 95% EtOH. Then the seeds were suspended in 95% EtOH and pipetted 

out and spread onto a sterilized filter paper for air drying. After sterilization the seeds were sown 

onto ½ MS media (pH 5.7) supplemented with 0.8% (w/v) agar and 100µg/ml kanamycin. Some MS 

plates were prepared without antibiotic as a control. All plates were kept at 40C in dark for 2 days 

for stratification. Afterwards, plates were transferred into invitro conditions for 10 days. Plants were 

in 16-hour light/8-hour dark period (110µmol m-2s-1), temperature was 230C/180C day/night. 

Healthy green seedlings grown on antibiotic resistance plates were identified as transgenic 

complemented lines. 

 

4.8 RNA isolation 

RNA was isolated from Col-0, egy1-2, white, S1 and S2 leaf rosette using GeneJET plant RNA 

purification mini kit (Thermoscientific) according to the protocol. 500µl of RNA lysis solution was 

taken into 1.5ml eppendorf tubes supplemented with 10µl of β-mercaptoethanol. Leaves were 

ground in liquid nitrogen by using mortar and pestel and immediately added to the lysis buffer 

containing tubes and vortex well for mixing, upto 100mg of leaf tissue was added. The tubes were 

incubated for 3min at 560C. Then the tubes were centrifuged at 13500 rpm for 5min. Then the 

supernatant (around 500 µl) were collected into new 1.5ml tubes, 250µl of 96% ethanol was added 
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into the tubes and mixed well by pipetting. The mixture was transferred into a purification column 

inserted into a collection tube. The column was centrifuged for 1min at 13500 rpm. Flow-through 

solution was discarded, column and collection tube were reassembled. 700µl of wash buffer 1 

(supplemented with 99% ethanol) was added to the column and the column was centrifuged for 

1min at 13500 rpm. Collection tube and flow-through were discarded. The column was placed into 

a new 2ml eppendorf tube and 500µl of wash buffer 2 (supplemented with 99% ethanol) was added 

into the column. Centrifuged for 1min at 13500 rpm and the flow through were discarded. This step 

was repeated and in the last stage the empty column was centrifuged for 1 min to ensured that all 

wash buffer was removed. The column was inserted into a new 1.5ml RNase-fee collection tube. 

50µl of nuclease free H2O was added to the column and centrifuged for 1 min at 13500 rpm. After 

purification the tubes were immediately placed on ice. The concentration of RNA was measured 

using Nanodrop2000 (ThermoScientific) at wavelength of 260nm. The purified RNA was stored into 

-800C. 

 

4.9 Quantitative-PCR (qPCR) 

qPCR was performed to analyze and quantify the level of expression of our gene of interest. The 

following steps were performed for this: 

 

4.9.1 cDNA synthesis  

200ng of RNA from each sample was used to synthesize cDNA. Purified RNA was treated with DNaseI 

to remove genomic DNA contamination with RNA. DNaseI reaction mix was prepared (in appendix 

8.14) and added into corresponding tubes, then it was undergone for incubation at 370C for 30min. 

After DNaseI treatment 2ul 50mM EDTA was added to each tube and incubated for 10min at 650C 

to inactivate DNaseI. Master mix (in appendix 8.15) for cDNA synthesis was prepared for all samples 

and calculated amount of RNA was added into each tube. Then the tubes were incubated at 500C 

for 2h. After synthesis cDNA was stored at -20C. All the cDNA synthesis works were done on ice to 

prevent RNA degradation. 
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4.9.2 qPCR reaction 

We chose 13 genes, which are related to light stress, marker for dark induced senescence, 

transcription factor and hormone signaling. 3 housekeeping genes also chose for normalization. 

Genes list are in appendix 8.16. qPCR master mis were prepared for all samples and divided into 

each tube. 3ul of cDNA sample was added into the tube and mixed well by vortexing. Three 

biological repeats were made for each sample. Then the mixture was pipetted into 384 well qPCR 

plate following the layout.  The plate was sealed with plastic and centrifuged at 40C for to settle 

down all the reaction mixture at the bottom of the plate. After, the plate was inserted into Bio-Rad 

CFX384 qPCR machine and ran the qPCR. qPCR master mix and the reaction condition are in 

appendix 8.17 and 8.18 respectively.  

 

4.10 Chlorophyll estimation 

Chlorophyll was isolated from the leaf rosette of all the mutants listed in the table 4.1 according to 

the method of Arnon((Porra, 2002; Lüttge, 2018). Leaves were ground in liquid nitrogen by using 

mortar and pastel and weighed 0.5g of sample and transferred into 50ml falcon tube. 25ml 80% 

(v/v) acetone was added into the tube and mixed well by vortexing. Incubated for overnight in dark 

place at room temperature. Afterwards the reaction was centrifuges at 10000rpm for 10 min and 

the supernatant was collected. The procedure was repeated 1-2 times until all the leaves pellet was 

colorless. The final volume of supernatant was calculated, the absorbance was measured by 

Nanodrop 2000 (Thermoscientific) against the solvent blank (80%acetone). The wavelength was 

663nm. 
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5 RESULT 

5.1 Segregation analysis of F2 Progeny of S1 and S2 mutant 
The mutation in S1 and S2 were both mapped to the SGR1 gene. If mapping was correct it is 

expected that a genetic marker for those mutations would co-segregate with the visible 

suppressor phenotypes. Homozygous mutation in S1 and S2 mutants were identified from F2 

segregating progenies using CAPS or dCAPS markers. This uses PCR with gene specific primers 

followed by the digestion with specific restriction enzymes. The wild type allele gave two 

different sized PCR products, for S2 ~500bp and ~250bp and for S1 ~100bp and ~20bp 

respectively. On the other hand, mutant allele gave one PCR product, for S1 ~120pb and for S2 

~800bp. 

 

                                 

 

Fig 9:  Identification of S2 and S1 mutant from Agarose gel image and polyacrylamide gel image 

respectively. Red arrows indicate mutant allele and blue arrows indicate wild type fragments 

digested by respective restriction enzymes. 

 

Around 700 F2 populations of S2 mutant and 600 S1 mutant plants were planted. According to 

Mendel’s segregation law the ratio of heterozygous: homozygous should be 3:1. Mutants were 

collected based on their suppressor mutant phenotype and by PCR based genotyping method 158 

~120b

~100b

~20b

~800b

~500b

~250b

S2 identified by CAPS marker 
digested with TaqI  

S1 identified by dCAPS marker 
digested with DdeI  
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and 135 S2 and S1 mutant plants were confirmed respectively. The observed ratio was then 

statistically verified using chi-square test. The p-value of both phenotypes was ≥ 0.05, which means 

that the results obtained from genotyping were statistically significant and support Mendel’s 

segregation law.  

 

 

   Fig 10: chi-square test result of expected versus observed ratio. 

 

5.2 Complementation of suppressor mutants with wild type SGR1  

Suppressor mutants S1 and S2 both have a mutation in SGR1 gene which restore the normal growth 

of white mutant phenotype. Suppressor mutants were transformed with a tDNA construct 

containing the wildtype SGR1 sequence. If this restore the white mutant phenotype to the 

suppressor, it would provide direct proof that the mutations in SGR1 is the cause of the suppressor 

phenotype. Two different kind of construct contain wild type (WT) SGR1 gene were made and 

named long and short construct. The main difference between long and short construct were the 

long construct contain longer region of promoter (1700pb upstream from transcription start site). 

On the other hand, short construct had shorter promoter region (800bp upstream from the 

transcription start site).  

 

Total plants Category Hypothesis proportion Expected Homozygous observed from genotype

S2 700 Heterozygote 0.75 525
Homozygote 0.25 175 154

p value 0.112410585
 chi squareTEST 2.52

Total plants Category Hypothesis proportion Expected Homozygous observed from genotype

S1 600 Heterozygote 0.75 450
Homozygote 0.25 150 129

p value 0.086410733
 chi squareTEST 2.94
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Fig 11: Construction of long and short construct containing WT SGR1 gene by PCR using designed 

gene specific primer. 

 

The two constructs were then transferred into BP clone followed by LR clone by gateway cloning 

technique. Both BP clone and LR clone sequence was confirmed by Sanger sequencing. For BP 

reaction pDONR/Zeo used as donor vector and for LR reaction pMDC100 was used as 

destination/expression vector. Both vectors have M13 and reverse primer binding site which is used 

in sequencing and cloned into the vector.  pMDC100 has AscI and PacI RE recognition sites. 

 

                         

Fig 12: Colony PCR (SGR1 primer used) confirms presence of WT SGR1 gene in selected colonies 

after BP clonase and LR clonase reaction. L=long, S=short. 

 

After LR clonase reaction double digestion of expression vector pMDC100 confirmed the presence 

of desired construct inside the vector. 

Long construct Short construct 

BP clone LR clone 
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Fig 13: Double digestion of expression vector (pMDC100) with AscI and PacI to confirm 

incorporation of desired construct. 

 

The constructs were then transfer into agrobacterium. The transformation of short and long 

constructs into agrobacterium colony were confirmed by colony PCR. 

 

                                   

Fig 14: Colony PCR after agrobacterium transformation using SGR1 primer. 

Suppressor mutants S1 and S2 were transformed with agrobacterium contain WT SGR1 gene by 

floral dip method (Clough and Bent, 1998). 

 

5.3 Selection of transformed plants 

Transformed suppressor mutants which contain wild type SGR1 gene were selected in kanamycin 

selection plate since the expression vector has the kanamycin resistance gene. If the transformation 

was successful, then this selection would give white mutant phenotype in suppressor mutant 
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Fig 15: Selection of transformed plants in kanamycin plate containing WT SGR1 gene (T2 

generation). 

 

Plants selected from Kanamycin plate (T1 generation) were grown on soil and seeds collected. In 

the following generation (T2) the seeds were selected on kanamycin plate again. Resistance 

seedlings transferred to the soil and phenotyped at 7 weeks. Complemented lines confirmed by 

visualizing phenotype. In complemented S2 line, expression of SGR1 gene restored the white 

mutant phenotype. This proved that the mutation of SGR1 is the cause of suppressor phenotype.  

 

 

Wild type (Col-0) 

S1 mutant with short construct S2 mutant with short construct 
cconstructconstruct 
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Fig 16: Confirmation of complemented plant by visualizing phenotype (Leaf rosette of 7 weeks old 

plants in T2 generation). 

 

5.4 Estimation of chlorophyll concentration in leaf rosette 

The protein encoded by the SGR1 gene is a Mg-dechelatase, one of the key enzymes that facilitates 

chlorophyll breakdown process during plant senescence.  Chlorophyll content was measured in 

white mutant and suppressor mutants to see if there is any effect of chlorophyll breakdown process 

because of SGR1 mutation in suppressor mutants. From the results it is clearly visible that the 

concentration of chlorophyll was high in young leaves of wild type plants (Col-0), but it gradually 

decreased as the plants aged and move towards senescence process. It proves that the chlorophyll 

degradation is one of the key process of plant senescence. On the other hand, the chlorophyll 

concentration was ow in white and egy1 mutant from the beginning and the concentration 

Col-0 (wild type) 

Complemented S2 mutant 
with WT SGR1 gene 

White mutant 

S2 mutant 
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decreased gradually as the plants aged. But in case of suppressor mutants the concentration of 

chlorophyll was not vary that much and remain constant throughout the aging process. It also 

proves that SGR1 gene play a vital role in chlorophyll degradation process and mutation of this gene 

in suppressor mutants have an impact on chlorophyll breakdown.  

                                                         

              

 

Fig 17: Chlorophyll estimation from leaf rosette (Porra, 2002). Wavelength was measured using 

Nanodrop 2000. Each bar represents means of five biological samples. Data was normalized to the 

fresh weight of each sample. 
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5.5 Analysis of mRNA expression level of different marker genes by qPCR    

In preliminary experiments performed before this thesis work, the white mutant phenotype 

correlated with increased expression of genes related to plant defense and senescence responses. 

Real time PCR was used to study the relative mRNA transcript levels in white and egy1 mutant and 

compare with the transcript levels with wild type (Col0) plant.  This can give further insight of 

molecular effects caused by the white mutant. Marker genes were selected based on their role in 

photosynthesis and plant senescence (described in 2.15), including:  

 Photosynthesis associated nuclear genes LHCB2.2, LHCB2.4, VDE1, LHCB1.1 and RBCS2B, 

marker gene for light stress ELIP2,  

 marker for dark induced stress DIN10, transcription factor NFXL1 and WRKY75,  

 marker genes for hormone signaling PR1 and JAZ1,  

 marker genes cell death and senescence response PLA2A and SAG13. 

Among them, photosynthesis associated nuclear genes VDE1 and RBCS2B showed upregulated 

expression in white and egy1 mutant. RBCS2B expression was approximately 4-fold highly 

upregulated 

in compare with wild type and suppressor mutants. Suppressor mutants gave almost same mRNA 

expression level as control plants. This indicates that suppressor mutant acts like the wild type 

plants. There was very highly upregulated expression of mRNA in dark induced stress gene DIN10 in 

white and egy1 mutant. Light stress marker ELIP2 had given slightly higher mRNA transcript in white 

and egy1 mutant. Transcription factor NFXL1 was also upregulated in white and egy1 mutant. The 

white and egy1 mutant also had higher mRNA transcript in hormone jasmonic acid signaling gene 

JAZ1.   There was no significance difference in mRNA transcript levels among different samples in 

other marker genes (PR1, LHCB2.2, LHCB2.2, LHCB1.1, WRKY75, PR1, PLA2A and SAG13). 
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Fig 18: Quantitative analysis of mRNA levels in different marker genes using qbase+ software. Bar 

represent means of three biological repeats of each sample, error bar represents standard deviation 

of each sample. PP2AA3, TIP41 and YLS8 used as reference genes. 
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Fig 19: Quantitative analysis of mRNA levels in different marker genes using qbase+ software. Bar 

represent means of three biological repeats of each sample, error bar represents standard deviation 

of each sample. PP2AA3, TIP41 and YLS8 used as reference genes. 
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Fig 20: Quantitative analysis of mRNA levels in different marker genes using qbase+ software. Bar 

represent means of three biological repeats of each sample, error bar represents standard deviation 

of each sample. PP2AA3, TIP41 and YLS8 used as reference genes. 
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6 Discussion 

In this thesis work I studied the white mutant and its two suppressor mutants, S1 and S2. Previous 

mapping studies of this suppressor mutants revealed that the mutation is in the same gene (SGR1) 

for both mutants. This SGR1 gene encodes a protein/enzyme Mg-dechelatase, which catalyzes the 

removal of Mg from chlorophyll moiety and start the chlorophyll degradation process (Shimoda, Ito 

and Tanaka, 2016). Removal of Mg is the first step of chlorophyll breakdown process, hence SGR1 

gene plays the vital role to start the process. Segregation and complementation analysis were aimed 

to prove that correct mutations were identified in SGR1 gene in suppressor mutants S1 and S2. 

 

Segregation analysis of F2 progeny of S1 and S2 was successful. Through this experiment I have 

proved that the mutations in SGR1 segregates together with the suppressor phenotype. Chi-square 

test also confirmed the fact that the segregation ratio follows Mendel’s segregation law for F2 

progeny.  

 

By complementation method I provided further evidence that mutations in SGR1 gene caused the 

development of suppressor mutant phenotype and restoration of wild type allele of SGR1 gene 

restore white phenotype in suppressor mutant. The white mutant was identified from our group’s 

research and it is a new allele of EGY1 gene. The EGY1 gene encodes a 59KDa membrane-associated 

ATP-dependent metalloprotease which contain eight transmembrane domains at the C-terminal 

part of the protein (Chen, Bi and Li, 2005). This metalloprotease is essential for the development 

and organization of thylakoid membrane, organization of lamellae in chloroplast. It is necessary for 

the accumulation of chlorophyll and chlorophyll binding protein into chloroplast membrane from 

(Chen, Bi and Li, 2005). egy1 mutant plants shows dual phenotype, abnormal gravicurvature in 

hypocotyls and yellow-green cotyledons (Chen, Bi and Li, 2005). white mutant shows similar white 

phenotype as egy1 mutant. The mutation of EGY1 gene hamper the accumulation of chlorophyll 

and chlorophyll binding protein into the chloroplast. Chlorophyll is responsible for the green color 

of the leaves; without it the leaves look white or yellow. This is the reason of the development of 

white phenotype in white and egy1 mutant. In suppressor mutants the mutation in SGR1 gene stops 

the chlorophyll breakdown process. When the chlorophyll is no longer broken down, plants looks 
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greener. That is how suppressor mutant phenotype suppress the white mutant phenotype. But 

restoration of wild type SGR1 gene in suppressor restore white phenotype.  

 

Development of white phenotype is age dependent, which means the white phenotype becomes 

stronger as the plants ages. From the results of chlorophyll measurement, I have got an insight of 

this. The amount of chlorophyll gradually decreased in wild type plant (Col-0) as the plant aged and 

move towards the senescence process. Because chloroplast breakdown and declination of 

chlorophyll pigment is one the key phenomena of plant senescence. Also yellowing of leaf is one of 

the most noticeable and visible aspect of leaf senescence caused by destruction of chloroplast 

(Tamary et al., 2019). In case of white and egy1 mutant the chlorophyll concentration was very low 

from the very beginning (almost 3-fold lower than the wild type plant) and it even more decreased 

as the plant aged, which support the statement that white phenotype becomes stronger as the plant 

ages. On the other hand, in suppressor mutants, from the beginning chlorophyll concentration was 

almost similar as wild type plants and almost remained constant throughout the aging process. This 

again proves that mutation in SGR1 stabilizes suppressor mutant phenotype and stops chlorophyll 

breakdown and keep the leaves green. 

 

Gene expression or mRNA expression analysis is a powerful method for studying molecular changes 

within a phenotype. In this thesis I used gene expression analysis to investigate how gene expression 

regulated in mutant phenotypes and wild type plants. In preliminary experiments performed before 

this thesis work, the white mutant phenotype correlated with increased expression of genes related 

to plant defense and senescence responses. For this thesis work marker genes were selected based 

on their role in photosynthesis, defense and senescence response. 

From mRNA expression study we can clearly see that dark induced gene DIN10 had upregulated 

expression in white and egy1 mutant. Normally the expression of this gene is increased in dark 

induced stress. This gene encodes an enzyme which synthesis raffinose, an oligosaccharide which 

acts as a food source for the plants during the dark induced stress. This is one of the way plants 

survives during that dark induced stress. But our white and egy1 mutant surprisingly showed highly 

upregulated expression without being in the dark treatment. The reason might be white and egy1 

is producing their food in this way and this might be the way surviving and complete their life cycle. 
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Because from our previous studies we know that the white mutant has defective chloroplast 

function and photosynthetic machinery and, they have very low amount of chlorophyll. So, for white 

mutant it might not be possible to produce sugar properly through photosynthesis for their survival, 

but they might use DIN10 induced pathway for their surviving. Another possible explanation could 

be that white and egy1 are starving for energy and this results in increased transcript levels for 

DIN10, as an attempt to get some sugar. 

RBCS2B gene produce ribulose biphosphate carboxylase, an enzyme which catalyzes the 

carboxylation process in D-ribulose diphosphate. This carboxylation process is the preliminary event 

of carbon dioxide fixation. White and egy1 mutant showed higher expression in RBCS2B, this could 

indicate that despite of having defective photosynthetic machinery they could still be capable to 

use carbon dioxide for their energy 

VDE1 gene produce a regulatory protein which is responsible for protecting photosynthesis 

apparatus by absorbing excessive light energy and converting it into heat. Since white and egy1 

mutant has defective chloroplast function, upregulation of this genes helps this mutant to survive 

from excessive light stress.  

 

The suppressor mutation in SGR1, appears to restore normal growth to an otherwise extreme 

looking plant ( white mutant). For future study, this suppressor mutation can use to investigate the 

fact that does it capable to restore the growth to other mutants with defective chloroplast function 

or not.  Protein super complexes extracted from chloroplasts can also be studied to verify whether 

there are any biochemical differences between white mutant chloroplasts and its suppressor 

mutants.Fluorescence imaging technology can provide insights into the effectiveness of 

photosynthesis (Rühle, Reiter and Leister, 2018). This technique can be used to study whether there 

is any change in photosynthesis in white and suppressor mutants. 
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8 APPENDIXES 

8.1 Plant miniprep extraction buffer 

100 mM Tris pH. 8.0 

50 mM EDTA 

500 mM Nacl 

MiliQ H2O 

 

8.2 PCR master mix for Genotyping/sample 

Sterile H2O 25µl 

10 X PCR buffer  3 µl 

10 mM dNTPs 0.2µl 

Gene specific forward primer 0.5µl 

Gene specific reverse primer 0.5µl 

Taq polymerase 0.1µl 

 

8.3 CAPS Primer (5´-3´) 

Forward primer TTGTTTGGACCGGCGATTTT 

 

Reverse primer CAACAACTACACTCGTCCGC 

 

 

8.4 dCAPS Primer (5´-3´) 

Forward primer GTTTCGATATTTCATCTTTTGCTAAG 

Reverse primer AGTTCCCATCTCCATGCACA 
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8.5 PCR program for CAPS and dCAPS marker 

950C (Initiation) 5 min for CAPS 

1 min for dCAPS 

950C (Denaturation) 30 Sec 

600C (Annealing) 30 Sec for CAPS 

20 Sec for dCAPS 

720C (Elongation) 1min for CAPS 

20 sec for dCAPS 

Steps 2-4 repeated for 45 cycles  

720C (Final elongation) 5 min for CAPS 

3 min for dCAPS 

160C ∞ 

 

 

8.6 Restriction digestion with Taq1 

10X Fast digest green buffer 3.4 µl/sample 

Sterile H20 0.5 µl/sample 

Taq1 enzyme 

 

0.1 µl/sample 

 

 

8.7 Restriction digestion with Dde1 

10X red buffer 3.4 µl/sample 

Sterile H20 0.5 µl/sample 

Dde1 enzyme 

 

0.1 µl/sample 
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8.8 Polyacrylamide gel protocol/Gel 

10X Tris buffer EDTA (TBE) 0.5ml 

H20 2.5ml 

Acrylamide 2ml 

TEMED 

(Tetramethylethylenediamine) 

3 µl 

10% APS 100 µl 

 

 

8.9 Gateway cloning primer for long construct 

Forward Primer: GGGG-ACA-AGT-TTG-TAC-AAA-AAA-GCA-GGCT- TCACGGAGATGAAGATGCCA 

Reverse Primer: GGGG-AC-CAC-TTT-GTA-CAA-GAA-AGC-TGG-GT- tacgctttgcaaaaccacca 

 

 

8.10 Gateway cloning primer for short construct 

Forward Primer GGGG-ACA-AGT-TTG-TAC-AAA-AAA-GCA-GGCT- cagcccaattttagcccgat 

Reverse Primer GGGG-AC-CAC-TTT-GTA-CAA-GAA-AGC-TGG-GT- gcaagaagtggctgatacgc 

 

 

8.11 PCR master mix for gateway cloning/sample 

Sterile H2O 35.5µl 

5X PCR buffer for short construct/ 

5X GC buffer for long construct 

10µl 

10 mM DNTPs 1µl 

Gene specific forward primer 1µl 

Gene specific reverse primer 1µl 

Phusion polymerase 0.5µl 
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8.12 PCR program with gateway cloning primer 

950C (Initiation) 5 min 

950C (Denaturation) 30 Sec 

600C for short 

580C for long (Annealing) 

30 Sec 

 

720C (elongation) 3min for short construct. 

7min for long construct. 

Step 2-4 repeated for 25 cycles.  

720C (Final elongation) 5 min  

160C ∞ 

 

 

8.13 Double digestion with AscI and PacI 

10X Fast digest green buffer 1µl/sample 

Sterile H20 3µl/sample 

Plasmid DNA 5µl/sample 

AscI 0.5µl/sample 

PacI 0.5µl/sample 

 

 

8.14 DNaseI master mix/sample 

10X buffer 2µl 

DNaseI 1µl 

RNase inhibitor 0.1µl 

H20 0.15µl 
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8.15 Master mix for cDNA/sample 

Oligo-dT 1µl 

5X buffer 6.2µl 

dNTPs 1.5µl 

Reverse transcriptase enzyme 0.50µl 

RNase inhibitor 0.1µl 

H20 0.15 µl 

 

 

8.16 Genes list for qPCR 

ELIP2 DIN10 LHCB2.2 LHCB2.4 

LHCB1.1 SAG-13 RBCS2B VDEP1 

NFXL1 PR-1 WRKY75 JAZ1 

PLA2A PP2AA3 TIP41 YLS8 

 

 

8.17 Master mix for qPCR/3wells/sample 

SYBR green qPCR ready mix  

(10x buffer+enzyme+fluorescent dye) 

6µl 

Template 3µl 

Primer 1.5µl 

H20 21µl 

 

 

8.18 qPCR reaction condition 

950C (Initiation) 10 min 

950C (Denaturation) 10 sec 
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600C (Annealing) 10 sec 

720C (Elongation) 

Steps 2-4 Repeated for 59 cycles 

30 sec 

Florescent measurement  

950C 10 sec 

650C 5 sec 

950C 50 sec 

40C ∞ 

 

 

 

 

 

 

 


